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Abstract. This review is concerned with two interconnected 
issues: the sensitivity of visual o rgans to polar isa t ion, on 
the one hand , and, on the other hand , appl icat ion of 
polar isa t ion-opt ica l m e t h o d s to the investigation of eye 
media , as well as the possibility, in principle, to use them in 
oph tha lmology . A great number of pape r s publ ished in 
different j ou rna l s on physics, biology, and medicine dur ing 
m a n y years have been used. To da te no reviews on this 
subject have appeared in the wor ld scientific l i terature. 

1. Introduction 
The title of this communica t ion m a y no t seem universally 
and indisputably acceptable at present . Meanwhi le , it 
approximate ly and adequate ly describes the essence of the 
following review, jo in ing together two generally recognised 
no t ions of 'polar isat ion opt ics ' and 'physiological opt ics ' . 

Opt ical polar isa t ion techniques for s tudying condensed 
molecular i nhomogeneous and anisot ropic media are widely 
used in physics, chemistry, and biology. This review deals 
with the appl icat ion of such techniques to the investigation 
of ocular media . Taken together , these techniques m a y serve 
as one m o r e "delicate ins t rument for the in-depth s tudy of 
the living eye" , using S I Vavi lov 's assert ion m a d e with 
respect to the visual m e t h o d of measur ing light flux 
f luctuat ions. 

The present review has two aspects. One is physical and 
pho tochemica l mechanisms under ly ing polar isa t ion sensi
tivity of h u m a n and an imal eyes. The other concerns studies 
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on the s t ructure and an i so t ropy of eye media by optical 
polar isa t ion techniques (dichroism, double refraction, 
polar isa t ion and depolar isa t ion dur ing light scattering, 
oph tha lmoscopy with crossed polar isers , observat ion of 
direct ional effect, etc.). These two aspects are interre
lated. They will be t reated in the f ramework of optics 
and par t ly pho tochemis t ry wi thou t touch ing u p o n purely 
physiological processes in e y e - b r a i n pa thway . 

U s e has been m a d e of mater ia l from n u m e r o u s publ ica
t ions in var ious physical , biological, and ophtha lmologica l 
j ou rna l s over m a n y years, including the classical works of 
H von He lmhol t z and S I Vavilov as well as the relatively 
ra re repor t s in the Russ ian language. 

Such a review as this can be especially helpful at the t ime 
when laser oph tha lmology is in the mak ing . I have no t come 
across a similar review in the world l i terature. 

2. Directional effect and polarisation 
At first sight, the s t ructure of the eyeball and the ret ina, its 
basic componen t , is ra ther unusua l . Photosensi t ive te rmi
na t ions of the receptors (cones and rods) do not only lie as 
far from the ent rance site for the incoming light as the size 
of the eyeball permi ts bu t are also tu rned away instead of 
facing it. In other words , the eye is m a d e ' the other way 
r o u n d !'. Tha t is h o w its s t ructure has been described in 
recent m o n o g r a p h s : 

"At first sight, the s t ructure of the ret ina of m a n and 
ver tebra te animals looks paradoxica l . Light-sensit ive cells 
are located in the poster ior layer of the ret ina. R a y s of light 
coming from outside have to pass t h rough a few layers of 
nerve cells before they reach a photosensi t ive element. 
Moreover , the rods and the cones are oriented in such a 
way tha t the incoming light falls on their inner segments 
conta in ing no visual p igment . But this s t ructure does no t 
seem to seriously interfere with the eye's sensitivity to light 
since b o t h the nerve cells and the inner segments of the 
photosensi t ive cells are t r ansparen t to the visible l ight" . [1] 
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" In the h u m a n eye, pho to recep to r s are h idden at the 
back , and light rays have to pass t h rough all other layers to 
reach them. This m a y have some as yet u n k n o w n impor t an t 
implicat ions; moreover , some animals (e.g. squids) have 
b o t h the nerve and photosensi t ive cells a r ranged in qui te an 
opposi te m a n n e r " . [2] 

Thus , m a n y au tho r s are evidently surprised at ' the eye 
being m a d e the other way r o u n d ' , bu t none appears to be 
able to account for this inconsistency. Some believe it to be 
of no consequence as long as the light eventually arrives at 
the receptors . Others agree tha t there m a y be some 
biological sense in such a p h e n o m e n o n bu t cannot offer 
a reasonable explanat ion. The ' n o r m a l ' eye s t ructure in the 
squid is a source of even greater confusion m a k i n g the two 
different viewpoints seem equally valid. 

F o r all tha t , physiological optics provides exper imental 
approaches to the explanat ion of this puzzl ing p h e n o m 
enon. In the first place, there are studies on the direct ional 
effect us ing light polar isa t ion. The direct ional effect was 
first discovered by W Stiles and B Crawford [3] and has 
since been referred to as the S t i l e s - C r a w f o r d effect. 
Accord ing to these au thors , a ray of light enter ing the 
eye t h rough the centre of the pupi l is several t imes m o r e 
effective in p roduc ing a visual sensation than one incoming 
th rough the pupi l lary per iphery (Fig. 1) [4]. The effect is 
m o r e p ronounced in l ight-adapted cone cells at the foveal 
por t ion of the fundus, being virtually absent in the rod-l ined 
surfaces of the ret ina. This effect was confirmed by m a n y 
workers who used var ious techniques including flash 
pho tome t ry , with the reference light beam passing t h rough 
the centre of the pupi l and the b e a m under s tudy at a certain 
distance from the centre of the same eye. Ano the r m e t h o d 
employed for the pu rpose was tha t of b inocular compar i son 
which allows the visual field of the left eye to be compared 
with tha t of the right one by varying the pupi l size in the 
right eye and using the signal in the left eye as a reference. 

Figure 1. Schematic representation of the eyeball and pathways of axial 
and non-axial light beams fixed on the central fovea. 

Typical exper imental results for two subjects are 
presented in Fig. 2 [5]. M a r k e d on the o rd ina te is the 
logar i thm of the inverse value of the light flux necessary to 
p roduce a con t inuous visual sensation whilst the abscissa 
shows linear and angular distances from the centre of the 
pupi l . F o r example, light passing th rough the centre is three 
t imes as effective as 3 m m from the centre. 

This effect cannot be accounted for by light absorp t ion 
in ocular media . F o r instance, the mos t efficient (and mos t 
easily damaged) absorb ing componen t , the lens, is thicker in 
the centre t han at the per iphery. It was long ago d e m o n -
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Figure 2. Directional effect. 

s t rated tha t the effect is due to the fact tha t per iphera l light 
beam reaches the ret ina at an obl ique angle. 

O'Brien suggested a physical explanat ion of the direc
t ional effect based on the individual cone s t ructure [5]. The 
light-sensitive end of the cone tu rned away from the 
incoming light consists of two sequential cylindrical 
po r t ions (Fig. 3a): an inner (AB) and an outer ( C D ) 
one, the diameter of the former being a r o u n d three t imes 
tha t of the latter. The two pa r t s are jo ined together by an 
intervening conical (funnel-shaped) i s thmus (BC) called the 
cone-cell ellipsoid. It has long been k n o w n tha t the 
refractive index of the cone mater ia l is higher t han tha t 
of the su r round ing med ium. Therefore, this por t ion serves 
as a l ight-guide for a beam tha t p ropaga te s a long the cone 
axis (Fig. 3b). The axial beam at po in ts B and Cf (solid 
a r row) experiences to ta l intrinsic reflection from the inner 
por t ion , and all the light enters the outer segment con ta in 
ing pho to recep to r s . In the case of an obl ique b e a m entering 
at an angle to the cone axis (dashed ar row) , there is no to ta l 
intrinsic reflection at po in ts B and C, and par t of the light 

a 

Figure 3. Cone light-guide model. 
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flux escapes to the envi ronment to be lost for vision. 
Therefore, a physiologically active axial beam produces a 
highly intensive light flux in outer segments of the cones 
where concent ra t ion of visual p igment can be minimal . The 
' economy ' a m o u n t s to four orders of magn i tude . 

All this m a y account for the advan tage of ' the-other-
w a y - r o u n d ' organisa t ion of the eye and m a y have impor t an t 
implicat ion for visual acuity, image format ion on the ret ina, 
and colour vision, the dependence of the S t i l e s - C r a w f o r d 
effect on light wavelength being a long-established fact. 
This schematic representa t ion also explains why the S t i l e s -
Crawford effect is absent (or small) in rods in which the 
inner and the outer segments are of a lmost equal diameter . 
The biological impor tance of sensitivity to the direct ional 
effect m a y also be apparen t under different condi t ions . 
T h u s the effect of diffuse light is decreased at high 
i l luminat ion. Effect of aber ra t ions also decreases with 
decreasing involvement of pupi l lary per iphery. One m a y 
say tha t cones with direct ional sensitivity adjust the pupi l 
diameter so tha t it is different from ana tomica l . On the 
other hand , in scotopic vision (at low i l luminat ion) where 
light must be used with greatest efficiency and sharp 
con tours of the image are not necessary, the to ta l area 
of the pupi l is effective since rods do no t possess direct ional 
sensitivity. 

Let us tu rn n o w to the p rob lem most interest ing in the 
context of our survey, tha t is the p rob lem of the re la t ion
ship between direct ional effect and polar isa t ion of light. 
This p rob lem has for a long t ime been the subject of 
exper imental studies. Ba rany was the first to investigate it 
[6]. This au thor started from the assumpt ion tha t on going 
over from the central beam to a per iphera l one, i.e. from 
complete to incomplete reflection, the energy rat io of the 
refracted to the reflected light beam is likely to depend on 
the posi t ion of the p lane of polar isa t ion . Therefore, an 
observer m a y be expected to see per iodic var ia t ions of light 
flux intensity when the per iphera l beam passes t h rough a 
ro ta t ing polariser . The per iphera l beam was p roduced by 
using a movab le d iaphragm a t tached to the cornea by 
means of a rubber sucker (this resulted in serious damage to 
B a r a n y ' s cornea which m a d e him enlist ano ther person to 
cont inue the experiment) . In order to increase contras t 
sensitivity, the viewing of a small i l luminated field with 
var iable polar i sa t ion was carried out against the b a c k 
g round of a much bigger su r round ing field (screen) with 
the same, bu t predetermined, i l luminat ion. The experiment 
gave negative results since no var ia t ion of light intensity 
was recorded at any ro ta t iona l speed of the polariser . 

O'Brien came to the conclusion tha t quan t i t a t ion of the 
ant ic ipated effect was a difficult task, and suggested and 
experimental ly implemented a mode l for s tudying the effect 
of light polar isa t ion on the direct ional effect [7]. H e 
developed plastic mode l of the cone-cell ellipsoid with 
the appropr i a t e geometry and refractive index. The s tudy 
was complicated by the fact tha t t r ansparen t plastics 
possess var ious degrees of birefringence which was certain 
to bias the results of polar isa t ion experiments . Therefore, 
the mode l was m a d e of a t r ansparen t isotropic fluid poured 
into a t r ansparen t plast ic well with a refractive index 
smaller t han tha t of the fluid, thus el iminating the effect 
of birefringence of the plastic mater ia l . Schematic repre 
sentat ion of the mode l is shown in Fig. 4. A cylindrical case 
of lucite (polymeric methyl methacryla te) C has a conical 
cavity with polished inner walls drilled at the appropr i a t e 

O 

Figure 4. Schematic diagram of the model of cone-cell ellipsoid. 

angle to the central axis. It is filled with the aforement ioned 
fluid and firmly sealed with t r ansparen t windows O. The 
well is i l luminated by light from source S enter ing at the 
desired angle 9 to the axis. Polariser P allows the p lane of 
polar isa t ion of the incoming light beam to be ro ta ted . The 
outgoing light is fed to photoreceiver B. The au tho r t ook 
care to el iminate errors due to the effect of polar isa t ion on 
b o t h refraction and reflection of the light pass ing th rough 
the windows, similar to those tha t occur in the cornea. In 
order to cover ' the zone of ra t iona l model l ing ' , wells 
differing in convergence angles, refractive indices, and 
angles of incidence were m a d e which allowed the to ta l 
r ange of possible values for the real eye to be analysed. 
Sensitivity of the detector was sufficiently high to record a 
change in the signal as small as a few tens of a percent . In all 
cases when the p lane of polar i sa t ion ro ta ted , the signal 
remained constant to the nearest 1%. Therefore, the 
ant ic ipated effect was really small and could not be 
recorded by a h u m a n subject in Ba rany ' s experiments 
even under the mos t favourable condi t ions . 

The role of polar i sa t ion of light entering the ret ina was 
also examined in later exper imental studies. D e G r o o t 
repor ted occurrence of a ' t rans ient ' increase in br ightness 
percept ion after a sudden 90° change in the direction of 
polar isa t ion either in the hor izonta l or the vertical p lane [8, 
9]. A fall ( relaxat ion) to the baseline level t ook a few 
seconds. The au tho r observed tha t in the s ta t ionary case, 
the state of polar isa t ion did no t influence ret inal sensitivity, 
and the ' t rans ient ' effect caused by a sudden change of 
polar isa t ion was similar to the S t i l e s - C r a w f o r d effect 
related to the angle at which the incident light enters the 
ret ina. 

These findings were not , however , confirmed in 
Ref. [10]. F o r all special p recau t ions taken to avoid 
changes in intensity and spectral characterist ics of the 
light (as well as in the posi t ion of the beam focused on 
the per iphery of the pupil) due to altered polar isa t ion , these 
au tho r s failed to detect a 90° change in polar isa t ion 
(measur ing it with 1% accuracy). 

Polar isa t ion m a y be expected to influence the S t i l e s -
Crawford effect as a result of dichroism of disk m e m b r a n e s 
ra ther t h a n of complete or incomplete inner reflection in the 
cone-cell ellipsoid ( see Section 4 of the present review) 
because the incidence of light enter ing the side of the pupi l 
is no t strictly axial bu t to some extent lateral . However , the 
shift does no t exceed 3° - 5 ° which cannot have any 
appreciable effect because of dichroism. 

Theoret ical calculat ions of the reflected light energy flux 
in the receptors of the l ight-guide mode l repor ted in 
Ref. [11] indicated sudden changes near the critical angle 
and confirmed tha t the dependence on polar isa t ion of 
incident light should be very small, in agreement with 
the exper imental findings repor ted above (Fig. 5). These 
results were suppor ted by model l ing a pho to recep to r wave-
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Figure 5. Angular dependence of light reflection in receptors upon 
orthogonal polarisations. 

guide in the form of an infinite thin dielectric absorb ing 
cylinder, with calculat ions based on the strict Maxwel l 
theory ra ther t han formulas of geometr ical optics [12]. 

The validity of pho to recep to r l ight-guide models was 
also suppor ted by direct exper iments with large models the 
size of which was greater t han the cone size by the same 
factor as the wavelength [13]. M o d e l ' cones ' were m a d e of 
polystyrene foam. Their dimension was approximate ly 
80 000 t imes the ac tua l cone size. A klyst ron oscillator 
emit t ing con t inuous 3.2 cm electromagnet ic waves was 
used. The refractive index of polystyrene foam for this 
wavelength met the necessary condi t ions being 2% higher 
t han the refractive index of air. F o r compar i son , Fig. 6 
shows a normal ised exper imental curve for the S t i l e s -
Crawford effect (solid line) and the results obta ined with the 
use of the mode l in quest ion (circles). The two plo ts 
virtually coincide. 

So far, the discussion has been concerned with an 
explanat ion of the S t i l e s - C r a w f o r d effect in te rms of light 
interact ion with a single cone. But a real beam of light 
enter ing the ret ina always interacts with a set of cones. 
Hence , the p rob lem of an i so t ropy of such a set has to be 

Figure 6. Comparison of observed and calculated directional effects. 

considered as well as the degree of its order ing, cone 
or ienta t ion pa t te rns , etc. 

These factors were shown to be of p r imary impor t ance 
for the qual i ty of the image formed on the ret ina, because of 
the similarity of physical mechanisms under ly ing the direc
t ional S t i l e s - C r a w f o r d effect and direct ionali ty of light 
reflection from the ret ina (see Section 3) and also opn the 
basis of the l ight-guide mode l of the cone s t ructure [14]. 

A study repor ted in Ref. [15] has been specially devoted 
to cone or ienta t ion and its impor tance for the explanat ion 
of the S t i l e s - C r a w f o r d effect. The curves of direct ional 
effect obta ined in experiments were compared with var ious 
theoret ical curves describing possible dis t r ibut ions of cone 
or ienta t ion (parabolas , t r igonometr ic functions, p o l y n o 
mials of the 4th order , Gauss ian curves). Us ing the least 
square test, the au tho r s demons t ra ted tha t exper imental 
curves obta ined for a wide range of angles were in good 
agreement only with the Gauss ian curve whereas for a 
n a r r o w angle range, i.e. near the pupi l centre, the exper
imental curves could be equally well approx imated by the 
Gauss ian curve and the pa rabo la . In plain terms, the 
p rob lem is not only tha t the light reaching a given cone 
from the side of the pupi l is 'ob l ique ' (unlike tha t from the 
centre of the pupil) bu t also tha t individual cones are 
differently oriented and the incoming light is 'ob l ique ' with 
respect to some of them owing to their specific or ienta t ion. 
Therefore, the S t i l e s - C r a w f o r d effect results from bo th the 
specific response of individual cones and the Gauss ian 
dis t r ibut ion of their or ienta t ions . 

O'Brien [13] analysed the impor tance of b o t h the 
direct ional effect and the cone light-guide mode l for 
wha t he believed to be the most crucial functional p rope r ty 
of the central ret ina, tha t is visual acuity (resolution) or the 
ability to distinguish fine details of the image. Interestingly, 
he used in his exper iments the so-called 'ballistic s t imula
t i on ' with light pulses of 10 (is dura t ion to el iminate the 
effect of eye movements . The study was focused on the 
fovea, the central pa r t of the ret ina, where only cones are 
present . Moreover , the foveal cones are much thinner (2 um 
in diameter) and m o r e densely packed (the centre to centre 
distance between adjacent cones is a r o u n d 2.3 um) here 
t han in the rest of the ret ina. The au thor concluded tha t the 
eye resolut ion would have been degraded because of the 
spread of light rays before and after focusing had it no t 
been for the protect ive effect of the l ight-guide mechanism 
opera t ing inside each cone. This inference is in agreement 
with the wel l -known fact tha t the resolut ion is especially 
high when the pupi l is small. 

Such is the second biologically impor t an t implicat ion of 
the direct ional effect which is as impor t an t as the ' economy ' 
of photosensi t ive p igment described above. 

3. Polarisation of light reflected from the fundus 
Studies on ret inal reflection characterist ics are of interest in 
tha t they cont r ibute to the unde r s t and ing of image 
format ion on the ret ina and visual acuity (resolution) 
and provide informat ion on the s t ructure of the ret ina and 
the proper t ies of its different layers. Polar isa t ion pa t t e rns 
of reflected light are also an impor t an t source of 
informat ion. 

Such studies on living h u m a n eyes have been repor ted in 
Refs [16, 17]. They showed the presence of two componen t s 
of the reflected light, one re ta ining a significant degree of 
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polar isa t ion (up to 80%) and the other depolarised. The 
au tho r s pos tu la te tha t the former componen t is reflected 
mirror- l ike from one of the m e m b r a n e s of the ret ina 
whereas the latter one is the result of Lamber t i an scattering 
on disordered layers resembling choroids . These researchers 
also examined the dependence of these effects on b o t h the 
pupi l size and the light wavelength. However , these 
polar isa t ion effects in the living eye are complicated and 
masked by depolar isa t ion in the case of forward and 
especially backward light p ropaga t i on th rough the ocular 
media owing to scat tering by these media and the effect of 
birefringence in the cornea [18]. 

F o r this reason, a m o r e specific investigation was 
carried out on isolated frog ret inae reflecting polar ised 
and unpolar i sed light [19]. In these experiments , the angle 
range of reflection could be significantly widened because it 
was no t limited by the presence of the pupi l . The s tudy was 
focused on par t ia l polar isa t ion of the reflected light when 
the incident light was no t polar ised and par t ia l depolar isa
t ion of linearly polar ised incident light. Bo th effects showed 
s t rong dependence on the angle of reflection. Exper imenta l 
da ta can be interpreted as result ing from different reflection 
and scat tering proper t ies of the ret inal layers of receptors 
and ganglion cells. The ret ina was i l luminated by either 
polar ised or unpolar i sed light, the reflected light passed 
th rough an analyser and was detected with a photomul t ip l ie r 
which could be moved on a semicircle a round the ret ina in 
the p lane of incidence. The viability of the ret ina placed in a 
Ringer solut ion was cont inuously moni to red by electro-
re t inography. The results of the measurements were 
interpreted with account t aken of the light scattering 
capaci ty and other opt ic proper t ies of the solution. 7|| 
and 7j_ are the intensities of the reflected light componen t s 
whose electric vector either lies in the p lane of incidence or 
is perpendicular to this p lane . 

Figure 8. Comparison of polar diagrams of orthogonal reflected 
components with Lambertian scattering (retinal polarisation effect) 
for unpolarised incident light. 

Fig . 7 shows dependence of these componen t s on the 
angle of reflection with the ret ina i l luminated by u n p o l a 
rised paral lel light of n o r m a l incidence. Fig . 8 compares 
b o t h normal ised componen t s in the polar coordina tes with 
the d iagram of Lamber t i an scattering L. At small reflection 
angles (—20° < cp < 20°), b o t h light componen t s (especially 
7||) exhibit a s t rong backward reflection. At larger reflection 
angles, I± is dominan t . At cp w 30°, the value Q = I\\/I± = 1 
is reached which cor responds to unpolar i sed reflected light. 
Similar measurements were m a d e for the obl ique incidence 
of unpolar i sed light. 

Measu remen t s performed with p lane polar ised incident 
light showed tha t its electric field vector was either paral lel 
or perpendicular to the incidence p lane . The reflected light 
was recorded with an analysing filter oriented either paral lel 
or perpendicular to the polar is ing filter in the incident ray. 
The reflected intensity componen t which retained the state 
of polar isa t ion was denoted by P, the one tha t changed by 
D. Fig . 9 shows ret inal reflection characterist ics for n o r m a l 
incidence of light with V = P/D p lo t ted as a function of the 
angle of reflection cp, for incident light polar ised paral lel to 
the p lane of incidence (||) and for tha t polar ised pe rpen
dicular to this p lane (J_). This rat io V m a y be used as a 
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Figure 9. Reflection of linearly polarised light from the retina. 
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Figure 7. Reflection of unpolarised incident light from the retina. 



1152 N D Zhevandrov 

Figure 10. Polar diagrams of polarised (P) and depolarised (D) 
reflection components for polarised incident light and Lambertian 
scattering (L). 

'measure of the re tent ion of po la r i sa t ion ' . It changes in 
opposi te directions with the reflection angle for the two 
different or ienta t ions of polar ised incident light. However , 
there is an overall decrease in the degree of polar isa t ion 
with increasing angle of reflection, the intensity of the 
reflected light being higher for (||) t han it is for (J_). This has 
a l ready been repor ted in earlier pape r s for the living h u m a n 
eye. Fig. 10 represents these da ta as a normal ised polar 
d iagram. Again , the deviat ion of all componen t s from the 
Lamber t i an characterist ic is evident. Chang ing the angle of 
incidence has a s t rong effect on the form of the reflection 
characterist ics of all the componen t s . The opposi te var ia 
t ion of V for the two or ienta t ions of polar ised incident light 
can be clearly seen. F o r large cp, V increases with increasing 
cp in b o t h or ienta t ions . Pro longed ret inal exposure leads to 
bleaching and changes in the degree of reflection. 

In the first place, these experiments have demons t ra ted 
tha t the isolated frog ret ina provides a good mode l for 
s tudying reflection proper t ies of the h u m a n ret ina since 
polar isa t ion and angular var ia t ions of the reflected light 
appear to be quali tat ively similar in b o t h cases. F u r t h e r 
more , the experiments with isolated frog ret ina devoid of 
p igment epithelium and under ly ing tissue layers (sclera, 
etc.) have demons t ra ted tha t depolar isa t ion effects do no t 
t ake place exclusively behind the ret ina; ra ther , these 
findings indicate tha t the preservat ion of polar isa t ion is 
an intrinsic p rope r ty of the ret ina, and a considerable 
a m o u n t changes in the state of polar isa t ion of the reflected 
light occurs in the absence of the sclera and p igment 
epithelium. 

C o m p a r i s o n of these da ta with those repor ted from a 
s tudy on the living eye [20] revealed tha t they essentially 
agree in tha t the componen t re ta ining polar isa t ion is 
reflected from a thin film or m e m b r a n e (the outer 
b o u n d a r y tunic) whereas the depolarised componen t is 
reflected from a thick layer adjoining the cornea. C o n 
currently, it was shown tha t the componen t re ta ining 
polar isa t ion is reflected from a ret inal layer coincident 
with the p lane where the image is subjectively sharp [20]. 

Such a coincidence can hard ly be r a n d o m . Addi t iona l 
studies of the angular dependence of the polar ised com
ponen t revealed tha t the layer in quest ion lies in the p lane 
conta in ing te rminal pa r t s of the outer segments of p h o t o 
receptors . It can be inferred tha t the processes described are 
closely related to the Stiles-Crawford effect and the light-
guide mode l of pho to recep to r s . 

Polar isa t ion reflexometry of the fundus was further used 
in the studies repor ted in Refs [21 - 2 4 ] . Re t ina l reflection of 
polar ised light of different wavelengths and different pupi l 
sizes was examined by C h a r m a n [21]. H e considered the 
effects of birefringence in ocular media (cornea and lens). 
The results confirmed the presence of two reflected light 
componen t s , one reta ining polar isa t ion and the other 
undergo ing depolar isa t ion. The m e t h o d used was essen
tially intended to compare da ta for the living and the 
'mode l ' eyes. In the latter case, the ret inal ana logue was a 
flat surface covered with fine-crystal M g O serving as a l ight-
diffusing reflector. The au tho r found tha t the light 
componen t re ta ining polar isa t ion is reflected from the 
inner b o u n d a r y m e m b r a n e (i.e. the r e t i n a - v i t r e o u s b o d y 
interface) whereas the depolarised componen t results from 
the light passing th rough the ret ina and enter ing the 
choroid, the vascular m e m b r a n e of the eye, where light 
scattering occurred followed in succession by diffuse 
reflection from the sclera, travell ing back t h rough different 
ret inal layers, and leaving the eye t h rough the pupi l . The 
au tho r emphasises the necessity to t ake into account 
dichroism of macular p igment which plays an impor t an t 
role in the format ion of Ha id inger ' s b rushes (see Section 5). 
The overall effect is a shift to the red end of the spectrum of 
the light fraction reflected from the anter ior por t ion of the 
ret ina. In the conclusion, oph tha lmoscop ic techniques 
based on the selective use of polar isa t ion and specific 
wavelengths are r ecommended for visualising some in t ra 
ocular s tructures. 

In a series of papers by Van Blokland, it was shown tha t 
the simple p o l a r i s e r - a n a l y s e r scheme is no t sufficient if 
polar isa t ion studies of ret inal reflection are to be con
ducted, because light scattering can affect polar isa t ion in a 
most unusua l manner . Moreover , the presence of doubly 
refractive s t ructures in b o t h the cornea and the lens is likely 
to p roduce elliptic polar isa t ion of the incoming light beam 
before it is scattered. This effect m a y be misinterpreted as a 
par t ly depolarised state by the above simple scheme. The 
au tho r p roposes a modified ellipsometric technique which 
allows modu la t i on of the state of polar i sa t ion of the 
incoming light and est imation of the Stokes vector for 
the ou tgoing light, t hus provid ing for the complete 
descript ion of the state of polar isa t ion. Changes of this 
state are interpreted with the use of the PoincareO" sphere. 

The results of the s tudy indicate tha t a lmost 90% of the 
degree of polar i sa t ion of the incoming light is preserved 
after the light passes twice t h rough the eye media and is 
reflected from the ret ina. The type of change in the state of 
polar isa t ion of the total ly polar ised componen t depends on 
linear birefringence. I m p o r t a n t technical features of the 
experiment included separa t ion of the incoming and ou t 
going light b e a m s in the p lane of the lens (by means of 
mir rors) and creat ion of a small i l luminated ret inal field. 
This ensured min imal over lapping of the two b e a m s inside 
the eye and the p redominance of the ret inal effect in 
result ing scattering characterist ics. 

Angula r dependence of the ret inal light scattering and 
polar isa t ion was examined in Ref. [23]. The measurements 
were performed for the central and two per iphera l posi t ions 
of the ent rance pupi l and nine posi t ions of the exit pupi l on 
a hor izon ta l mer id ian . Both the wavelength and the extent 
of bleaching were also varied. Only X was found to 
substant ial ly affect polar isa t ion. The m a x i m u m degree of 
polar isa t ion was recorded in the fovea at X = 514 nm, at the 
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central posi t ion of the ent rance and exit pupi ls and an 
unbleached ret ina. Polar isa t ion was almost invar iant with 
respect to the angles of incidence and reflection, bu t the 
existence of a direct ional and a diffuse componen t in the 
reflected light was concurrent ly demons t ra ted . The direc
t ional componen t was oriented t owards the centre of the 
pupil , and was only observable with the central posi t ion of 
the ent rance pupi l while its magn i tude was inversely related 
to the density of the visual p igment . The diffuse componen t 
was apparen t with all posi t ions of the ent rance pupi l and 
showed weak dependence on the visual p igment density. 
Polar isa t ion was preserved in b o t h componen t s . The 
wavelength dependence was strikingly similar. Because of 
this similarity, the au thor hypothesised tha t the light 
scattering by the ret ina takes place mainly at a single 
layer, most likely the p igment epithelium. The direct ional 
componen t travels backward a long the receptor as in a 
l ight-guide. Therefore, a sort of the inverse S t i l e s - C r a w 
ford effect takes place. The remain ing light yields the diffuse 
componen t ; implying leakage of a significant a m o u n t of 
light between the outer segments of the pho to recep to rs . 
Direct ional i ty was no t observed in the per iphera l ret ina, in 
agreement with the weak S t i l e s - C r a w f o r d effect in this 
zone. 

Ano the r paper by Van Blokland [24] deals with light 
scattering by the h u m a n fundus in vivo and assesses the 
directionali ty and al ignment of foveal pho to recep to r s . This 
s tudy is related in physical te rms to similar experiments on 
the S t i l e s - C r a w f o r d effect. 

The me thod used by Enoch and H o p e [25] is essentially 
tha t of compar i son between angular scattering d iagrams 
obta ined by objective m e t h o d s and d iagrams of the S t i l e s -
Crawford effect measured by the 'psychophysical ' 
app roach . However , a correct compar i son with the 
S t i l e s - C r a w f o r d effect should be based on the knowledge 
of the p r imary mechanism under ly ing light absorp t ion by 
the visual p igment . Therefore, ra ther t han using scattering 
d iagrams, the compar i son was m a d e between absorp t ion 
d iagrams obta ined by subt rac t ion of scat tering d iagrams of 
the unbleached state from those of the bleached one. 

A n impor t an t quali tat ive result of these experiments is 
the good agreement between the exper imental da ta obta ined 
in b o t h cases and the Gauss ian function of a l ignment 
dis t r ibut ion of foveal receptors . 

4. Dichroism of photoreceptors 
R h o d o p s i n , a photosensi t ive visual p igment absorb ing light 
admi t ted by the eye, is a complex pro te in [1, 26]. It consists 
of a pro te id por t ion , opsin, and a c h r o m o p h o r g roup , 
ret inal , in the form of s tructural ly different cis and trans-
isomers. Only one of these isomers, 11-ds-ret inal 

CHO 

displays steric cor respondence to the ret inal b inding site on 
the opsin molecule and b inds to it to form a stable 
complex. In rods and cones, re t inal is associated with 
different opsin molecules. Cones , in tu rn , conta in three 
opsin species which accounts for individual cones a b s o r b -
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ing light of different wavelengths and thus provides the 
basis for colour vision. The rod p igment is called rhodops in 
while p igments in cones are referred to as iodopsins . 
Re t ina l forms a light-sensitive element in the eyes of all 
animals including molluscs, a r t h ropods , and ver tebrates , 
for all the difference in their evolut ionary pa thways . Living 
organisms are able to synthesise ret inal from readily 
available substra tes including carotenes . d s -Re t i na l is 
chemically stable and does no t undergo isomerisat ion to 
£nms-retinal in the dark . Light absorp t ion results in 
act ivat ion of the ds - re t ina l molecule and its conversion 
to fnms-retinal. 

As in all other organic molecules with conjugated chains 
of a l ternat ing single and double bonds , the oscillator of 
absorp t ion in ret inal is oriented a long the chain. Hence , the 
marked dichroism of the ret inal molecule. 

Fo l lowing format ion of the trans isomer, the steric 
affinity of the c h r o m o p h o r group for opsin is lost, and 
the prote in molecule undergoes a series of conformat iona l 
changes giving rise to a number of derivatives, each k n o w n 
under its own name , e.g. ba to rhodops in , lumirhodops in , 
me ta rhodops in , etc. Pho toconvers ion of the rhodops in 
molecule induces an electric react ion of the receptor cell, 
with ion t r anspor t across the cell m e m b r a n e playing a major 
role in main ta in ing the response. This causes the trans-
ret inal /opsin complex to split in consequence of the loss of 
steric cor respondence between its two componen t s . D i s 
sociated £nms-retinal undergoes back conversion in a 
different site inside the cell and the result ing ds - re t ina l 
b inds to opsin. The reconst i tu ted rhodops in molecule is 
then again capable of absorb ing light. 

One of the most r emarkab le proper t ies of ret inal 
receptors is their unusual ly high photosensi t ivi ty. Even if 
only one rhodops in molecule out of mill ions conta ined in 
da rk -adap ted rods absorbs a p h o t o n of light, it immediately 
sends a discrete signal to the nervous system. This na tura l ly 
raises the quest ion of the physical mechanisms under ly ing 
t r anspor t of such signals. 

Light polar isa t ion techniques were employed to s tudy 
the role of radiat ionless migra t ion of excitation energy [27]. 
This p h e n o m e n o n has long been k n o w n to occur in 
molecular crystals and concent ra ted dye solut ions and 
has been studied to a large extent with the use of the 
same polar isa t ion techniques (polar isat ion of luminescence 
and dichroism [28-31] ) . 

The role of migra t ion of excitation energy between 
c h r o m o p h o r s of rhodops in was investigated by Hag ins 
and Jennings [27] by three different approaches : 
(i) evaluat ion of pho tod ich ro i sm of rod rhodops in , 
(ii) examinat ion of concent ra t ion-dependent depolar isa
t ion of fluorescence in a vi tamin A solution (vitamin A 
being closely related to rhodops in in te rms of chemical 
s t ructure) , and (iii) s tudy of fluorescent area diffusion in 
isolated rods excited by ultraviolet light in the form of an 
image of a n a r r o w slit. 

Pho tod ichro i sm was measured in suspensions of outer 
rod segments from frog and rabbi t re t inae in a sucrose 
solution as well as in intact enucleated rabbi t eyes. 
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Pho tod ichro i sm is dichroism induced in an isotropic 
med ium prel iminari ly i l luminated by bleaching polar ised 
light which p roduces a selective or ien ta t ional effect res
ponsible for induct ion of an i so t ropy in the med ium. The 
an i so t ropy is identified from changes in dichroism of the 
p rob ing light beam. A xenon flashtube served as a source of 
bleaching light whereas an o rd inary electric bulb was used 
to p roduce the p rob ing beam. Dichro ism was determined 
from modu la t i ons of the light flux generated by the electric 
bu lb ; the modu la t i ons were induced by a ro ta t ing polariser 
interposed in the light beam. Time resolut ion of the 
exper imental set-up ranged from 10 to 100 (is. C o n t r o l 
experiments were designed to eliminate or evaluate the 
depolar isa t ion of flashes of light in the eye media . 

The experiments revealed a small degree of p h o t o d i 
chroism (a round 2 % ) in suspensions and its complete 
absence in the intact ret ina. This finding can p robab ly 
be accounted for by the fact tha t , in the rods of the intact 
ret ina, the light p ropaga te s axially whereas in chaot ic 
suspensions a sufficiently large a m o u n t of rods fire in 
the direction perpendicular to their axes, giving rise to 
dichroism. Nevertheless , there are reasons to expect 
induct ion of dichroism in the intact ret ina as well. The 
au tho r s a t t empted to explain its absence by radiat ionless 
migra t ion of energy between differently oriented molecules 
of visual p igment . To suppor t the hypothesis , they had to 
conduct fluorescence experiments . 

Polar isa t ion of fluorescence of vi tamin A in an e thanol 
solut ion was measured at —100 °C to eliminate ro ta t iona l 
depolar isa t ion. C o m p a r i s o n of measured concen t ra t ion-
dependent depolar isa t ion da ta with formulas of the Fors te r 
theory [28] which are k n o w n to t ake into account fully and 
very ingeniously all the related pa rame te r s b r o u g h t the 
au tho r s to the conclusion tha t energy migra t ion in s t rong 
vi tamin A solut ions is ineffective. 

F o r all tha t , one can no t be qui te sure tha t the migra t ion 
pa t t e rns of vi tamin A and its derivative, rhodops in , are 
wholly identical. Therefore, the au tho r s designed indepen
dent exper iments with the object of recording 
manifes ta t ions of energy migra t ion , if any, in rods . They 
hypothesised tha t a long-range energy migra t ion mus t result 
in bleaching a bigger rod segment t han the one directly 
i l luminated by the incoming light. I l luminated frog and rat 
re t inae convert rhodops in to o range me ta rhodops in which 
undergoes rapid t rans format ion to a stable yellow sub
stance with the absorp t ion m a x i m u m at 3 6 0 - 4 0 0 nm. 
Concur ren t ly with the format ion of this p roduc t , yellow 
fluorescence of the outer rod segments is observed, which is 
excited by 405 n m and 436 n m H g lines, reaching m a x i m u m 
intensity in the presence of air. In fresh p repara t ions , the 
fluorescence is par t ly polar ised paral lel to the long axis of 
the rods . This line of reasoning b rough t the au tho r s to the 
conclusion tha t spread of the fluorescence area in such 
fluorescent rods beyond the zone i l luminated by the exciting 
light m a y be regarded as a direct evidence of long-range 
energy migra t ion . 

A simple exper imental setup used in the s tudy provided 
very high accuracy of measurements . The light from a 
mercury tube passed th rough a filter to ensure the choice of 
the desired wavelength and was focused on a 10 um slit in 
the surface of an aluminised mir ror . The image of the slit 
was projected, with high-qual i ty objectives, on isolated rods 
embedded in glassy sucrose or glucose m o u n t e d between 
two cover glasses. Spherical aber ra t ion was reduced to the 

min imum. The fluorescent image was p h o t o g r a p h e d 
th rough crossed filters. The experiment included two 
rods one of which was paral lel and the other perpendicular 
to the slit. Serial p h o t o g r a p h s of the first-order diffraction 
fringe with the half-width of 5 um (excited at 436 n m ) were 
taken . In no case, the area of fluorescence was found to 
spread beyond the i l luminated zone. In other words , there 
was no evidence of excitation energy transfer over a 
distance comparab le with the rod-size. Taken together , 
these observat ions were considered to indicate tha t r ad ia 
tionless migra t ion of electron excitation was not an essential 
componen t in the physiological mechanism of rod excita
t ion while the absence of ret inal dichroism was ascribed to 
the unrestr ic ted freedom of rhodops in ro ta t ion in the rods 
with microsecond relaxat ion t ime. 

The conceptua l s trategy of this early work was further 
developed in a series of studies later conducted by different 
au thors . F o r example, Tao measured fluorescence [32]. H e 
observed l ight-induced conversion of rhodops in to a 
fluorescent derivative, A/-retinal opsin, in the presence of 
sodium bo rohyd ra t e . Other m e t h o d s of ob ta in ing fluor
escent derivatives of rhodops in were employed in Refs [33] 
and [34]. On the basis of changes in the decay of fluorescence 
an i so t ropy (a pa rame te r uniquely related to the degree of 
polar isa t ion) some au tho r s assessed the order of t ime for 
rhodops in ro ta t iona l re laxat ion in outer rod segments. 
R o t a t i o n a l diffusion turned out to be of nanosecond 
dura t ion — several orders of magn i tude faster than it could 
be predicted from the rough measurements repor ted in [27]. 

Japanese au tho r s described measurements of p h o t o d i 
chroism in the frog ret ina and demons t ra ted changes in the 
or ienta t ion of absorb ing oscil lators dur ing pho tochemica l 
rhodops in t rans format ion to b a t o r h o d o p s i n and i so rhodo-
psin [35]. The angles with the rhodops in oscillator in the 
p lane of the disk m e m b r a n e were found to be 20° and 17° 
respectively. The p repa ra t ions were previously fixed in 
glycerol at liquid ni t rogen t empera tu re to eliminate B r o w n -
ian ro ta t ion . The wavelength of the bleaching light was 
fixed at 437 nm, and pho tod ichro i sm was measured at 640 
nm, the light of this wavelength being absorbed only by 
ba to rhodops in . On the basis of their findings, the au tho r s 
p roposed to use changes of pho tod ichro i sm as a measure of 
the a m o u n t of photoder iva t ives p roduced on bleaching. 
Specifically, they found tha t i sorhodops in was stable at 
r o o m tempera tu re while b a t o r h o d o p s i n was not . 

Owing to intrinsic proper t ies of anisot ropic media , they 
exhibit b o t h dichroism and birefringence. Birefringence of 
the outer segments of rods in the ret ina was first described 
by Schmidt [36]. This finding was later exploited in a s tudy 
of s t ructura l changes in outer segment membranes , similar 
in design to the dichroism exper iments described ear
lier [37]. Such a ' c ross-examinat ion ' app roach greatly 
cont r ibutes to the reliability of exper imental findings in 
optics. S t ructura l changes in the m e m b r a n e s were examined 
with reference to me ta rhodops in -2 format ion in the intact 
frog ret ina. Con t ro l experiments with the use of re ta rda t ion 
plates showed tha t the effect was due to altered birefrin
gence and no t to absorp t ion , optical ro ta t ion , or changes in 
light scat tering pa t te rns . Simultaneously, the dependence of 
exper imental results on spectral characterist ics was eval
ua ted . Analysis of the results revealed tha t changes in 
birefringence a m o u n t i n g to 1% and associated with 
impaired lipid crystallisation in the outer segment m e m 
b r a n e could be caused by the change in or ienta t ion of a 
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single phosphol ip id molecule dur ing rhodops in bleaching. 
This confirms high sensitivity of the me thod used to observe 
s t ructura l changes. 

Intr insic dichroism of outer segments in ret inal p h o t o 
receptors has been examined in n u m e r o u s studies [ 3 8 - 4 3 ] . 
Their most impor t an t result is the absence of dichroism 
when the incident light is paral lel to the axis of either a rod 
or a cone whereas dichroism is p ronounced in rods and 
cones i l luminated perpendicular ly to their axes: absorp t ion 
of light with the electric field vector perpendicular to the 
long axis of the rod is approx imate ly 6 t imes tha t of the 
light with the electric vector paral lel to the long axis. The 
oscillator of absorp t ion lies in the p lane of the light-
absorb ing 11-ds-ret inal molecule which is supposed to 
be flat. Hence , the p lane of the rhodops in molecule 
part ia l ly or completely coincides with tha t of the disk 
m e m b r a n e . Or ienta t ion in this p lane is chaot ic . There is 
no doub t as regards the validity of this inference. However , 
dichroism in this p lane can be just as well evoked by 
previous bleaching with polar ised light. 

Evoked dichroism was investigated in m a n y studies, 
which yielded interest ing da ta on m e m b r a n e proper t ies and 
s t ructure. Pak and Helmich [44] detected pho tod ichro i sm 
using e lec t rore t inograms in frog ret inal p repa ra t ions fixed 
in solid media and cooled to —10 °C to eliminate Brownian 
ro ta t ion . This s tudy failed to reveal pho tod ichro i sm. 
Similar pho tod ich ro i sm measurements were m a d e with 
optical detectors in the bovine ret ina at liquid ni t rogen 
t empera tu re to eliminate Brownian ro ta t ion [40]. This s tudy 
became feasible after the demons t ra t ion tha t the first 
b leaching p roduc t of rhodops in , p re lumirhodops in , was 
stable at this t empera tu re and tha t the absorp t ion spectrum 
of this p igment was shifted appreciably to the red. 
Precooled ret inal p repa ra t ions were i r radiated with the 
plane-polar ised 436 n m or 549 n m mercury light. The 
wavelength of the p rob ing beam was chosen as 578 n m 
because at this wavelength, there was a most striking 
spectrum difference between rhodops in and p r e l u m i r h o d o 
psin. The observed t ime-related changes of pho tod ichro i sm 
as a function of bleaching light exposure provided informa
t ion abou t equil ibr ium concent ra t ions of the p r imary 
substrate , rhodops in , and its pho toconvers ion p roduc t s , 
p re lumirhodops in and i sorhodops in . The results obta ined 
are in good agreement with those found independent ly for 
vi tamin A conta ined in bovine rods [45]. 

Cone [46] obta ined quant i ta t ive da ta for the decay of 
pho tod ich ro i sm and found tha t the ra te of decay provides a 
direct measure of the ro ta t iona l re laxat ion t ime of 
rhodops in in the receptor m e m b r a n e . Cone employed a 
pulsed neon gas laser as a source of the bleaching flash and 
a xenon flashtube for the light used to measure changes in 
absorp tance . H e found tha t rhodops in in the freshly 
isolated frog ret ina occurred with a re laxat ion t ime of 
abou t 20 us which was shown to cor respond to the viscosity 
of the m e m b r a n e med ium (approximate ly 2 P). This value is 
comparab le with tha t for the viscosity of olive oil. This 
implies the m e m b r a n e is liquid. Also, the au thor e m p h a s 
ised the impor t an t role of ro ta t iona l diffusion of m e m b r a n e 
rhodops in in the processes control l ing ion t r anspor t across 
the m e m b r a n e . This m a y be crucial for the unde r s t and ing of 
mechanisms under ly ing conversion of visual sensat ion to 
neura l impulse. 

Ano the r paper by the same au thor [47] provides 
exper imental evidence of t rans la t iona l diffusion of rod 
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Figure 11. Schematic representation of the membrane structure in rod 
outer segments of the retina. 

rhodops in perpendicular to rod axes. D a t a on viscosity 
encountered by rhodops in in this s tudy have been shown to 
agree fairly well with those obta ined from the ro ta t iona l 
diffusion experiments . 

Let me n o w try to summarise ideas repor ted in 
Refs [ 4 1 - 4 3 ] on the s t ructura l and molecular organisa t ion 
of pho to recep to r m e m b r a n e s in rod outer segments derived 
from optical light polar isa t ion studies (on dichroism and 
birefringence) and found to be in agreement with the results 
obta ined by different m e t h o d s including electron mic ro 
scopy. The m e m b r a n e s t ructure as seen in axial and lateral 
light is schematically represented in Fig. 11, where b 
represents m e m b r a n e disks and c the liquid mode l of a 
m e m b r a n e disk; rhodops in molecules are globular pro te ins 
par t ly embedded in the double lipoid layer; the hydrophi l ic 
pa r t of the prote in (light) penet ra tes into the aqueous phase 
while the h y d r o p h o b i c pa r t (shaded) is deeply embedded in 
the m e m b r a n e ; c h r o m o p h o r oscil lators (solid lines) are 
m o r e or less paral lel to the m e m b r a n e surface; d is a 
schematic representa t ion of the chaot ic or ienta t ion of 
molecular oscil lators in the disk; e i l lustrates the freedom 
of t rans la t iona l and ro ta t iona l movemen t s of rhodops in 
molecules in the liquid mat r ix which are strongly restricted 
by the rat io of hydrophi l ic to hyd rophob ic forces. This 
scheme provides a quali tat ively adequa te in terpre ta t ion of 
all exper imental da ta on dichroism, pho tod ichro i sm, and 
birefringence in the m e m b r a n e and il lustrates the feasibility 
of measur ing its viscosity. Quant i ta t ive differences normal ly 
inherent in the results of light polar isa t ion studies at the 
molecular level m a y be accounted for by incomplete 
l inearity of oscillators, f luctuat ions of or ienta t ion, etc. It 
should be emphasised tha t the above scheme takes into 
account the so-called form dichroism of the stacks of 
m e m b r a n e disks, in addi t ion to the intrinsic dichroism of 
individual disks. 

Opt ical an i so t ropy (birefringence and dichroism) can 
also occur in a collection of isotropic bodies if they are 
organised in an ordered system [48]. A n example of such a 
system is provided by a periodically repeated series of 
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paral lel thin isotropic plates whose width is smaller t han the 
wavelength. Per iodic pa t t e rns of p la te refractive indices (ni) 
and intervals (n2) cause the stack (or the pack) of plates 
behave like a monoax ia l negative crystal, and light pass ing 
th rough the stack undergo birefringence called birefrin
gence of the form (or form birefringence). A similar system 
of identical thin isotropic pivots a r ranged paral lel to one 
ano ther behaves like a posit ive monoax ia l crystal, with its 
opt ic axis of paral lel to the axes of the pivots . 

Likewise, it appear s relevant to in t roduce the no t ion of 
form dichroism with respect to l ight-absorbing plates or 
pivots as opposed to t r ansparen t ones. Specifically, form 
dichroism is observable in stacks of m e m b r a n e disks in rod 
outer segments. It has been calculated tha t if the intrinsic 
dichroism a m o u n t s to A , to ta l dichroism, including form 
dichroism, is 1.6A. 

Changes in birefringence as a function of light wav
elength provided informat ion on s t ructura l changes in rod 
outer segments (lipid configurat ion) [41]. Specifically, the 
effect of the rhodops in sinking deeper into the m e m b r a n e 
after bleaching was studied together with the axial birefrin
gence gradient in the rod outer segment. The spacing in 
bleached rod outer segments was shown to be close to 15 
n m at the base while only a round 5 n m at the t ip. Such 
changes are likely to be associated with impaired lipid 
a l ignment in membranes . 

5. Polarisation entoptic phenomena 
The h u m a n eye is a very sensitive optical ins t rument . It is 
capable of perceiving and dist inguishing light intensities in 
a very b r o a d range, from billions of p h o t o n s to a few 
p h o t o n s . Simultaneously, the eye recognises h u n d r e d s of 
different hues . H u m a n s use their eyes to obta in informa
t ion abou t three-dimensional objects and their relative 
locat ion in space. 

It is less widely k n o w n tha t an una ided h u m a n eye is 
equally able to respond to polar ised light. This is small 
wonder because polar isa t ion sensitivity of the h u m a n eye is 
by no means comparab le with its spectral sensitivity and 
br ightness percept ion. The h u m a n eye does perceive 
polar ised light bu t only to a very small extent. 

Haid inger was the first to discover the ability to perceive 
polar ised light with an una ided eye in 1844 [49]. A n observer 
looking at a uni form field i l luminated by p lane polar ised 
white light can for a few seconds see an obscure pale-yellow 
figure against blue backg round . The out l ine of the figure is 
tha t of a stack of hay with b roadened ends. Papers in the 
G e r m a n language refer to it as 'Buschel ' whereas Engl ish-
speaking au tho r s call it ' b rushes ' . The universally accepted 
n a m e in the scientific l i terature is Ha id inger ' s brushes . The 
axis of the figure is perpendicular to the direction of 
polar ised light. A 90° change in the electric vector direction 
does no t prevent Ha id inge r ' s b rushes from being seen by 
the observer, bu t they ro ta te by the same angle. The 
contras t of Ha id inge r ' s b rushes is improved in a blue-light 
i l luminated field. They can even be seen in par t ly polar ised 
light, for example against the blue sky. 

A similar p h e n o m e n o n was m a n y years later observed 
by Shurcliff for circularly polar ised light [50]. Look i n g at a 
clear or a cloudy sky th rough a r igh t -handed ro ta t ing 
polariser allows an observer to see n o r m a l Ha id inge r ' s 
b rushes po in t ing downward from right to left. The posi t ion 
of Ha id inger ' s b rushes does not change when the polariser 

ro ta tes a r o u n d its own plane . A left-handed ro ta t ing 
polariser yields Ha id inge r ' s b rushes directed d o w n w a r d 
from left to right. By varying the az imuth of a linear 
polariser it is possible to obta in Ha id inger ' s b rushes 
oriented exactly as they are in a circular polariser . 

In 1940, Neuberger described one m o r e entopt ic 
p h e n o m e n o n occurs in polar ised light [51, 52]. H e observed 
a ne twork of interfering fringes using a linear polariser and 
Savar ' s p la te (without an analysing filter !). The fringes 
could be seen much bet ter t h rough a blue filter. The 
symmetry axes of the interference pic ture were found to 
coincide with those of Ha id inge r ' s b rushes whereas its 
con tours cor responded to the t ransi t ion sites from one 
system of fringes to another , compl imenta ry one. 

Doubt less , all the above p h e n o m e n a are due to the 
c o m m o n cause, tha t is the presence of a na tu ra l analyser in 
the eye. The possible s t ructure of such an analyser was first 
considered by He lmhol t z [53]. H e suggested tha t the 
analyser makes use of the dichroism of radia l th reads 
(Mul le r ' s fibres) located near the macula and coloured 
yellow with the macula r p igment , lutein. Dichro ism is a 
result of an ordered ra ther than a chaot ic dis t r ibut ion of 
anisot ropic molecules of the yellow pigment over the radia l 
fibres. Analysis of Ha id inger ' s b rushes suggests tha t the 
macula r oscil lators of absorp t ion should be oriented 
perpendicular ly to the radia l fibres to give rise to the so-
called ' radial polar iser ' schematically represented in Fig. 12. 

It should be ment ioned tha t eye studies normal ly per ta in 
to two different types of dichroism: (i) the dichroism of 
absorb ing filters (i.e. the yellow pigment tha t serves as a 
screen for the central pa r t of the ret ina including fovea) and 
(ii) the dichroism of rhodops in in the outer segments of 
photosensi t ive receptors (see Section 4). The following 
discussion concerns type (i). 

If the oscil lators of the yellow pigment molecules are 
oriented perpendicular ly to the fibres which spread radial ly 
from the fovea and the incident light is polar ised in the 
direction shown by the ar row, the light passing t h rough 
such a filter is reduced in intensity in the sector limited by 
the straight dashed lines (Fig. 12). Wi th blue i l luminat ion 
the eye then perceives two dark sectors in the central pa r t of 
the visual field. W h e n the incident light is white, these two 
sectors are yellow, by contras t . It is in this way tha t these 
sectors form Ha id inge r ' s brushes . 

Figure 12. Schematic representation of a radial polariser. 
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Figure 13. Test field for examining dichroism of the yellow pigment. 

In order to enhance the effect, D e Vries et al [54] used a 
test field (Fig. 13) the shape of which ensured tha t only tha t 
pa r t of the ret ina was i l luminated where molecules of the 
dichroic p igment are parallel , tha t is b o u n d e d by the dashed 
lines in Fig. 12. This app roach allowed dichroism to be 
measured quanti ta t ively. The test field was divided into two 
halves, each i l luminated by the light of the same wavelength 
polar ised in mutua l ly perpendicular directions. The observer 
was asked to readjust the preestabl ished br ightness ma tch 
between the two fields when the p lanes of polar i sa t ion of 
b o t h componen t s were s imultaneously tu rned th rough 90°. 
Dichro ism was measured after the br ightness ma tch was 
photometr ica l ly restored. The effect was max imal at 
X = 460 nm. Similar exper iments carried out by this m e t h o d 
with the light circularly polar ised in opposi te direct ions led 
to the ma tch between the two test fields being upset on 
s imul taneous inversion of circular polar isa t ion . This finding 
provides direct exper imental evidence tha t birefringence, 
a long with dichroism, plays an impor t an t role in the entopt ic 
p h e n o m e n a described here. This was to be expected because 
b o t h dichroism and birefringence are k n o w n to be intrinsic 
proper t ies of anisot ropic media . The th ing is tha t media 
possessing birefringence t ransform circularly polar ised light 
into elliptically polar ised one whereas the dichroic element 
exhibits differential response to the elliptically polar ised 
light, depending on the or ienta t ion of the ellipse. The 
impor tance of double refraction of ocular media was 
demons t ra ted a l ready in the early work of Boehm [55]. 

Boehm studied Ha id inge r ' s b rushes in linearly, circu
larly, and elliptically polar ised light us ing phase lag plates 
and compensa tors . H e discovered tha t ret inal s t ructures 
conta ined a phase lag pla te ana logue at ^X bu t failed to 
associate it with a specific s t ructure. Boehm confirmed his 
finding when he studied new entopt ic p h e n o m e n a found by 
him to occur in polar ised light. They are current ly k n o w n as 
'peripheral ly polar ised figures' , which are observable at the 
side of the ret ina (up to 12°) and appear to be unrela ted to 
the macula r p igment . These figures exist regardless of the 
light wavelength and can be observed in b o t h linearly and 
elliptically polar ised light, a l though they disappear as the 
light becomes circularly polarised. Boehm believed their 
source to be selective scattering of the linearly polar ised 
light in all ret inal layers, which in this case serve as 'an 
o p a q u e m e d i u m ' . Such selective scattering at the concave 
ret inal surface p roduces the impression of light, ra ther t han 
uniform i l luminat ion, the shape of which is reminiscent of a 
stack of hay. 

D e Vries et al. [54], using the same me thod , confirmed 
the role of birefringence and revealed the posi t ion of the 

main axis of a doubly refracting s t ructure. F o r the left eye, 
it forms an angle of 32° relative to the hor izon ta l line and 
poin t ing downward in the direction of the nose. Similar 
measurements for the right eye showed a symmetr ical 
s i tuat ion. There was no correlat ion between birefringence 
and dichroism measurements which suggests their different 
origin. Accord ing to the au thors , the spectral dis t r ibut ion of 
the Haid inger effect is identical with the absorp t ion curve of 
the macular p igment . 

B rumberg and Feofi lov [52] demons t ra ted tha t N e u -
berger ' s p h e n o m e n o n , similar to Ha id inger ' s brushes , can 
be wholly accounted for on the basis of the He lmhol t z 
hypothesis of a radia l analyser in Mul le r ' s fibres an iso-
tropically coloured yellow with the macular p igment . 

F u r t h e r a t t empts to find an adequa te explanat ion for 
entopt ic polar isa t ion p h e n o m e n a (in the first place, H a i 
d inger ' s brushes) required extensive studies some of which it 
is app ropr i a t e to review in the chronological order . 

The interest in physiological optic research with po la 
rised light has r emarkab ly grown since po la ro ids — 
relatively cheap l ight-polarising mater ia ls with a large 
area — became available as a subst i tute for the m o r e 
expensive and ra re polar isa t ion pr isms. A n example of 
studies using such mater ia ls is provided by the paper by 
Cogan [56] who studied polar isa t ion effects in the lens and 
the outer segment of the intact eye. A n isolated lens placed 
in a saline solution was examined between crossed po la r 
oids. The lens appeared divided by two lines into four light 
q u a d r a n t s seen against a dark backg round . The lines 
formed a dark cross whose a rms cor responded to the 
po la ro id axes. The au thor referred to earlier pape r s by 
Brewster [57] and Valent in [58] in which occurrence of the 
cross had been shown to be c o m m o n to all ver tebra te 
animals including reptiles and fish. These experiments po in t 
to an ordered radia l a r rangement of lens s t ructure, which is 
hard ly surprising. But later the au tho r drew some analogy 
between the cross and Ha id inger ' s b rushes and arrived at 
the conclusion tha t the latter p h e n o m e n o n might at least in 
pa r t arise from the lens. A similar dark cross was observed 
at the iris t h rough an analyser crossed with a polariser 
which served to i l luminate the intact eye. The au tho r 
ascribed this effect to the radia l organisa t ion of corneal 
s t ructures and emphasised its similarity with Ha id inge r ' s 
brushes . 

However , a series of cont ro l experiments (including 
those with lens excision) left no doub t tha t the t rue 
mechanism under ly ing format ion of Ha id inge r ' s b rushes 
is different. 

S tanwor th and Nay lo r [59, 60] analysed different 
hypotheses concerning possible sources of Ha id inge r ' s 
brushes . Accord ing to these au thors , the hypotheses can 
be categorized into three major types: (i) mult iple refraction 
at interfaces and birefringence in in t raocular media , (ii) the 
presence of a radia l analyser in the macular zone, and 
(iii) the presence of blue-light receptors , i.e. a ret inal 
analyser. 

The first g roup of hypotheses was refuted for the results 
of a series of cont ro l exper iments on enucleated eyes, and 
also by the geometry and spectral proper t ies of the effect. 
This reduces the choice to the presence of a yellow macular 
radia l analyser in front of the rods and cones and an 
analyser built up of radial ly a r ranged blue-light receptors in 
the ret ina itself. In b o t h cases, dichroism and birefringence 
have to be taken into account . 
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Difficulties encountered in connect ion with the 
He lmhol t z hypothes is were discussed in Ref. [59], and it 
was suggested tha t blue-light receptors are the mos t 
p robab le in t raocular s t ructures tha t analyse polar ised light 
admi t ted by the ret ina. Specifically, such an inference would 
al low colours of the sectors of Ha id inger ' s b rushes to be 
explained wi thout allusion to colour contras t which h a d 
always been considered no t wholly appropr ia te . However , 
this hypothes is encounters po ten t ia l objections the main of 
which is tha t incident light enter ing the ret ina paral lel to 
receptor axes fails to elicit dichroism (see Section 4), and 
only a small fraction of the light flux is obl ique which 
precludes the development of dichroism. It is just for this 
reason tha t direct ional effect does no t show dependence on 
polar isa t ion. 

In their second paper , Nay lo r and S tanwor th [60] cited 
new and m o r e reliable quant i ta t ive da ta obta ined by a 
technique tha t used a much smaller ret inal test field and 
allowed b o t h spectral and spatial d is t r ibut ions of the effect 
to be examined. The au tho r s concluded tha t light a b s o r p 
t ion by the oriented macular p igment was the major cause 
of Ha id inger ' s brushes , a l though they considered this 
explanat ion as incomplete . 

Hal lden (Sweden) [61] extensively discussed several 
previous hypotheses and provided a rguments against the 
concept of yellow pigment (believed to pe rmea te by 
diffusion all re t inal s t ructures and to be unre la ted to 
Mul le r ' s fibres or Hen le ' s layer). Instead, he suggested a 
phenomenolog ica l mode l of Ha id inger ' s b rushes based 
u p o n the interference of polar ised light. Hal lden used 
cellulose tapes to construct an aggregate mode l combina 
t ion of a radia l analyser and a radia l phase lag pla te 
(Fig. 14). This mode l allowed objectively observable fig
ures to be obta ined in polar ised light cor responding to 
Ha id inger ' s brushes , in agreement with calculat ions. The 
au tho r did no t suggest a new ana tomica l basis of the 
p h e n o m e n o n to establish its associat ion with a specific 
in t raocular s t ructure . Nevertheless , an a t tempt to find an 
objective ana log of subjective percept ion of Ha id inge r ' s 
b rushes appears to be of great interest. 

The phenomenolog ica l app roach was also employed in 
Ref. [62] where the ret ina was regarded as an aniso t ropic 

Figure 14. Cellophane model of radial analyser. 

o p a q u e crystal in which interference effects in the con
vergent polar ised light resulted in conoscopic figures 
reminiscent of Ha id inger ' s brushes . The au tho r s argued 
tha t in the mos t general form this mode l m a y be applied to 
the eyes of fish and bi rds which, some speculate, use 
polar ised light for navigat ion. 

A major cont r ibu t ion to val idat ion of the mode l 
assuming the involvement of the yellow macular p ig
ment , lutein, was provided by the studies of Bone and 
L e n d r u m [ 6 3 - 6 5 ] . These au tho r s investigated linear d ichro
ism of lutein in stretched poly thene films and demons t ra ted 
similarity between absorp t ion characterist ics of the macular 
p igment and dichroism pa t t e rns giving rise to Ha id inge r ' s 
brushes . Also, they assessed the impor tance of corneal 
birefringence (see Section 6) and m a d e a large n u m b e r 
of experiments to confirm tha t a relatively constant 
a m o u n t of the macular p igment is oriented a long radia l 
nerve fibres (ca 10%). In addi t ion, the au tho r s hypothesised 
on the mechanism and the pa t t e rn of lutein u p t a k e by 
Hen le ' s fibre membranes . In the end, they pos tu la ted an 
impor t an t physiological function of lutein within the 
m e m b r a n e as essentially tha t of pro tec t ion against p h o t o -
oxidat ion by singlet oxygen. 

The s tudy repor ted by Hemenger [66] also proceeded 
from the hypothes is of macula r p igment dichroism. H o w 
ever, this au tho r used an al ternat ive app roach in an a t t empt 
to explain the origin of dichroism which disregarded 
or ienta t ion of the p igment molecules. H e argued tha t it 
is the organisa t ion of the med ium in which the molecules 
are embedded , ra ther t han the p igment molecular s t ructure, 
tha t is responsible for form-dichroism the magn i tude of 
which is sufficient for a quant i ta t ive descript ion of 
Ha id inger ' s brushes , provided a major pa r t of the macular 
p igment is dis tr ibuted within the Henle layer. Henle ' s fibres 
are densely packed and their refractive index is higher t han 
tha t of the med ium between them. Or ienta t ion of the 
p igment molecules is immater ia l because, according to 
the au thor , there is no direct evidence tha t it really takes 
place nor has any acceptable hypothes is been suggested to 
explain the mechanism of or ienta t ion. On the whole , 
H e m e n g e r ' s paper is largely concent ra ted on the quan t i t a 
tive aspect of the effects being studied. The au tho r 
emphasises tha t his results agree with those of experiments 
which revealed 'polar isat ion cross ' on the macula i l lumi
na ted by polar ised light. 

These experiments were carried out by Hochhe imer and 
K u e s [67, 68] who once again raised the quest ion of the 
relat ionship between subjective and objective da ta on 
entopt ic polar isa t ion p h e n o m e n a . 

Ref. [67] presents ret inal p h o t o g r a p h s t aken in rhesus 
monkeys whose macula r area is similar to tha t in the h u m a n 
eye. The camera accepted ro ta tab le polar isers b o t h in front 
of the flash lamp and before the film plane . The polar isers 
were crossed with respect to each other . P h o t o g r a p h s show 
a cross-like figure overlying the macula r area. Both the 
shape and the posi t ion of the cross indicate tha t it m a y be 
a t t r ibuted to the eye s t ructure which gives rise to Ha id ing 
er 's brushes . The cross-like figure appears on the 
p h o t o g r a p h s with bet ter contras t t han Ha id inge r ' s 
brushes , p robab ly because the crossed analyser eliminates 
the reflected light thus preserving initial polar isa t ion (cf 
with da ta in Section 3). The cross-like image on polar ised 
light p h o t o g r a p h s m a y somewhat differ from wha t is 
perceived as Ha id inge r ' s b rushes because in the former 
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case, the light can pass twice t h rough the eye polar is ing 
media when the p h o t o g r a p h s are taken . Anyway, there is 
little doub t tha t bo th effects are associated with the radia l 
symmetry of a s t ructure having the axis perpendicular to the 
ret ina. It has been shown tha t the cross-like images could be 
seen and p h o t o g r a p h e d even after b o t h the lens and the 
cornea were excised [68]. This confirms the associat ion of 
the p h e n o m e n o n under s tudy with the ret ina. Ha id inge r ' s 
b rushes and the cross occupy identical ret inal areas, and the 
former can be seen only by subjects in w h o m it is possible to 
t ake p h o t o g r a p h s of the polar isa t ion cross. 

To summarise , current approaches to the objective 
fixation and reproduc t ion of Ha id inger ' s b rushes provide 
unequivoca l evidence of their physical ra ther t han purely 
'physiological ' na tu re , in agreement with an earlier 
p ropos i t ioon by R a m a n [69]. This au tho r developed a 
new me thod to s tudy spectrally selective adapt ive capa 
bilities of the eye using polar ised light which enabled him 
to observe Ha id inger ' s b rushes and their behaviour . H e 
interpreted the results of his s tudy as "per ta in ing to a 
physiological p h e n o m e n o n as opposed to a physical 
effect". This s ta tement is qui te obscure since all phys i 
ological p h e n o m e n a are supposed to arise from molecular 
processes governed by physical laws. The au thor seems to 
have had in mind subjective psychological percept ion of 
the observed p h e n o m e a mean ing tha t physical laws are of 
little help in explaining why the 600 n m light causes 
sensation of red colour in the eye while tha t with the 
wavelength of 550 n m produces sensation of green colour 
and no t vice versa. 

F u n d a l p h o t o g r a p h s were taken in polar ised light and 
the objectively observable figures compared with Ha id ing 
er 's b rushes by T a m a r o v a who also a t t empted to provide 
theoret ical in terpre ta t ion of the da ta obta ined [70]. In 
crossed polaro ids , she observed different figures in the 
macula r zone and the per iphera l fundus. Those at the 
side of the fundus had the aspect of a weakly visible cross 
with the light a rms posi t ioned at an angle of 45° to the 
crossed po la ro id axes. It was inferred from this finding tha t 
max ima l and min imal light intensities in this figure 
a l ternated every 45°. The figure observable in the central 
zone, i.e. in the proximi ty to the macula , had quite a 
different aspect. It was composed of two, instead of four, 
da rk b e a m s visible against the light backg round . The da rk 
b e a m s were oriented paral lel to the opt ical axis of the 
analyser. Therefore, a l ternat ion of da rk and light spots in 
this figure occurred with an interval of 90° instead of 45° as 
in the former case. Therefore, the cor respondence between 
objectively and subjectively observable polar isa t ion p h e 
n o m e n a was incomplete . However , all subjects included in 
the s tudy could normal ly see Ha id inger ' s b rushes provided 
the polar isa t ion figure to be p h o t o g r a p h e d was readily 
observable . The absence of the figure interfered with 
visibility of Ha id inger ' s brushes . The au tho r calculated 
two theoretical ly feasible s t ructura l models of the in t ra 
ocular analyser [70]. One of them suggests the presence of 
optically anisot ropic solid layers, the other tha t of a single 
anisot ropic layer having the aspect of a lat t ice-work of 
a l ternat ing anisot ropic and isotropic elements. Intensi ty 
dis t r ibut ion of the light after it passed th rough the layers 
cor responding to the above mode l was est imated with the 
use of Mul l e r ' s matr ices described in Ref. [71]. The intervals 
between the highest and the lowest intensities were found to 
be 45° and 90° for the former and the latter models 

respectively. This indicates tha t the macula r analyser has 
a lattice s t ructure. 

In connect ion with entopt ic polar i sa t ion p h e n o m e n a , 
tha t is the susceptibility of the h u m a n eye to polar ised light, 
it is wor thwhi le to ment ion the wel l -known exper imental 
studies of S I Vavilov on visually observable light q u a n t u m 
fluctuat ions [72]. N u m e r o u s experiments performed by this 
au tho r included those on f luctuat ions of mutua l ly pe rpen
dicular polar ised light beams which revealed tha t 
f luctuat ions of either beam are total ly independent . In 
the present context, it means tha t the visual threshold is 
unre la ted to polar isa t ion of the incident light. 

En top t i c polar i sa t ion p h e n o m e n a as well as ret inal 
effects of polar ised light have for a long t ime been a 
mat te r of great interest in t e rms of their appl icat ion in 
medicine. P h o t o g r a p h s t aken in crossed polar isers have 
been used to s tudy pa thologica l processes in the nerve fibre 
layer [73]. The defects found by this technique were 
associated with early manifes ta t ions of g laucoma. This 
me thod was repor ted to be of special value for the 
examinat ion of arch nodes . Also, evaluat ion of form-
birefringence by ell ipsometry and scanning with a laser 
t o m o g r a p h allowed the width of the nerve fibre layer to be 
measured [74]. 

A number of studies have been devoted to the assess
ment of diagnost ic and therapeut ic implicat ions of 
Ha id inger ' s b rushes [ 7 5 - 7 9 ] . Posi t ion of the axis of 
Ha id inger ' s b rushes depends on the direction of polar i sa
t ion of the incident light. A ro ta t ion of the polariser causes 
a similar angular ro ta t ion of Ha id inge r ' s brushes . Wi th a 
s ta t ionary polariser , Ha id inge r ' s b rushes can be seen for a 
few seconds after which t ime they fade away. P h o t o c h e m 
ical processes in the macula r p igment m a y be considered a 
very likely factor responsible for this p h e n o m e n o n , given 
the validity of its most feasible model . However , Ha id ing 
er 's b rushes become again visible when the polariser is 
ro ta ted again a l though they are seen inverted. 

Of p r imary impor t ance for the use of Ha id inge r ' s 
b rushes in clinical medicine was to ensure the stability 
and contras t of the image seen by the pat ients . This was 
achieved by using a polariser ro ta ted at an op t imal speed of 
1 - 2 rev s _ 1 and a set of blue filters to enhance the contras t . 
U n d e r these condi t ions , most of the pa t ients with n o r m a l 
sight, regardless of age, sex, and race, repor ted seeing 
Ha id inger ' s b rushes consistently in the form of a ro ta t ing 
propeller . 

Some of the above paper s repor ted examinat ions of tens 
and even hundreds of pat ients . All the au tho r s emphasise 
the great value of the me thod described for differential 
diagnosis of macular defects and injuries including those to 
the ret ina and the choroid at an early stage of the disease. 
The me thod is highly sensitive in tha t it allows minor 
macula r defects to be identified. Also, it m a y have 
impor t an t clinical implicat ions for differential diagnosis 
of macula r dysfunction and optic nerve symptoms . H a i 
d inger ' s b rushes in n o r m a l eyes m a y serve to test macular 
function; their d is tor t ion or deter iora ted visibility represent 
p r imary or secondary symptoms of macular pa thologica l 
processes. F o r all tha t , studies using this me thod showed 
tha t it cannot be current ly applied to early diagnosis of 
g laucoma nor did they reveal a relat ionship between 
Haid inger ' s b rushes and the mechanism of colour vision. 

To summarise the discussion of entopt ic polar isa t ion 
p h e n o m e n a , it is wor thwhi le to ment ion some pape r s on eye 
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sensitivity to linearly and circularly polar ised light which 
are to some extent beyond the scope of the present review of 
physical (optical) experiments . They relate m o r e to psy
chological ra ther t han optical studies using physical 
m e t h o d s [ 8 0 - 8 2 ] . F o r all tha t , these works should no t 
be omit ted if this review is to be comprehensive. . 

Induced hypnosis has been used in experiments repor ted 
by Fe igenbaum [80]. In some tests a subject induced to 
th ink tha t he (or she) cannot see with one eye (e.g. the left 
one) does no t really see in unpolar i sed light bu t is perfectly 
able to see with this eye in polar ised light! The au thor 
ascribes this to inability of the subject to s imultaneously 
realise tha t it is the left eye which sees and what it actually 
does see. Accord ing to the au thor , this p h e n o m e n o n is 
ana logous to B o h r ' s complementar i ty principle in q u a n t u m 
mechanics which pos tu la tes an inextricable connect ion of 
the p h e n o m e n o n tha t is being observed and its percept ion 
by the subject. 

Similar bu t m o r e extensive experiments were carried out 
by Dmitr ievski i [81], a l though their results were interpreted 
in a different manne r . H e suggested tha t impaired sensi
tivity of the eye in a hypnot ised individual resulted in 
var iable percept ion of different types of polar ised light. The 
subject did no t see in r igh t -handed circularly polar ised light, 
saw bet ter in linearly polar ised light, and showed max imal 
sensitivity to the left-handed circularly polar ised light which 
was 1000 t imes greater t han t owards unpolar i sed light! In 
te rms of physical laws which have no th ing to do with the 
induct ion of hypnosis , the subject should ra ther be 
persuaded tha t he (or she) better sees circularly polar ised 
light any t ime it is presented. The p rob lem which arises in 
such a s i tuat ion is purely psychological , tha t is whether the 
subject needs to unde r s t and wha t circular polar isa t ion is or 
should remain wholly ignorant of wha t he (she) is expected 
to see. It mus t be emphasised tha t Dmitr ievski i [81] 
concerns himself with opt ical aspects of the p h e n o m e n o n 
in quest ion wi thout going into detailed discussion of 
physiological processes in the e y e - b r a i n p a t h w a y and 
their psychological implicat ions. 

These studies were further developed by C h u k o v a [82] 
where the above findings were analysed in te rms of the 
general theory describing dependence of the efficiency of 
endoergic processes on characterist ics of e lectromagnet ic 
rad ia t ion . It has been shown tha t the efficiency of 
isomerisat ion of the light-sensitive p igment varies consid
erably with changes in a single rad ia t ion pa ramete r , namely 
polar isa t ion. 

6. Corneal birefringence 
The outer shell of the eyeball, the o p a q u e sclera, is m a d e up 
of a tough prote in tunic which retains the shape of the eye 
and pro tec ts its interior from exposure to ex t raneous agents 
from the envi ronment . The anter ior por t ion of the sclera 
b lends with the t r ansparen t cornea largely composed of 
collagen fibres a r ranged to form plates in the p lane of the 
corneal surface. Cer ta in findings obta ined in experiments 
on small-angle light scattering [83] indicate tha t these 
ret inal col lagenous fibrils and lamellae should possess a 
degree of s t ructura l order ing reminiscent of tha t in a 
t r ansparen t crystal. Hence , corneal birefringence . 

This is impor t an t for all aspects of eye polar isa t ion 
optics, especially so in the context of entopt ic polar isa t ion 
effects because polar isa t ion of the light is modu la t ed by the 

cornea before it enters the ret ina. Therefore, corneal 
birefringence has long been a mat te r of interest. 

Ha id inger ' s b rushes in the circularly polar ised light were 
used by Shute as a too l to s tudy corneal birefringence [84]. 
H e proceeded from the assumpt ion tha t ocular media (in 
the first place, the cornea) which exhibit double refractivity 
t ransform the incoming light from circularly to elliptically 
polar ised. Thereafter, the radia l analyser responds to the 
modified light as if it were plane-polar ised in par t , depend
ing on the az imuth of the ellipse. In order to observe 
Ha id inger ' s b rushes behaviour , reversal, and d isappearance , 
the au tho r in t roduced into the visual p a t h one or m o r e 
addi t iona l compensa to r s (phase lag plates) m a d e from thin 
commercia l po ly thene with a phase lag of A/2, A/4, A/5, 
A/6, etc. The idea was to find a phase lag tha t compensa ted 
for corneal birefringence. The findings obta ined for the blue 
light in this s tudy including a large number of pa t ients 
( M 0 0 ) were compat ib le with a phase lag due to corneal 
collagen of approximate ly A/12 (48 nm) . The au tho r 
main ta ins tha t this result can be explained on the a s s u m p 
t ion tha t collagen of the corneal s t roma has a 
p redominan t ly obl ique u p w a r d and ou tward or ienta t ion. 
This inference is in agreement with the results obta ined by 
different m e t h o d s [55, 85]. 

A similar compensa to ry technique has been employed 
by Smith and Weale [86] a l though they interpreted their 
findings with greater caut ion speaking abou t birefringence 
of " intact prere t inal media of the h u m a n e y e " ra ther than of 
corneal birefringence, to emphasise tha t other ocular media , 
besides the cornea, m a y cont r ibute to double refraction (e.g. 
the lens). This cont r ibut ion was est imated from the 
measurements of the velocity and the direction of apparen t 
ro ta t ion of Ha id inge r ' s b rushes following interposi t ion of a 
phase lag pla te between the ro ta t ing polariser and the 
observer ' s eye. The au tho r s argue tha t the me thod they 
used is b o t h rapid and accurate . 

In Ref. [87], birefringence of the living h u m a n eye was 
assessed by using polar isa t ion dependence of the contras t of 
the interference pic ture projected on the ret ina by two 
coherent light b e a m s in one of which polar isa t ion was 
varied with the aid of a B a b i n e t - S o l e i l compensa to r . The 
phase shift in this optical system was measured as a 
function of the entry site of the incident light in the pupi l 
p lane. The phase lag of the ocular media in vivo was found 
to increase per ipheral ly and m o r e a long the d iagonal 
mer id ian than for the hor izon ta l and vertical directions. 
Accord ing to the au thors , the possible explanat ion of this 
effect could be the gradient in strain p roduced by the 
muscles responsible for hor izonta l and vertical eye m o v e 
ments . The calculated lag was est imated to be abou t 100 nm. 

Measu red and est imated birefringence values for the 
intact and isolated cornea were repor ted in a number of 
works [85, 88, 89]. The calculat ions were m a d e as for a stack 
of crystalline plates t ak ing into account the multi layer 
s t ructure of the cornea. Exper imental ly found birefrin
gence of the isolated cornea was An = 0.0028, in 
agreement with calculated values. Birefringence of the 
living eye was measured by using p h o t o g r a p h s of the light 
reflected from the outer and inner boundar i e s of the cornea 
depending on its polar isa t ion. It has been demons t ra ted 
tha t corneal birefringence is largely determined by the 
s t ructure of corneal fibres and only a minor fraction is 
due to in t raocular pressure. Nevertheless , this provides an 
oppor tun i ty for the noninvasive measurement of in t ra -
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ocular pressure which m a y be used in early diagnosis of 
g laucoma. 

M a n y paper s including those ment ioned earlier ([56, 85, 
89, 90]) contain detailed descript ions of ' the corneal 
polar isa t ion cross ' observable in crossed polarisers , b o t h 
in the living eye and on the isolated cornea. In the latter 
case, the cornea was placed on a flat or convex surface in 
order to evaluate the effect of its curvature . It was shown 
tha t the optical mechanism responsible for the appea rance 
of the corneal polar isa t ion cross depended on b o t h corneal 
curva ture and pahse lag in corneal col lagenous fibers. It was 
inferred, based on these findings, tha t only a small number 
of corneal fibrils have radia l or ienta t ion — the majori ty of 
them are directed paral lel to perpendiculars to corneal radi i 
ra ther t han to the radi i themselves. 

Cer ta in au tho r s emphasise similarity between the 
corneal polar isa t ion cross and the macular polar isa t ion 
cross discussed at greater length in Section 5. There is little 
doub t tha t b o t h figures are due to birefringence in the 
cor responding ocular s t ructures . 

Section 3 of the present review ment ioned some works 
of Van Blokland devoted to light reflection from the ret ina. 
However , this au tho r is k n o w n to have been equally 
interested in corneal birefringence and the assessment of 
the cont r ibut ion of b o t h the cornea and the macula to to ta l 
birefringence of the eye media [91, 92]. This interest is qui te 
na tu r a l because it is characteris t ic of polar isa t ion phys i 
ological optics tha t different polar isa t ion effects influence 
one ano ther in selected eye media which makes it very 
difficult to achieve u n a m b i g u o u s in terpre ta t ion of experi
men ta l findings. 

S tanwor th and Nay lo r [85] assumed the cornea to 
behave like an uniaxial crystal whereas Van Blokland 
[91] regarded it as a crystal having two axes because the 
pictures he observed resembled conoscopic figures of a 
biaxial lamella in the convergent light (which is equivalent 
to a bent biaxial lamella with two axes seen in a paral lel 
light beam) . The latter au thor main ta ined tha t b o t h the lens 
and the macula (specifically, the fovea) exhibited only weak 
birefringence [91]. H e evaluated phase lag in different pa r t s 
of the pupi l p lane using linearly polar ised and circularly 
polar ised light which enabled him to distinguish between 
par t ly depolarised and elliptically polar ised light. The phase 
shift pa t t e rns obta ined in this s tudy allowed for unequivoca l 
in terpre ta t ion based u p o n the assumpt ion tha t the cornea 
behaved like a biaxial crystal with the fast main opt ic axis 
perpendicular to its surface and the slow accessory axis 
oriented downward t owards the nose. This inference was 
confirmed by independent findings obta ined with the eye 
mode l provided with an artificial cornea m a d e from a 
biaxial mater ia l . 

The s tudy repor ted in Ref. [92] was focused on 
appor t ion ing the phase shift to the ret ina and the 
cornea. By varying the entry and exit pos i t ions of the 
light b e a m a r o u n d the foveal centre of the ret ina wi thout 
al tering their locat ion at the cornea, it was possible to 
distinguish between the two componen t s . This result was 
interpreted as indicat ing tha t phase shift in the cornea was 
m o r e t han an order of magn i tude higher t han in the ret ina. 

A series of invest igations repor ted in the Russ ian 
language [ 9 3 - 9 5 ] concerned polar isa t ion of scattered light 
in var ious t r ansparen t ocular tissues, in the first place in the 
cornea as well as in the lens and the vi t reous body . These 
studies provided calculated and experimental ly determined 

pa rame te r s of scattered radia t ion , specifically those for the 
cornea, regardless of the state of polar isa t ion and the angle 
of the incident light. Light scattering by the cornea was 
est imated with the use of a mode l of a system of long 
cylinders (collagen fibers) with the radia l dis t r ibut ion of 
probabi l i ty function obta ined from the analysis of electron 
mic ropho tog raphs . Light scat tering p ramete r s were calcu
lated on the basis of the M e e theory. It was demons t ra ted 
tha t the watery liquid and the vi t reous b o d y are isotropic 
and do no t practical ly affect polar isa t ion characterist ics of 
the passing light. The cornea has aniso t ropic proper t ies , 
and the magn i tude of an i so t ropy can vary greatly depend
ing on the corneal por t ion being examined. An i so t ropy is 
especially p ronounced at the per iphery of the cornea and 
a long its hor izonta l and vertical mer id ians . The same work 
conta ins informat ion abou t or ienta t ion of optical axes and 
phase shift values for selected corneal por t ions . Appl ied 
aspects of these studies m a y be of value for clinical 
oph tha lmology in tha t the above findings can potent ia l ly 
be used in the development of diagnost ic tools to evaluate 
the state of t r ansparen t eye media and improve the 
effectiveness of laser eye surgery. 

Both the curva ture and the strain in the cornea (hence, 
its birefringence) depend no t only on in t raocular pressure 
bu t also on the state of extraocular muscles tha t cont ro l eye 
movements . This suggests the possibili ty of s tudying the 
role of muscular function in the l ight-polarising activity of 
the cornea. This p rob lem was also extensively examined in 
the Russ ian scientific l i terature [ 9 6 - 9 8 ] . The au tho r s 
studied corneal interference pa t t e rns in polar ised light in 
a large n u m b e r of intact eyes and also in enucleated porcine , 
rabbi t , and cadaverous h u m a n eyes interposed between 
crossed polarisers . A dark cross was found on the central 
corneal surface whereas its per iphery displayed charac ter 
istic interference pa t t e rns of coloured fringes ( isochromes) 
in the form of a r h o m b u s , the angles of which rested on 
hor izonta l and vertical mer id ians of the eye. It was this 
d i amond-shaped figure tha t was most sensitive to a l tera
t ions of the functional and ana tomica l states of the 
extraocular muscles. The au tho r s applied the t h in -mem
b r a n e theory to calculat ion of the relat ionship between 
corneal tension and mechanica l stress on the cornea. A n 
eyeball mode l was designed with a thin spherical m e m b r a n e 
which experienced pressure of the in t raocular fluid from the 
inside and overstretching by extraocular muscles from the 
outs ide with the concomi tan t cont rac t ion of the sclera. The 
au tho r s derived formulas describing the asymptot ical ly 
strained condi t ion of the m e m b r a n e at the site where the 
force was applied. These formulas were used to compute the 
strains inside the spherical m e m b r a n e . The curves connect 
ing po in t s of identical strain ( isochromes) and main tension 
po in t s (isoclines) were calculated and constructed with 
account t aken of the gradient in the m e m b r a n e thickness 
(corresponding to the corneal gradient in which the th ick
ness varies from 1 m m at the side to 0.4 m m in the central 
por t ion) . The shape of these theoret ical curves tu rned out to 
be in good agreement with the experimental ly found 
interference pa t te rns . In order to br ing the mode l into 
bet ter conformity with the real s i tuat ion, the calculat ions 
were m a d e with by considering the ana tomica l site of 
a t t achment of each extraocular muscle and its mechanica l 
s trength. Calcula t ions were also performed to est imate 
strain dis t r ibut ion t h r o u g h o u t the cornea in the eyes 
with a n o m a l o u s muscular a t t achment and functional 
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activity. F o r example, the studies being reviewed provided 
reliable objective informat ion abou t the relat ionship 
between the altered interference pa t t e rns ( rounded edges 
of the r h o m b u s , its dislocation, angular shifts) on the one 
hand , and the displacement of the site of appl icat ion of 
muscular act ion and changes of its s t rength on the other 
hand , in different clinical forms of squint including 
complicated cases. Taken together , these da ta allow the 
pa thogenet ic mechanisms of extraocular muscular dysfun-
t ion to be bet ter unde r s tood and the op t imal m e t h o d s for 
the t rea tment and el imination of its different forms to be 
r ecommended . In addi t ion, exper imental models of inter
ference pa t t e rns using cadaveric h u m a n eyes were p roposed 
in order to val idate the above methodology . Wi th the use of 
springs and other special devices, researchers simulated the 
eyball posi t ion in the orbit and applied staggered loads to 
the cornea. 

7. Polarisation properties of the lens 
The cornea appears to be the major bu t not the sole ocular 
med ium responsible for birefringence in the eye. Macu la r 
s t ructures have been shown to cont r ibute to phase shift. 
Different au tho r s agree tha t the vi t reous b o d y is an 
isotropic s t ructure. The poten t ia l role of the lens as a 
source of birefringence is discussed below. 

It has been ment ioned earlier tha t Cogan [56] observed 
the polar isa t ion cross on an isolated lens placed between 
crossed polar isers and used this finding in an a t t t empt to 
explain the appea rance of Ha id inger ' s brushes . The experi
men t s revealed regular radia l or ienta t ion of the particles of 
which the lens is made . 

Weale [99] has found tha t , being a uniaxial crystal, the 
lens exhibits the p rope r ty of birefringence, similar to other 
mult i layer tissues. The index of refraction for an unusua l 
ray of light is lower t han for the o rd inary one. An is of the 
order of 10~ 6 . Birefringence increases with increasing age. It 
is also related to the degree of lens remodel l ing which in 
tu rn depends on the age of the subject. These findings m a y 
have implicat ions for clinical medicine since they provide a 
deeper insight into etiology of senile cataract . 

Japanese au tho r s [100] examined linear and circular 
birefringence in lenses dissected from bovine eyeballs. They 
measured the lens thickness and the ro ta t ion of the p lane of 
polar isa t ion u p o n t ransmiss ion of light in relat ion to its 
wavelength. C o m p a r i s o n between the observed and calcu
lated values allowed the au tho r s to distinguish between 
optical ro ta t ions due to linear and circular birefringence in 
order to evaluate each separately. They associated linear 
birefringence with the quasicrystal l ine molecular a r r ange
ment of collagen pro te ins in the lens whereas circular 
birefringence was considered to be related to the a symme
try of their inner molecular s t ructure. The order of 
magn i tude of An was limited to 10~ 4 . However , the au tho r s 
were uncer ta in whether these da ta were valid for the lens in 
vivo and did no t total ly exclude the possibili ty of there being 
an artifact of lens dissection and manipu la t ion in the course 
of exper iments which might have lead to increased tension 
and s t ructura l changes. 

High t r ansparency of the n o r m a l lens is of p a r a m o u n t 
impor tance for main ta in ing its vital functions. At the same 
t ime, microf luctuat ions of the refractive index are k n o w n to 
result in light scat tering by the lens. F o r m a t i o n of ca taract 
is associated with prote in complexing into high molecular 

weight aggregates which m a y have enhanced l ight-scattering 
potent ia l . This leads to the loss of t r ansparency by the lens. 
On the other hand , the lens is a s t ructure capable of 
birefringence even t hough its birefringence is small. This 
makes it optically anisot ropic which cannot bu t affect its 
scattering characterist ics. The isotropic lens would exhibit 
l ight-scattering activity only if the polariser and the analyser 
were paral lel (7y) whereas in the anisot ropic lens, the light is 
scattered when the polariser and the analyser are mutua l ly 
perpendicular (7j_). 

This line of reasoning allowed Bettelheim [101, 102] to 
hypothesise tha t in the n o r m a l lens, there is a ba lance 
between intrinsic birefringence and form-birefringence 
provid ing a near-zero to ta l birefringence in the absence 
of 7j_-scattering. If this is t rue , then artificial d is turbance of 
the ba lance should result in an increase of light scattering, 
and p redominan t ly its 7j_-component should be observable . 
Exper iments were carried out to p rove this supposi t ion. The 
au tho r t ook p h o t o g r a p h s of nuclear and cortical sections of 
ra t and bovine lenses in paral lel and crossed polarisers . 
Some sections served as controls while o thers were used to 
artificially induce opt ical an iso t ropy. Placed in water , 
bovine lenses underwent a different degree of swelling 
and became opaque . The ra t s were sacrificed at different 
intervals after being fed a diet conta in ing galactose which 
had previously been shown to induce the development of 
cataract . The lenses were obta ined from enucleated eyes. 
Light-scat ter ing componen t s 7|| and 7j_ for the i nhomoge -
neous med ium were calculated with regard for f luctuat ions 
of b o t h density and optical an iso t ropy. In the n o r m a l lens, 
the two birefringence componen t s were in equil ibrium, and 
only 7|| l ight-scattering componen t could be observed. 
Exper iments on induced an i so t ropy in the bovine lens 
revealed the development and further g rowth of the 7j_ 
l ight-scattering componen t . The rat io R = I±/I\\ reflected 
the relative cont r ibut ion of optical an i so t ropy to light 
scattering. The development of optical an i so t ropy in 
t reated bovine lenses influenced the 7j_-component stronger 
t han the 7 | | -component and tha t in the nucleus to a greater 
extent t han in the cortical sections. This m a y indicate tha t 
there was a greater degree of macromolecu la r organisa t ion 
in the fibre cells of the nucleus t han of the cortical por t ion 
of the lens. In the ra t lens, b o t h componen t s grew with 
growing cataract . Initially, the 7 ± - c o m p o n e n t increased 
faster unt i l the R value reached a p la teau. These findings 
agree with biochemical and microscopic observat ions on the 
development of cataract . Moreover , the unde r s t and ing of 
the relat ionship between the two l ight-scattering c o m p o 
nents provides the basis for further studies of ca taract 
format ion in b o t h the nucleus and the cortex of the lens. 

It was ment ioned earlier tha t Refs [94, 95] repor ted 
da ta on light scat tering no t only in the cornea bu t also in 
the lens. Specifically, polar isa t ion of scattered light by the 
n o r m a l and cataract-afflicted rabbi t lens was evaluated 
experimentally. These studies revealed substant ia l changes 
in the characterist ics of the o p a q u e lens suggesting the 
presence of large (about 1 um) nonspher ica l scat tering 
part icles in the med ium. This finding m a y have implica
t ions for quant i ta t ive diagnosis of pa thologica l processes in 
the lens tissue. 
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8. Polarisation sensitivity in invertebrates 

It has a l ready been ment ioned tha t the eye s t ructure in 
different ver tebra te species has much in c o m m o n . It can 
therefore be assumed tha t entopt ic polar isa t ion p h e n o m 
ena, such as Ha id inger ' s brushes , const i tute an inherent 
feature in ver tebrates as they do in h u m a n s . Also, they m a y 
be of some impor tance for the or ienta t ion of migra to ry 
animals , a long with their ability to use the night sky, the 
E a r t h ' s magnet ic lines, and other hypothe t ica l cues as 
naviga t ional aids. Cer ta in studies suggest the ability of 
p igeons [103] and turt les [104] to detect polar ised light 
a l though exper imental da ta available in the l i terature need 
to be confirmed. 

F o r all tha t , there are organisms showing an extra
o rd inary degree of sensitivity to polar ised light. These are in 
the first place insects, especially bees. Visual sensation in 
insects m a y be described in te rms of their behaviour (e.g. 
an i so t ropy of movements ) or based on e lec t rore t inograms 
(ERGs) . E lec t rore t inography is widely used to s tudy vision 
in h u m a n s and animals including a r t h ropods . Nevertheless , 
the bulk of informat ion abou t polar isa t ion sensitivity in 
insects has been obta ined by direct observat ion of their 
behav iour in polar ised light. A b o o k by Fr isch [105] appears 
to provide the most detailed account of these studies. 
Honeybees have long been k n o w n to perform wha t is 
current ly referred to as a dance. A scout bee uses the 
dance to notify the other bees abou t a new source of food. 
A dancing bee tha t re turned fully loaded to the comb runs 
straight across a few cells, then goes back to the s tar t ing 
poin t a long a curved pa th , and repeats these dance cycles 
again and again. The locat ion of the food source is 
immediately indicated by the direction of the straight 
run provided the bee per forms on the hor izonta l surface. 
If the bee dances on the vertical face of the honeycomb , it 
characterist ically t ransforms the system of coordina tes by 
conver t ing the angle at which she dances to the line d rawn 
in the direction of the Sun into the angle to the vertical 
(opposi te to the force of gravity). N u m e r o u s observat ions 
indicate tha t bees need no t necessarily see the Sun to 
communica te direct ional informat ion by means of var ious 
dance-l ike movements . At the same t ime, the direction of 
the straight run has been shown to depend on a variety of 
envi ronmenta l factors a m o n g which polar isa t ion of the blue 
skylight appears to be of p r imary impor tance . The 
honeybee per forms proper ly oriented dance-like m o v e 
ments only when she sees at least a small opening of the 
blue sky tha t appears between the clouds. Both the direction 
and the degree of polar i sa t ion in different pa r t s of the sky 
vary from 0 to 70% - 8 0 % [106]. Dis t r ibu t ion of polar i sa
t ion across the sky is directly related to the Sun ' s posi t ion. 
Therefore, polar isa t ion in a selected segment of the blue sky 
m a y in principle serve as a clue in de termining the direction 
t owards the Sun (the main axis in ' the bee 's system of 
coordinates ' ) . The hypothesis of polar isa t ion involvement 
in the mechanism of navigat ion in honeybees has been 
unequivocal ly confirmed by exper imental da ta . Briefly, 
hor izon ta l honeycombs were placed in a dark chamber 
having a w indow oriented t owards the no r the rn pa r t of the 
cloudless sky. Straight runs of the dancing bee were directed 
t owards the West indicat ing locat ion of the food source 
relative to the hive. W h e n the comb was i l luminated 
th rough the w i n d o w by the light from the southern pa r t 
of the sky (with the use of a mir ror ) , or ienta t ion of the 

dance was inverted, and the straight runs of the bee po in ted 
to the East . W h e n the sky was concealed behind the clouds, 
the bee performed r a n d o m dance-like movements . In the 
chamber with the w indow covered with a polaro id , 
or ienta t ion of the straight componen t of the bee 's dance 
did no t significantly change as compared with tha t in the 
absence of the polaro id , provided oscillations were allowed 
to pass t h rough the po la ro id paral lel to the p r e d o m i n a n t 
direction of polar isa t ion of the blue skylight. Fo l lowing 
ro ta t ion of the polaro id , straight runs of the bee tu rned by 
the same angle. If tu rn ing the po la ro id t owards one side 
always resulted in the deviat ion of the run in a certain 
direction (e.g. to the r ight) , then tu rn ing it t owards the 
other side inevitably caused the bee run to the left. Wi th this 
app roach it was possible to change the dance angle in any 
way bu t no t by m o r e t han 5 0 ° - 6 0 ° . If the deviat ion 
exceeded this angle, the bee moved at r a n d o m and the 
runs became chaotic . Statistical analysis of exper imental 
errors confirmed tha t the differences were significant. 
Collectively, the results of these studies were interpreted 
as indicat ing high polar isa t ion sensitivity of the bees ' o rgans 
of sight. It was shown later tha t honeybees perceive only 
polar ised light of a shorter wavelength (A < 500 n m ) and are 
especially susceptible to polar i sa t ion of ultraviolet light 
(A < 400 nm) . 

Like bees, m a n y other inver tebrates (insects, spiders, 
crustaceans, etc.) are sensitive to polar ised light. The list of 
animals in which the ability to respond to polar ised light 
has been discovered and described includes tens of species 
[107]. But only bees exhibit such a r emarkab le behav ioura l 
t rai t as oriented dance movemen t s which allowed experi
men t s like those repor ted above to be performed. 
Exper imenta l studies on the sensitivity to polar ised light 
in the major i ty of other species only demons t ra ted tha t 
ro ta t ion of the po la ro id over a mov ing an imal resulted in 
the deviat ion of the an ima l ' s p a t h to the same side. 
Moreover , the ability of m a n y inver tebrates (bees, flies, 
Xiphosura, Hemiptera, etc.) to perceive polar ised light was 
confirmed in independent experiments in which the E R G 
technique was used. A 90° tu rn of the p lane of polar isa t ion 
was normal ly accompanied by a 15% - 2 0 % change in the 
electric signal from a responding visual cell. This roughly 
cor responds to the effect of a two-fold change in light 
intensity, a physiologically significant effect. 

C o m m o n occurrence of polar isa t ion sensitivity amongs t 
inver tebrate animals is certainly no t a mere coincidence. It 
implies an impor t an t biological function and its role in the 
mechanisms of visual or ienta t ion in insects which is 
comparab le with their ability to use the Sun and the 
M o o n as naviga t ional aids. It is these three elements of 
the 'sky compass ' , i.e. the Sun, the M o o n , and polar isa t ion 
of the sky, on which the ability of insects to or ienta te 
themselves in space is founded. It is wor thwhi le to no te tha t 
animals must have an internal clock to be able to use the sky 
compass because the mean ing of its const i tuent elements is 
var iable in t ime. Var ious types of the in ternal clock have 
been found to function in a r t h ropods , bu t this interesting 
p rob lem is beyond the scope of the present review. 

N o w , wha t are the possible mechanisms tha t enable 
insects to analyse polar ised light? 

To begin with, it is conceivable tha t insect eyes can 
respond to intensity f luctuat ions result ing from reflection, 
refraction, and scat tering of polar ised light in the environ
ment , ra ther t han to polar isa t ion p roper . Doubt less , such 
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indirect responsiveness to polar isa t ion must play a certain 
role; however , it does not account for all the k n o w n facts 
per ta in ing to polar ised light percept ion. Evidently, in t ra 
ocular s t ructures mus t exist which immediate ly respond to 
polar ised light per se. 

Two hypothet ica l mechanisms have been suggested to 
explain polar isa t ion sensitivity. 

One hypothes is implies indirect percept ion of polar i sa
t ion within ocular media . Character is t ics of light refrac-tion 
and reflection at n u m e r o u s interfaces between different 
po r t ions and layers of these media (except the angle of 
incidence and index of refraction) show marked dependence 
on the state of polar isa t ion. Therefore, i l luminat ion of the 
ret ina varies as polar ised light is t ransmi t ted t h rough 
mult i layer ocular media . This mechanism is certainly 
operat ive in the eye, bu t it can hard ly account for a great 
variety of the most complicated forms of behaviour in 
insects in response to polar ised light (e.g. their ability to 
navigate) . 

The other hypothesis suggests tha t insects directly react 
to the state of polar isa t ion . The corners tone of this 
hypothesis is the facet s t ructure of the a r t h r o p o d ' s eye, 
a major trai t tha t dist inguishes it from the eye of ver tebra te 
animals [107]. 

The cornea in the faceted eye of insects (Fig. 15) consists 
of a large n u m b e r of closely packed convex hexahedrons 
m a d e of chitin (facets), each of which serves as a pupi l (a) 
for a separate visual s t ructura l unit , ommat id ium. The 
number of these elements varies from hundreds to t h o u 
sands. The facet diameter range from 15 to 40 um. The axes 
of ommat id ia are perpendicular to the corneal surface. The 
field of vision is 180° or more , and the angle between the 
axes of adjacent ommat id i a is l ° - 2 ° . The shape of the 
o m m a t i d i u m is tha t of a t runca ted cone several hund reds of 
micrometers long and tens of micrometers wide, located 
between the cornea (a) and the basa l m e m b r a n e (h). Each 

o m m a t i d i u m has three major functional elements: refrac
tive, photorecept ive , and screening. 

The refractive element consists of the pupi l (a) and the 
lens cone (c) which functions b o t h to focus a light b e a m and 
to prevent the lateral spread of light to ne ighbour ing 
ommat id ia . 

Morphologica l ly , the light-sensitive element is an 
elongated visual cell bear ing a nerve fibre at one end. 
Each o m m a t i d i u m consists of a few (up to 10) visual cells (f) 
packed into a bundle , ret inula. A visual cell conta ins in tu rn 
a long and very thin functional s t ructure called r h a b d o -
mere. Re t inu la r r habdomeres are axially a r ranged in 
ommat id ia to form a compact 1 0 0 - 6 0 0 um long s t ruc
ture , r h a b d o m (e). 

The cross-section th rough a ret inula shows a roset te 
su r round ing the r h a b d o m . Ul t r a s t ruc tu ra l features of the 
r h a b d o m are of p a r a m o u n t impor t ance because it is in fact 
the p r imary organ of sight in which the light is absorbed . 
Also, it is responsible for polar i sa t ion sensitivity inherent in 
the insect eye. R h a b d o m s found in different species of 
insects fall b road ly into two categories: open and closed. 
R h a b d o m s of the open type contain total ly isolated 
r h a b d o m e r e s whereas in closed r h a b d o m s , r h a b d o m e r e s 
blend with one another . 

Each r h a b d o m e r e consists of a large number of thin 
( 4 0 0 - 1 2 0 0 A in diameter) closely packed tubules (micro
villi) oriented roughly perpendicular to the longi tudinal axis 
of the r h a b d o m e r . The microvilli are regularly a r ranged to 
form a per iodic s t ructure. The walls of the microvilli have a 
2 0 - 3 0 A thick b o u n d a r y layer conta in ing specifically 
oriented molecules of the visual p igment . 

The screening (light-insulating) element of an o m m a t i 
d ium is a l ight-absorbing or light-reflecting p igment (b, d, g) 
the molecules of which are aligned in such a way as to 
prevent light rays from entering th rough facets of the 
adjacent ommat id i a and eliminate scattered light. 

Square cross-sections t h rough the periodic system of 
regularly a r ranged microvilli in m a n y a r t h r o p o d s and 
cepha lopods (Fig. 16) show a multi layer s t ructure in which 
the a l ternat ing layers contain microvilli with mutua l ly 
perpendicular ly axes [108]. In turn , the layers are a r ranged 
perpendicular to the r h a b d o m e r e axis. 

These da ta obta ined by electron microscopy taken 
together with the results of behav ioura l and electrophysio-

Figure 15. Schematic representation of an ommatidium. Figure 16. Periodic structure of microvilli. 
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logical studies [109] provide the basis for unde r s t and ing of 
polar isa t ion sensitivity in the o rgans of sight of insects, 
crayfish, crabs, lobsters, and a number of other inver tebrate 
species. The physical mechanism under ly ing polar isa t ion 
sensitivity involves dichroism of visual p igment molecules 
which is related to the degree of their regular i ty in the walls 
of microvilli. 

The mechanisms behind polar isa t ion sensitivity of visual 
o rgans in ver tebrates (very low) and inver tebrates (generally 
very high) being essentially different, it m a y be of interest to 
compare the s t ructure of rod and cone outer segments in 
ver tebra te animals with tha t of r h a b d o m e r e s in inverte
bra tes [41 - 4 3 ] in order to evaluate dichroic poten t ia l in the 
eyes of these two types of organisms. 

The rod outer segment in ver tebrates is essentially a 
stack of disk membranes , i.e. lipid matr ices , conta in ing 
rhodops in , a light-sensitive p igment . R h o d o p s i n molecules 
are globular pro te ins par t ly embedded in the double lipoid 
layer of the m e m b r a n e . In terac t ion between hydrophi l ic and 
hyd rophob ic forces results in the or ienta t ion of the 
oscillator of absorp t ion almost paral lel to the m e m b r a n e 
surface. The m e m b r a n e is a fluid substance with the 
viscosity of olive oil. R o t a t i o n a l diffusion of rhodops in 
molecules normal ly occurs in the p lane of the m e m b r a n e 
[46, 47] which results in chaot ic or ienta t ion of oscil lators in 
the m e m b r a n e p lane . Therefore, rhodops in molecules do 
no t exhibit dichroism when the light travels paral lel to the 
axis of the outer segment, as under n o r m a l physiological 
condi t ions . In contras t , ma rked dichroism of the rod outer 
segment is readily apparen t if it is i l luminated by the light 
from a laterally posed source, because only the electric 
vector of the light paral lel to the m e m b r a n e p lane can be 
absorbed in this case. 

Pho to induced dichroism m a y be expected to develop if 
the rod outer segment is i l luminated by physiologically 
oriented linearly polar ised light, owing to the bleaching of 
molecules in which oscil lators are paral lel or oriented 
approximate ly in the same direction as the electric vec
tor . Such an effect is negligible in intact cells because of 
rapid ro ta t iona l diffusion. However , pho to induced d ichro
ism is experimental ly observable in cells fixed in 
g lu ta roa ldehyde to arrest molecular ro ta t ion . D a t a on 
the kinetics and t empera tu re dependence of p h o t o d i c h r o 
ism in intact cells were used to evaluate the viscosity of lipid 
membranes . 

Chao t i c or ienta t ion of oscil lators in the p lane of the 
m e m b r a n e m a y have p ragmat i c physiological conno ta t ion 
and is by no means to be regarded as a byproduc t of 
evolut ion. It facilitates the m a x i m u m uti l isat ion ( absorp 
t ion) of the incident light admi t ted by pho to recep to r s 
because of the impaired self-screening effect. H a d oscil
la tors in the p lane of the first disk m e m b r a n e been regularly 
aligned, they would have been able to absorb only the 
electric vector paral lel to them, whereas the perpendicular 
vector could no t have been absorbed in the adjoining layer 
with oscil lators perpendicular to the vector. It was calcu
lated tha t the to ta l absorp t ion of unpolar i sed light in case of 
chaot ic or ienta t ion of oscil lators in the p lane of the 
m e m b r a n e was twice tha t in case of their regular a r r ange
ment . 

Dichro ic pa t t e rns of r h a b d o m e r e s in inver tebrate o rgan 
isms are qui te different [42]. R h o d o p s i n molecules are 
dis tr ibuted in the b o u n d a r y layer of the walls of microvilli 
where layers are oriented perpendicular ly to the r h a b d o 

mere axis. Moreover , reciprocal or ienta t ion of microvilli in 
the adjoining layers is mutua l ly perpendicular . Oscil lators of 
absorp t ion in the walls of microvilli show chaot ic dis t r ibu
t ion. However , this does no t interfere with the development 
of dichroism as long as the light travels in the 'physi
ological ' direction. In order to simplify calculat ions, it is 
convenient to th ink of single microvilli as long, n a r r o w 
boxes having a square cross-section (see Fig. 17). On the 
whole , oscil lators present in all surfaces of the b o x are 
r a n d o m l y oriented and can be categorized into two equally-
sized groups . Ha l f of the oscil lators are taken to have axial 
or ienta t ion, with the other half being perpendicular in 
relat ion to the box axis. Dichro ism for the 'physiolog
ical ' light is absent in the upper and the lower surfaces of 
the b o x bu t is apparen t in the lateral surfaces. This provides 
the basis for polar isa t ion sensitivity to the light perceived by 
a r h a b d o m e r e under physiological condi t ions . Chao t ic 
or ienta t ion of the visual p igment in the walls of microvilli 
is m o r e favourable t han the perfect a l ignment or par t ia l 
or ienta t ion of its molecules for max ima l uti l isat ion 
(absorp t ion) of the light entering the eye, due to the 
self-screening effect. He re again, chaot ic or ienta t ion has 
been est imated to be twice as advan tageous as any other 
[42, 110]. 

Figure 17. Box-model of microvillus. 

Exper imenta l studies have provided unequivoca l evi
dence of the relat ionship between polar isa t ion sensitivity 
(assessed from behav ioura l pa t te rns) and dichroism (elec
t rophysiological da ta and direct optical measurement of 
polar isa t ion using enucleated photorecep tors ) . Where there 
was paradoxica l discrepancy between the results obta ined 
by bo th m e t h o d s (the former indicat ing high polar isa t ion 
sensitivity, the latter — small dichroism or its absence), this 
was indirectly shown to be due to s t ructura l changes dur ing 
enucleat ion [111]. 

N o w , it is only na tu ra l to t ry and examine poten t ia l 
evolut ionary factors responsible for the marked difference 
between polar isa t ion sensitivity in visual o rgans of inverte
b ra t e and ver tebra te animals (in the first place, in h u m a n 
eyes). At present , it is difficult to offer a comprehensive and 
universally acceptable explanat ion for the divergence of this 
feature in the course of evolut ion. Fo l lowing are some 
considera t ions tha t m a y happen to be relevant if the 
solut ion of this p rob lem is to be sought for. 
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The first quest ion to answer is whether polar isa t ion 
sensitivity is really necessary and polar ised light is so 
c o m m o n in na tu re as to be wor th being specifically 
perceived by the organ of sight. The answer is definitely 
'yes ' . Suffice it to remind abou t polar isa t ion pa t t e rns of the 
light scattered by the sky, aquaeous media , and other 
surfaces [106]. A mos t reliable criterion in this context is 
the magn i tude of polar isa t ion as related to the requi rements 
of individual organisms in te rms of behaviour . Polar isa t ion 
must be apparen t at a megascale to be wor thy of percept ion 
by different animals . In other words , a honeybee mus t have 
at least a flower m e a d o w as a source of polar ised light, for 
b i rds such a source m a y be the length of a migra t ion rou te , 
etc. In the immedia te envi ronment of a ver tebra te organism 
displaying relatively p o o r mobil i ty, n u m e r o u s local d e p o 
larisat ion events interfere with its response to 
macropola r i sa t ion which makes direct percept ion of po la 
rised light of little value for the animal . 

A n impor t an t function for any visual system to perform 
is space percept ion which is realised t h rough the solution of 
ra ther a difficult p rob lem of forming images of th ree -
dimensional objects on the two-d imens iona l ret ina. The 
static facet system of the insect eye solves this p rob lem at 
least in pa r t by means of 'polar isat ion scanning ' . At the 
same t ime, major features of space percept ion by the h u m a n 
eye are essentially due to the dynamic s t ructures tha t are 
responsible for the r emarkab le ability of the eye to move 
and b inocular vision [112]. Eye mobil i ty allows us to 
compensa te for the small angle of the visual cone for 
acute vision (~7° ) which is determined by the small area 
(fovea) of acute vision and high resolut ion. The major 
processes involved are spatial summat ion and t empora l 
cumula t ion , b o t h being necessary for p r imary discr imina
t ion between the useful signal and fluctuations. This makes 
the labile system of visual informat ion in ver tebrates 
essentially different from static facet s t ructures of inver te
b ra t e animals . Certainly, the final sensory percept ion of 
space is formed in bra in s t ructures , specifically using the 
cons tancy mechanism which makes up for geometr ic 
imperfections interfering with image const ruct ion of 
three-dimensional objects on the two-dimens iona l ret ina. 
However , this p rob lem per ta ins to physiological processes in 
the e y e - b r a i n p a t h w a y and is beyond the scope of optical 
and polar isa t ion p h e n o m e n a discussed in the present review. 
The objective of this discussion was to emphasise tha t the 
above differences between the two types of eyes m a y all be 
due to a c o m m o n cause. This p r o m p t s analogy of sight 
differences in insects and h u m a n s with difference between 
fixed instincts of insects and flexible h u m a n th inking. 
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