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Abstract: When the ratio of intensities for both axial and peripheral entries for equal
photometric effects is plotted against the pupil entry position a Stiles Crawford function
(SCF) is obtained. As the SCF is modified in various retinal pathologies and especially a
disturbance in the mechanism of photoreceptor alignment is observed in some forms of
age-related macular degeneration (AMD), the waveguide approach of SCE is adopted to
study AMD. In this approach, the spot-size ratio is evaluated for healthy and early AMD
eye to attempt an answer of the question: can the disturbed visual perceptions of patients
with early stages of AMD be accounted for by improper alignment of macular cones?
And we have got the results that, in fact, in early AMD the misalignment of cones lead to
complete elimination of retinal directionality as revealed from a fixed spot-size ratio for
all pupil entry positions of light. Also, the directionality of retina is much more sensitive
to misalignment of cones than to cone death.

Keywords: Spot-size ratio; Photoreceptor cone; age-related macular degeneration,
Misalignment.

1. Introduction

In 1933, Stiles and Crawford reported that light entering the human eye at
the centre of the pupil was several times more effective in producing the
sensation of vision than light entering near the pupil periphery. The physiological
explanation of this phenomenon, later called the Stiles Crawford effect (SCE 1),
is that cone photoreceptors yield a directional sensitivity. Waveguide properties
of cone photoreceptor inner segments, guiding the light to the outer segment
photopigments, optimize absorption of axial incident light rather than off-axis
light. The optical equivalent of this psychophysical effect is called the optical
SCE [1,2]. A small fraction of the incident light is reflected back toward the
pupil. In a healthy retina, more light is reflected toward the middle of the pupil,
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where most cone photoreceptors are aimed. In disease, the optical SCE is a
sensitive indicator of cone photoreceptor disturbances [3].

Age related macular degeneration (AMD) is a degenerative disease
primarily affecting the macula and an increasingly prevalent cause of irreversible
blindness in the industrialized world. Early AMD is characterized by drusen and
pigmentary abnormalities with relatively few visual symptoms. However, in its
late stage, AMD often leads to a disabling central scotoma. It is known that
drusen disturb the orderly alignment of overlying cone photoreceptors. The
retinal epithelium (RPE) supplies the photoreceptors with nutrients and maintains
the integrity of subretinal space. Thus, RPE changes may also affect the optical
quality of the involved cone photoreceptors. Several electrophysiological and
psychophysical studies aimed at examining the visual function in early AMD
have found disturbances in light sensitivity and in adaptation throughout the
retina regarding both cone and rod photoreceptors [4-8].

One symptom of early wet AMD is that straight lines appear wavy. Blind
spots or blurriness may develop near your central field of vision. Other symptoms
include difficulty adjusting to low light and a decrease in the intensity of colors.
It is important to have regular eye examinations after age 50 years, even if one
does not have any symptoms. If you have AMD in one eye, your other eye may
be compensating so that you don't notice any change in vision. A doctor gives
an Amsler grid test (looks like graph paper with thick lines). If the lines start to
look wavy, this may be a sign of wet AMD and you should see your eye doctor
immediately [9].

Appearance of Amsler Grid

Normal vision Macular degeneration

Fig 1: Appearance of Amsler Grid for normal vision and in AMD

This common early symptom of the perception of blurring and
metamorphopsia in the central visual field, with attendant reduced visual acuity
becomes progressively worse, eventually leading to photoreceptor cell death and
scotomas in the central visual field. The pathological mechanism in at least some
forms of AMD involves a disturbance in the mechanism of photoreceptor
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alignment. The uniquely high visual acuity that is normally achieved using the
cone photoreceptors in the human fovea requires that these cones be able to
achieve and maintain proper alignment towards the entrance pupil of the eye.
Indeed, accurate alignment of foveal cones is necessary, but not sufficient, for
high visual acuity.

Thus, the question is: can the disturbed visual perceptions of patients with
early stages of AMD be accounted for by improper alignment of macular cones?
Disturbances in the central visual field are often detected as distorted perception
of the lines on the Amsler grid. A qualitative demonstration showing how
improperly aligned photoreceptors could cause a straight line on an Amsler grid
to be perceived in a blurred or spatially distorted manner has been given in Fig. 1.
However, Amsler grid reports are not very sensitive and have poor validity in the
clinical assessment of early AMD [10,11].

Here, in this study we have adopted the approach of recreating the Stiles-
Crawford function by interpreting perfect matching for axial entry of the beam
and proportionate mismatching for corresponding degree of peripheral entries.
That is, when the fraction of light power that is not able to be coupled to a
fundamental mode of a foveal cone is computed, it is found that the mismatch is
proportional to the degree of departure from the perfect matching for one hundred
percent coupling. Thus, Stiles-Crawford effect of the first kind is shown to be the
response of the retina to departure from perfect matching [12]. As the SCF is
modified in various retinal pathologies [13] it has the potential of becoming an
excellent bio-indicator in diseases that affect the photoreceptors. This technique
of spot-size ratio departure is already successfully employed in case of retinitis
pigmentosa [14]. As the SC function has been measured in patients with early
stages of AMD and found to be reduced in one out of two cases examined [15],
this has motivated us to employ this technique to show that, in fact, the visibility
loss or reduction in SCF is due to disruption in cone alignment.

2. Theory

Here, we have presented the spot-size ratio departure technique [12,14].
Considering the propagation along the z-direction of a Gaussian beam whose
amplitude distribution on the plane z = 0 is given by

x2+y2

Eox(x,y,2=10) = Ae @3 (1)
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where w, is the radius of the spot at the retinal plane. This backscattered light allows
imaging of the cones using optical coherence tomography [16]. And as the beam
propagates toward the pupil, diffraction occurs and one obtains [17]
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where R(z) = z{l + } represents the radius of curvature of the wavefront

2,2
assumed to be plane at the retinal plane and w?(z) = w? (1 + %) representing
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the z-dependent spot size of the beam. For large values of z,
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pupil entry point of the beam from the centre. The angle of incidence on the

retina or the semiangle of the cone defining the diffraction divergence of the

beam,8, for the schematic eye model is related to the pupil entrance point, r as

g = =" — (135 radian or equivalent to (= X21351y7 70
feye 22.2mm T

Thus, the radius of the spot at the beam waist,w,, relates to the beam radius at the

Afeye _ 0.55X22.2
NeyeMWo 1.331

T

Implying tan 8 = where r is the distance of the

IR

pupil w(2)= w,as w, = 2.92 mm at the pupil or a pupil

of nearly 3 mm radius. (For,A = 0.55 um, 6 = 8°, w,= 1.00 um, f,,,=22.2 mm
and n.y, =1.33) [18]. The size of the cones is expected to increase from
approximately 2.5 um to 5 pm at 1° to 10° from the fovea, respectively [19].

This size of beam is used in high-resolution retinal imaging systems. Thus,

Afeye

writing w; w, as - , we get  wq w, = 5311A(in um). In our model as

eyelWo

the incident beam couples light only to the fundamental mode represented by a
Gaussian function of width 2w,,, (where w,,is the waveguide mode spot size) the
fraction of power that is not able to be transmitted to the photoreceptor if incident
with its peak value at the photoreceptor axis can be found as [17]

2wowm ]2 —Z(nneyewowm)zez
1-T@)=1- [w§+w,2n] exp 212 (w3+w?) ®)
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where 6 = f:? w; wpis the product of the beam radius at the pupil and the

waveguide mode spot size and r is the distance from the on-axis value. Thus,

53112 2 , K 2 . 2
w1 Wm 1 _ w1 wm _ (n°-1
1-— T(a)1 Wi, A) =1- [W] =1 [ ( 1K )2] — (n2+1) (4)
w1 Wm w1 Wm
where —— =n and K =531121 assuming a constant wavelength for the beam

w1 Wm

passing axially through the pupil.

3. Results and discussions

The Stiles-Crawford function (SCF) is written as 7 =noe‘f’r2 where
p = 0.115mm™2 [20]. But, expressing it as visibility loss, y =1 -T=1-

e~P™* where n is the relative luminous efficiency as defined by Stiles and

2_4\2
Crawford and then correlating it with Eq. 4, we get y =1 —e™?"" = (Z”i) .
After working out the steps we finally get an equation for n in terms of pupil

entry point r and vice versa for a normal eye as [12,14]

p
n=e2 ++err’—1 (5)
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. The pupil profile of the healthy subject shows a Gaussian shaped reflection
originating from the foveal cone photoreceptors (optical SCE), on a diffuse
background. In the patient with early AMD, only a non directional diffuse
background reflection was seen, that is, the visibility loss is almost 40 % for all
pupil entry points of the incoming light [4]. Rewriting Eq (4) for an early AMD

5 2
Ngmd”—1
Tlamdz +1

eye as 0.4 = (

)We get ngmq = t 2. Defining the discrepancy in

departures (én) between the spot-size ratio for a normal healthy eye (n) and the
spot-size ratio for an early AMD eye (ngmq) @S 6n = n — Ngmq, We can express

(using Eq 5)

£y2 2
dn=ez ++veP" —1—nynq

(6)

p
sn=e2" ++eP* — 1 —nypy (for n-fold departure)

sn=e: —Jerr? —1— Ngma (for 1/n-fold departure)

This discrepancy (én) when plotted against the pupil entry point(r) for n-fold,
1/n-fold departures (Figs. 2-4) we see that it increases with increase of pupil entry

point as expected from a directional retina.
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Fig. 2: Response of discrepancy in departure to
pupil entry points of the beam for n-fold
departures.

Fig. 3: Response of discrepancy in departure to
pupil entry points of the beam for 1/n-fold
departures.
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Fig. 4: Response of discrepancy
in departure to pupil entry points
of the beam for both n-fold and
1/n-fold departures.
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As the spot-size ratio for an early AMD eye is independent of pupil entry
point, the discrepancy in departure profile mimics the traditional SCE visibility
diminution of a normal healthy eye. This result corroborates the experimental
finding that in the patients with early AMD, only a non directional diffuse
background reflection is seen [4]. It also assigns a value of p = 0 for an early
AMD eye which is 0.115 [20] for a healthy eye and 0.067 for a retinitis
pigmentosa eye [14].

In order to understand the non-directionality of an early AMD eye more
deeply, we differentiated the spot-size ratio (n) of a healthy eye and the spot-size
ratio of an early AMD eye (n,,4) With respect to (r) and study the response to r
as depicted below from Figs. 5-7.

—
=
T

—&— normal
L —a— normal 0.8 [ —v—AMD
2 L —e— AMD 0.6 I

. 00f Mm

04
I 0.6
Gk -0.8 -

1 " 1 n 1 n 1 " 1

-4 -2 0 2

£

1 L 1 I 1 1 1

-4 -2 0 2

S

Pupil Entry Point ( r in mm)
Pupil Entry Point ( r in mm)

Fig. 6: The comparison of slope for n-fold

Fig. 5: The comparison of slope for n-fold departure between normal and early AMD
departure between normal and early AMD eyes eyes
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Fig. 7: Comprehensive comparison of
slopes of both n-fold and 1/n-fold
departures in case of normal and early
AMD eyes
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It is evident from figs 5-7 that, the slope of spot-size ratio for an early AMD
eye is zero for all pupil entry points. This indicates that the early AMD has
disrupted the alignment of the cones to such an extent that the cones fail to
muster the required directional response to compensate for the loss of luminance
efficiency due to oblique stimulation contrary to a healthy eye. And when we
move toward the periphery from the central fovea, the discrepancy in slope
between a healthy eye and an early AMD eye widens as expected because the
discrepancy in slope is still governed by the directional SCE. Again, the visibility
diminution is more probably, primarily due to misalignment of cones unlike cone
loss in other photoreceptor diseases. And the most important finding is:
disruption in cone alignment removes the directionality completely but cone loss
reduces the directionality as seen in retinitis pigmentosa [14]. Thus, the
directionality of retina is much more sensitive to misalignment than to cone
death.

4. Conclusion

We see that the spot-size ratio of an early AMD eye is a constant,
independent of pupil entry positions of the incoming light. Thus, the discrepancy
in spot-size ratio of an early AMD eye and that of a healthy eye is governed by
the Stiles Crawford effect. Moreover, the slope of spot-size ratio of an early
AMD eye is zero indicating the complete wash out of the directionality. The
cones lack the perfect alignment so badly necessary in a healthy eye to provide a
compensative response to loss of luminance efficiency due to oblique

166 Orissa Journal of Physics, Vol. 23, No.2, August 2016



Spot-size ratio departure and misalignment ...

stimulation. Thus, our study from the perspective of spot-size ratio strongly point
to the fact that in an early AMD eye the photoreceptor cones get misaligned as
revealed from both the discrepancy in departure profile and zero slope of the
spot-size ratio. Finally, it is established that the directionality of retina is much
more sensitive to misalignment than to cone death.
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