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Abstract

Introduction

The multifocal electroretinogram (MfERG) was developed by Sutter & Trans in
1992 and has been used for the objective examination of numerous retinal diseases
such as age-related macular degeneration, diabetic retinopathy and retinitis
pigmentosa. Patients who suffer from these eye diseases are normally elderly and
they may have a certain degree of age-related change in the crystalline lens which
would cause light scattering. Forward light scattering reduces the stimulus contrast
and backward light scattering reduces the stimulus luminance. Both affect the

MFfERG. Therefore, the effect of light scattering on the mfERG is of interest.

Objectives

e To study the effects of forward light scattering on mfERG topography.

e To study the effects of different degrees of nuclear cataract on mfERG
topography.

e To compare mfERG topography before and after cataract surgery.

e To study the effects of aging on mfERG topography.



Methods

There are four experiments in this study.

In Experiment 1, a liquid crystal diffuser (L-C-D) was used to produce different
degrees of forward light scattering. The mfERG was recorded in thirty young
subjects under different degrees of forward light scattering produced by the liquid
crystal diffuser.

In Experiment 2, the mfERG was recorded from thirty elderly subjects, ten with very
mild, ten with mild, and ten with moderate nuclear cataract. Their mfERG
topographies were compared.

In Experiment 3, the mfERG was recorded from ten elderly subjects (10 eyes) with
nuclear cataract of grade five (Lens Opacities Classification System I11) before and
after cataract surgery.

In Experiment 4, the mfERG were recorded in three groups of subjects: 1) eighteen
young subjects (age 18-24 years), 2) eighteen elderly subjects (aged 60-70 years)
with intraocular lens (I0L), and 3) eighteen elderly subjects (aged 75-85 years) with

IOL.

Results

In Experiment 1, we found that the amplitudes of P1 from the central retina
decreased, but the amplitudes of P1 in the mid peripheral retina increased with the
increase of forward light scattering. N1 latency, P1 latency, and N1 amplitude were
not affected by forward light scattering. In Experiment 2 and 3, we found that

cataract can significantly decrease the N1 and P1 amplitudes from the central retina,



but N1 and P1 amplitudes from the mid peripheral retina did not change
significantly.

In Experiment 3, we found that both N1 latency and P1 latency did not change
significantly after cataract surgery. In Experiment 4, by comparing the mfERG
responses in young subjects to elderly subjects with 10L, we found that N1 and P1
amplitudes from central to mid peripheral retina (0° to 43.8° diameter) did not
change significantly with increasing age. However, N1 latency from central to

peripheral retina increased significantly after the age of 70 years.

Conclusions

Forward light scattering can affect mfERG topography. As cataract can affect the
topography of the mfERG, caution should be taken when interpreting the mfERG
topography in subjects who have some degree of cataract. We suggest that each
laboratory should establish a norm for different degrees of cataract for clinical
diagnosis. Since our results showed that elderly subjects with IOL have similar
response amplitude to young subjects, age-related decline of the mfERG response
amplitude shown in previous studies are likely to be due to optical rather than neural

factors.
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Chapter 1 - Introduction

Cataract is defined as a change of lens transparency in the eye. It is well
known that aged people are more susceptible to cataract. The occurrence of light
absorption and light scattering in a cataractous lens can reduce the patient’s visual
acuity (VA) and contrast sensitivity (CS) (Elliott et al., 1989, Elliott & Situ, 1998).
Up to this time, there is no effective way to prevent or slow down the development
of cataract. The only solution is through cataract surgery to remove the opaque lens
and replace it with an intraocular lens (IOL) to compensate for the loss of optical
power (Nordlund et al., 2000).

In 1999, the World Health Organization (WHO) and the International
Agency for Prevention of Blindness launched a global initiative called “Vision 2020:
Right to Sight”. The objective of this initiative is to eliminate avoidable blindness by
2020 (Foster, 2001). According to the WHO, there are an estimated 180 million
people worldwide who are visually disabled. In addition, about 40 to 45 million
people are blind from varying causes that include cataract, glaucoma, trachoma and
onchocerciasis. The most common cause is cataract, which accounts for 50% of
blindness in the world (Foster, 2001). In Taiwan, the prevalence of cataract in those
aged 50 years or older was 51% (Cheng et al., 2000). Nuclear cataract was the most
prevalent type followed by posterior subcapsular cataract and cortical cataract
(Cheng et al., 2000). In a pilot study in Hong Kong, the prevalence of cataract in the
population has been estimated to be 19% (Van Newkirk, 1997).

Eye care practitioners sometimes find themselves in a dilemma to decide

whether or not cataract surgery can help their patients improve their visual acuity,
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when the cataract is so severe as to obscure the clinician’s view of the fundus. Since
the aged retina is also susceptible to many different age-related retinal diseases such
as age-related macular degeneration, glaucoma or diabetic retinopathy (Kanski,
1999), clinicians may be uncertain whether the reduced visual acuity is due to
optical or neural factors. Because of this, numerous techniques, including
hyperacuity measurement, the blue field entoptic test, interference fringe techniques,
the potential acuity meter, noise charts, electroretinogram (ERG) and visual evoked
potential (VEP) have been developed for assessing retinal function behind cataract
(Alio et al., 1993, Hurst & Douthwaite, 1993, Patel et al., 2001). Most of these are
subjective methods and only visual electrophysiological tests, such as ERG and
VEP, can provide an objective measurement for predicting post-operative visual
function in a cataract patient. The electroretinogram (ERG) is an objective way to
assess retinal function without the need of a subjective response from the patient. A
previous study found that the amplitudes of the a-wave and b-wave of full-field
(flash) ERG were slightly reduced in cataractous eyes, but not to a statistically
significant degree (Cruz & Adachi-Usami, 1989). Another study on the effect of
cataract on the pattern electroretinogram (PERG) showed that mild media opacities
can diminish the amplitude of the PERG but not its latency (Mauck et al., 1996). The
above findings suggest that the flash ERG is more resistant to media opacity than the
PERG. However, subtle damage to the retina may not be detected by the flash ERG
as it evokes a global response, which can mask localized retinal abnormalities. The
development of the multifocal electroretinogram (MmfERG) allows quick

simultaneous recordings from many retinal locations in a single recording session of

22



approximately 4 to 16 minutes (Sutter & Tran, 1992). This technique, based on
pseudo-random binary m-sequences, is an effective way to detect local retinal
damage (Hood et al., 1998a, Chan & Brown, 1999, Marmor et al., 1999, Greenstein
et al., 2000b, Huang et al., 2000). However, the effect of cataract or media opacity
on the mfERG has not been well studied. Only one small study has been done on
two subjects to demonstrate the effect of light scattering on the mfERG (Arai et al.,
1999). This study showed that the central retinal responses decreased slightly with
increased scattering level but the peripheral retinal responses did not show any
obvious reduction. Thus, abnormal responses measured from a cataractous patient
may not be caused by a neural problem alone; optical factors should also be
considered in interpreting the data.

In this study, we will firstly investigate the effect of light scattering on the
MFERG to see if its topography is affected by light scattering. Secondly, the effect of
different degrees of cataract on the mfERG will be studied. In addition, we will
study the effect of cataract on the mfERG by comparing mfERG topography in
subjects before and after cataract surgery. In the final experiment, we will study the
effects of aging on mfERG topography by comparing young subjects and elderly

subjects with intraocular lenses (IOL).

23



Chapter 2 - Fundamentals of Electroretinogram
2.1 The Discovery of Electroretinogram

In 1848, Du Bois Raymond was the first to discover the existence of the
resting potential in the eye (Wallis, 1966). He found that the cornea had a positive
potential with respect to the posterior pole of the eye and this potential difference
was independent of illumination. He thought that this resting potential was
maintained by a metabolic process as it declined when the eye was removed from
the animal. Later, it was confirmed that this ocular resting potential fluctuates, when
a flash of light is used to stimulate the eye, and this complex response is called

electroretinogram (ERG) (Holmgren, 1870).

2.2 Full-field (Flash) Electroretinogram

Full-field electroretinogram (ERG) is usually recorded with ganzfeld stimuli.
This measured response represents the summed activities from different groups of
cells in different retinal layers (Wallis, 1966). Thus, the resultant potential is the
algebraic sum of all these cellular responses. The general waveform of the ERG
mainly contains three components (a-wave, b-wave, and c-wave) (Figure 2.1). The
base line in Figure 2.1 represents the potential of the cornea with respect to the

retina.
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Figure 2.1 The waveform of full field ERG
(Adapted and modified from Fishman (2001)).

2.2.1 Origin of the a-wave

In a dark environment, a continuous flow of Na* ions into the outer segment
of the photoreceptor and an outflow of K ions from the inner segment form a loop
of dark current, which is maintained by Na'/K* pump. When light stimulates the
outer segment, the influx of Na* ion will be reduced as the level of cyclic-GMP
(cGMP) reduces (Molday, 1998). This process is called hyperpolarization, which is

related to the origin of a-wave (Hood & Birch, 1990).

2.2.2 Origin of the b-wave
When the photoreceptor membrane is hyperpolarized, the amount of

neurotransmitter released from photoreceptors is adjusted and this process causes a

25



depolarization of ON-bipolar cells or hyperpolarization of OFF-bipolar cells.
Excited bipolar cells lead to depolarization of Mdller cells. These changes of
potential are responsible for the production of the positive b-wave (Newman &
Odette, 1984). A study on the effect of retinal ischaemia due to occlusion of the
central retinal artery clearly showed that the b-wave amplitude was reduced but the
a-wave did not showed any changes, as photoreceptors get nutrients from the
choriocapillaris and not from pre-retinal blood vessels (Barnett & Osborne, 1995,
Block & Schwarz, 1998). These findings further strongly supported the view that the

origin of the b-wave is different from that of a-wave.

2.2.3 Origin of the c-wave

Following the b-wave, there is a small positive wave called the c-wave. It is
regarded as the hyperpolarization of the retinal pigment epithelium and the Mdller
cells (Celesia, 1988, Fishman, 2001). However, the high variation of c-wave

amplitude and waveform limit its clinical application (Fishman, 2001).

26



2.3 Multifocal Electroretinogram (mfERG)

The development of the multifocal electroretinogram (MfERG) technique
allows for multiple local retinal responses to be recorded within 4 to 16 minutes
(Sutter & Tran, 1992). A matrix of hexagonal elements is displayed on a monitor
and the stimulus matrixes can be in the form of 61, 103 or 241-hexagons (Figure
2.2). The size of the hexagons increases with eccentricity and inversely with the
gradient of cone photoreceptor density in order to achieve equal magnitude of
signals and similar signal-to-noise ratios at all retinal locations (Sutter & Tran,
1992). During the measurement, the subject needs to fixate at the central target of
the stimulus pattern, and each hexagon has 50% probability of being black or white
on each frame and changes in every 13.33ms (i.e. frame rate 75Hz), so that the
overall luminance of the screen is stable during the recording period. The hexagons
change their stage (black or white) according to a predetermined pseudo-random
sequence called the binary m-sequence (Sutter, 1991). At different locations of the
hexagons, the stimulus sequence is the same but it is lagged by different amounts.
Thus, each retinal area is stimulated independently in a pseudo-random manner.
With this technique, each of the stimulated retinal areas can produce a response with
respect to the corresponding stimulus. The recorded potential is the response of the
retina across the whole stimulated area and from this global response, the responses
of localized retinal areas corresponding to a particular stimulus element can be

extracted by calculations using a cross correlation method (Sutter, 2001).
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Stimulus Matrixes of 103-hexagons

Figure 2.2. Stimulus matrixes of 103-hexagons with a central fixation cross.

The mechanism of signal derivation can be simplified as shown in Table 2.1
(Kondo et al., 1996). Suppose only seven retinal areas are being stimulated, the m-
sequence is only 7 steps in length and the stimulus sequence is (1001110), where 1 is
the presence of stimulus and O is the absence of stimulus. Each area of retina is
stimulated with the same stimulus sequence but the other series are shifted one step
from each other. With this stimulus sequence, responses due to area A can be
calculated by adding the response at times 1,4,5 and 6 minus the response at times
2,3 and 7. The areas B to G result in no answer to the stimulus for area A, as each of
the recorded single signal for area A is added and subtracted the same number of
times, so cancellation occurs. On the other hand, responses due to area B can be
calculated by adding the response at times 2,5,6 and 7 minus the response at 1,3 and

4. Similarly, areas A and C to G result in no answer to the stimulus for area B at this
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time. This technique allows recording of different retinal area responses at the same

time within a few minutes.

The signals of the mfERG are not, therefore, the “response” in the sense of

direct electrical response from a local retinal area. The mfERG waveforms are

mathematically derived signals, so they may be affected by adaptation effects and by

the effects of scattered light on other retinal areas (Marmor et al., 2003).

Stimulus sequence

e.g. Response for Stimulus area A contributed by
other individual stimulus areas

Time 1 |2 |3 ]14 1|5 |6 |7 1 12 |3 |4 |5 |6 |7 |Resultant response
Nol— | —| A |A | A| — | with calculation

AreaA |1 (0O |0 |1 (1|1 |0 + |- |- |+ |+ |+ |- N

AreaB |0 |1 |0 |O |1 |1 |1 -+ - -+ + =

AreaC |1 |0 |1 |O |0 |1 |1 + |- |+ |- |- |+ |+ |=

AreaD |1 |1 |0 |1 |0 |0 |1 + |+ |- |+ |- |- |+ |=

AreaE |1 |1 |1 |0 |1 |0 |O + |+ |+ |- |+ |- |- |=

AreaF |0 |1 |1 |1 |0 |1 |0 -+ |+ |+ |- [+ - =

AreaG |0 |0 |1 |1 |1 0 |1 T I I

Table 2.1. The simplified mechanism of signal derivation in mfERG measurement.

(Please refer to the text in page 27 about the detailed explanation for this signal

derivation).
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Chapter 3 - Origin of Multifocal Electroretinogram (mfERG)
3.1 Comparison of full-field cone ERG to mfERG

The typical waveform of the mfERG is not exactly the same as that of the
full-field cone ERG, but they are quite similar (Sutter & Tran, 1992). It is a biphasic
wave with two negative and one positive components (Figure 3.1). The mfERG
responses have a first negative component N1, followed by a large positive
component P1 with latency about 37ms, and a small negative component N2 (Hood

et al., 1997, Nagatomo et al., 1998).

P1

N1 N2

-' 2 nWildegh2

0 10 20 a0 40 80 60 70 B mSec

Figure 3.1. The first order kernel response waveform of the multifocal

electroretinogram (MfERG).

As the waveform of the mfERG is similar to that of the full-field cone ERG,
it is important to find out the relationship between the mfERG and the full-field cone
ERG. Since the mfERG is usually measured under photopic condition, it is likely to
relate to the cone response. If the components of the mfERG are related to the full-

field cone ERG, the clinical application of mfERG will be greatly enhanced.
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To compare the mfERG to the full-field cone ERG, the responses from
MfERG under a slow frame interval condition (7F condition - the sequence of
multifocal flashes was slowed down by interjecting 7 blank frames with the
background intensity) were summed to produce a “summed mfERG” (Hood et al.,
1997). It was found that the negative components of the mfERG and full-field cone
ERG are similar, but the positive component shows significant differences. Firstly,
the latency of the positive component of mfERG is shorter than that of the full-field
cone ERG. Secondly, the waveform of the mfERG lacks multiple positive
components when compared with the full-field cone ERG. The differences could be
due to the paradigm of the mfERG technique being different from that of the full-
field cone ERG. In the full-field cone ERG, the photopic background is present
between flashes for at least one second, but there is no steady background present
between the stimulations in the mfERG. Furthermore, the mfERG responses are
mathematically derived through cross correlation (Sutter, 2001), but full-field cone
ERG responses are obtained by direct recording and averaging. In order to minimize
the paradigm difference between the mfERG and full-field cone ERG conditions, the
sequence of multifocal flashes was slowed down by interjecting 7 blank frames with
the background intensity (7F condition). The waveform of the mfERG under these
specific conditions appeared to be the same as that of the full-field cone ERG. The
first negative component of the mfERG did not show any significant change in the
7F condition, but the multiple positive components of the mfERG were observed

(Figure 3.2).
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Figure 3.2. The effect of interjecting different numbers of background
frames on the mfERG (Adapted from Hood et al. (1997)).
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By comparing the effect of flash energy on the mfERG for the 7F condition
and the full-field cone ERG, the implicit time of the third positive component and
the implicit time of the first positive component in both cases decreased and
increased, respectively, with increase in flash energy. In addition, increasing the
background level decreased the implicit time of the third positive components and
slightly increased the implicit time of the first positive components in both full-field
cone ERG and mfERG (7F condition). This further indicated that the positive
components in mfERG (7F condition) could be made up of the same components as
the full-field cone ERG (Hood et al., 1997).

As the frame rate of stimulation did not affect the first negative component, it
was suggested that the first negative component in both the fast condition and the 7F
condition was made up of the same components as the a-wave in full-field cone
ERG. Also, the change in the positive components of the mfERG with the 7F
condition suggested that these positive components might contain similar positive
components as in the full-field cone ERG (Hood et al., 1997).

Keating et al. (2002) tried to examine the construction of the mfERG
responses by investigating different pulse trains embedded in the m-sequence. They
also found that N1 and P1 components are generated by the same mechanisms of the
standard full field ERG. In addition, N1 component is mainly contributed from the
pulse trains where there is no change of state (i.e. 0-0 sequence and 1-1 sequence),
so it includes a component from the interaction between two consecutive stimuli
(Keating et al., 2002). Therefore the origin of the N1 and P1 components of the

mfERG is similar to the full-field cone ERG (Hood et al., 1997, Keating et al., 2002).
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3.2 Inner Retinal Contribution to the mfERG

Recording the mfERG from monkeys before and after the injection of
Tetrodotoxin (TTX), which terminates the spiking activity of ganglion cells by
blocking voltage-gated sodium channels, showed that there was a change of mfERG
waveform and the responses became greater (Hood et al., 1999a). By comparing the
pre-TTX response to the post-TTX response, there was a retinal naso-temporal
topographical variation in the pre-TTX condition and this variation was not observed
in the post-TTX condition. In addition, by grouping mfERG responses with
increased distance from the optic nerve head (ONH) but with equal distance from the
fovea, it was observed that the waveforms of the pre-TTX mfERG change with
increase in distance from the ONH. The responses removed by TTX (the TTX
component) also showed a prominent change of waveform with increase in distance
from the ONH. Thus, part of the mfERG response was suggested to be measured
from ONH. Hood et al. (1999a) also suggested that the mfERG responses from
monkey contain ganglion cell activity, as a TTX component exists in the mfERG.

Another study showed that a ganglion cell component in humans was
obvious in the mfERG, when the stimulus contrast was set at 50% (Hood et al.,
1999b). They used a 100% contrast condition and showed that mfERG response
waveforms recorded from monkeys changed from two positive peaks to a single
peak after the injection of TTX and NMDA (N-methyl-D-aspartic acid) to block the
ganglion cell responses. Secondly, when the stimulus contrast was 50%, the mfERG
response waveforms measured from humans were similar to those from monkeys

under 100% stimulus contrast without TTX injection and NMDA. Hood et al.
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(1999a) next measured the mfERG at 50% contrast on glaucomatous patients, and
the recorded mfERG waveforms were similar to those recorded in monkeys after
injection of TTX and NMDA. By measuring the mfERG in patients with non-
proliferative diabetic retinopathy at 50% stimulus contrast, only one positive peak
was shown and this was similar to the result in monkeys after injection of TTX and
NMDA (Figure 3.3). From these findings, it is deduced that the ganglion cell activity
is measured by the mfERG in humans, but the findings do not correlate well with
conventional clinical findings: for example, mfERG results do not match the result
of visual field analysis very well (Fortune et al., 2001). Therefore, the use of the

MFERG in the detection of ganglion cell activity needs to be further investigated.

A
Control (monkey's mfERG) After NMDA & TTX
B
Control (Human's mfERG) Patient with diabetic retinopathy

~~ S\

Patient with open angle glaucoma

VAN

Figure 3.3. (A) The effect of TTX & NMDA on monkey mfERG with 100%
stimulus contrast. (B) The waveform of human mfERG measured with 50% stimulus
contrast in a normal subject, a patient with diabetic retinopathy and a patient with
open angle glaucoma. (Modified from figures in Hood et al. (1999a)).
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3.3 Two Components Hypothesis
3.3.1 The Optic Nerve Head Component of the Human mfERG

It was suggested recently that the mfERG measured in humans contains two
components termed the “retinal component (RC)” and “optic nerve head component
(OHNC)” (Sutter & Bearse, 1999). To investigate the properties of these two
components, an algorithm was designed to separate them. They found that the
latency of the RC was constant across the retinal area under stimulation. However,
the latency of the OHNC increased with increasing distance from the optic nerve
head. This latency delay was claimed to be due to the distance of the propagation of
action potentials along unmyelinated axons, hence, the origin of this ONHC was

thought to be from a source near the optic nerve head.

3.3.2 The Optic Nerve Head Component of the Monkey’s mfERG

The existence of the ONHC in the mfERG has been evaluated further in the
monkey (Macaca mulatta) (Hood et al.,, 2001). By using special electrode
configurations, a waveform, which is similar to the human OHNC, can be extracted.
This component was measured by recording mfERG from the speculum of a Burian-
Allen electrode, which was referenced to a DTL electrode (Dawson, Trick, and
Litzkow electrode) on the unstimulated fellow eye, minus the mfERG response
measured from the corneal electrode, which was referenced to the speculum on the
stimulated eye. This extracted waveform contains two positive peaks at about 15ms
and 36ms. The implicit time of the second positive peak increased from 34 to 39ms

with increase in distance from the optic nerve head. By comparing the TTX
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component and the ONHC in monkey mfERG, the waveform of the TTX component
was similar to the ONHC (Hood et al., 2001). This suggested that TTX could
remove a component which was similar to the ONHC, which may relate to ganglion
cell activity.
3.4 Origin of the Primate mfERG and the Working Model of the Human
MfERG

The mfERG waveforms recorded from monkeys were significantly different
from those of the human mfERG (Frishman et al., 2000). However once the TTX or
TTX+NMDA was injected, the mfERG waveforms of monkeys were similar to
those from humans (Hood et al., 1999b, Frishman et al., 2000, Hood et al., 2001).
After studying the effect of pharmacological agents on monkey mfERG, it was
suggested that the origin of the mfERG is related to the ON-bipolar cells, OFF-
bipolar cells, ganglion cells and cone photoreceptors (Hood et al., 2002). Once TTX
and NMDA are injected into the monkey, only ON-bipolar cells, OFF-bipolar cells
and cone receptors contribute to the mfERG. As APB (L-2-amino-4-
phosphonobutyric acid) is a glutamate analogue that blocks the transmission
between photoreceptors and ON-bipolar cells (Slaughter & Miller, 1983), the
component removed by APB after injection of TTX + NMDA should be the
contribution from the ON-bipolar cells. Furthermore, as PDA (cis-2,3 piperidine
dicarboxylic acid) is a glutamate analogue that blocks cone input to OFF-bipolar
cells and horizontal cells, it was assumed that the mfERG response recorded after
TTX+NMDA+APB+PDA should only be the contribution from cone receptors.

Since the contribution from ON-bipolar cells or cone receptors could be removed by
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using pharmacological agents, the contribution from OFF-bipolar cells to the
MFfERG can be estimated by subtracting the responses. The contribution from both
ON- and OFF-bipolar cells to the mfERG also decreased with increase in
eccentricity, as the density of these cells also decreases with eccentricity. Therefore,
the monkey mfERG was proposed to have a contribution from both outer and inner
retinal cells (Hood et al., 2002). The outer retinal cells contributing to monkey
mMfERG are mainly ON-bipolar cells, OFF-bipolar cells and cone receptors. The
inner retinal cells contributing to monkey mfERG may be ganglion cells and
amacrine cells (Hood et al., 2001). From the above findings, a working model of the
human mfERG was proposed (Figure 3.4) (Hood et al., 2002). This model suggests
that cells contributing to the human mfERG are mainly from the outer retina. The
leading edge of N1 is most probably related to the onset of the OFF-bipolar cells and
is slightly contributed from photoreceptors. In addition, the leading edge of P1 is
related to both the ON-bipolar cells and OFF-bipolar cells. The trailing edge of P1 is
related to the depolarization of the ON-bipolar cells and is slightly contributed from

the depolarization of the OFF-bipolar cells.

Human
Central Responses Peripheral Responses
aak dapoiarization o e
UN'::;P;"‘""E <] o ON-bipolars peak depolarization
ON-bipolars pask ON-bipolars
. recover recover
ON-bipolars ON-bipolars

depolariz depolarize

P

OFF-bipolars OFF-bipolars -bipol i
& receptors [ reccglors Oilielgépgirs OF;F-blpolars
hyperpolarize recover hyperpolarize Fesi i

o 20 40 60 ms o 20 40 40 ms

Figure 3.4. The working model of human mfERG based on the results from the
monkey. (Modified from figures in Hood et al. (2002)).
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In conclusion, the origin of the mfERG in humans is likely to be from the
outer retinal layers such as from ON-bipolar cells, OFF-bipolar cells and
photoreceptors (Hood et al., 2002). Responses from the inner retinal layers such as
the ganglion cells can be measured by special measuring techniques (Hood et al.,
1999b, Sutter & Bearse, 1999), which include using 50% stimulus contrast or using
a special algorithm to extract it. However, using 50% stimulus contrast may not be
sensitive enough to detect the inner retinal disease such as occurs in glaucoma in the
clinical situation (Palmowski et al., 2000). Therefore, methods of using the mfERG
for measuring ganglion cell activity are still under investigation. In addition, the
proposed working model of the human mfERG is based only on results from
monkeys. As the retinal structure of monkeys is somewhat different to that of
humans, the origin of the mfERG measured from monkeys may not be exactly the
same as in the human mfERG. Therefore, the origin of different components of
human mfERG should be better understood by studying the effect of different retinal

diseases on the mfERG (Hood, 2000).
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Chapter 4 - Topography of the Multifocal Electroretinogram (mfERG)

The first study describing the topography of the mfERG in humans was by
published by Sutter and Tran in 1992. They used a stimulus matrix with 241
hexagons, which covered the central visual field (about 23 degrees x 23 degrees) to
measure the mfERG. They showed that response density decreased with increase in
retinal eccentricity and the decrease was slightly lower in the nasal retina. These
changes of response density with eccentricity were shown to be well-correlated with
the cone density. It was suggested that the nasal-temporal variation was the result of
higher cone density in the nasal retina (Sutter & Tran, 1992). In addition, the mfERG
technique could identify the location of blind spot, which showed minimum
response. Theoretically, there should have been no response recorded from the blind
spot area, as there are no receptor cells. However, this could be explained in two
ways (Sutter & Tran, 1992). Firstly, there may not be a single stimulus element that
falls completely within the blind spot. Secondly, as the optic disc is highly reflective,
light projected on it could be scattered or reflected onto other retinal areas to elicit a
sizable residual response.

A study on 20 subjects with ages ranging from 21 to 76 years showed that
both the amplitudes of N1 and P1 decrease with increasing eccentricity (Nagatomo
et al., 1998). Nagatomo et al. (1998) suggested that this is due to the decrease in
cone density with increase in eccentricity (Curcio et al., 1987) and not mainly due to
the fact that luminance of the monitor decreases in the periphery. In addition, they
found that the latencies of N1 and P1 decreased from the central retinal (about 5

degrees in diameter) to the parafovea (around 10 degrees in diameter) and then
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increased again with increase in eccentricity. However, their study did not find any
naso-temporal variation in terms of N1 latency, P1 latency, N1 amplitude and P1
amplitude. Moreover, they also found that there was a large variation of P1
amplitude among the subjects. We also agree the suggestion by Curcio et al. (1987)
that the large variation of P1 amplitude is attributed to a large inter-subject variation
in cone density (Curcio et al., 1987).

Verdon & Haegerstrom-Portony (1998) found that the variability of the
MFfERG response in the central retina was larger than in the peripheral response
(Verdon & Haegerstrom-Portnoy, 1998). However, the variability of the central
response was similar to the peripheral response in log units. There was no significant
difference between (nasal versus temporal) response and between (superior versus
inferior) response (Verdon & Haegerstrom-Portnoy, 1998, Li et al., 2001). In
addition, latencies of N1 and P1 in the central retina tend to be slightly longer than in
the peripheral regions (Verdon & Haegerstrom-Portnoy, 1998). However, studies
using ring analysis did not show any change in N1 and P1 latencies with eccentricity
(Parks et al., 1996, Li et al., 2001).

The latency variation of N1 and P1 with eccentricity is controversial (Parks
et al., 1996, Nagatomo et al., 1998, Verdon & Haegerstrom-Portnoy, 1998). By
plotting the latency into a topography map, the variation of latency at different
retinal locations can be clearly seen (Seeliger et al., 1998). The latency of P1 was
longer in the upper and lower borders of the stimulated field, macular and blind spot
areas than the other regions. Longer P1 latency at the blind spot was suggested as a

result of light reflection by the optic disc, so the reflected light would reach other
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retinal areas with reduced intensity causing the latency to increase (Seeliger et al.,
1998). Shorter latency of P1 was found in the parafoveal area and in the temporal
retina (Seeliger et al., 1998). This further confirms that the latency of P1 tends to
decrease from central to mid-peripheral retina and then increase to the peripheral
retina (Nagatomo et al., 1998).

In summary, the amplitudes of N1 and P1 decrease with eccentricity
(Nagatomo et al., 1998, Verdon & Haegerstrom-Portnoy, 1998, Li et al., 2001).
Latency variation of N1 and P1 at different retinal locations can be revealed more
clearly with a topography map (Seeliger et al., 1998). The reasons why some studies
showed naso-temporal variation or superior-inferior variation, but others did not,
still need to be further investigated (Sutter & Tran, 1992, Verdon & Haegerstrom-
Portnoy, 1998, Li et al., 2001). Although the above studies used contact lens
electrodes for measurement, it was reported that the type of electrode used for
recording can affect the topography of the mfERG (Keating et al., 2000). With
Burian-Allen contact lens electrode recordings, response density from upper retina
was 36% higher than from lower retina, but the difference became only 16% when
using a gold foil electrode (Keating et al., 2000). The contact lens electrode may
more accurately reflect the topography of the mfERG, as it covers the whole cornea.
As a gold foil electrode touches only part of the cornea, the potential derived from
the cornea may be biased towards the signals generated by the superior retina
(Keating et al., 2000).

The different results reported by different studies may be due to different

methodologies (e.g. stimulus luminance and band-pass (Keating et al., 1996)). The
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maximum stimulus luminance used by Seeliger et al. (1998) and Nagatomo et al.
(1998) was 100cd/m?, but the maximum stimulus luminance used by Verdon et al.
(1998) was 200cd/m?. Some studies used band-pass between 10Hz and 100Hz
(Seeliger et al., 1998, Verdon & Haegerstrom-Portnoy, 1998) and the study by
Nagatomo et al. (1998) used band-pass between 5 and 100Hz. The International
Society for Clinical Electrophysiology of Vision suggested the use of a filter range
of 3-300Hz or 10-300Hz (Marmor et al., 2003). Only the study by Li et al. (2001)
followed this suggestion. As the filter setting could affect the mfERG waveforms
(Marmor et al., 2003), the mfERG topography might also be affected by different
filter settings (Han et al., 2004). In addition, the use of different age groups or races
to study the mfERG topography may cause different findings (Parks et al., 1996,
Nagatomo et al., 1998, Seeliger et al., 1998, Verdon & Haegerstrom-Portnoy, 1998,

Lietal., 2001).
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Chapter 5 - Factors Affecting the Multifocal Electroretinogram
5.1 Light Adaptation

The amplitude of the full-field cone ERG elicited by photopic stimuli
increases during the first 10 to 20 minutes of light adaptation (Gouras & MacKay,
1989a). By measuring the mfERG every 2 minutes over a period of 16 minutes, the
amplitude of N1 and P1 of the summed mfERG increased during light adaptation
(Kondo et al., 1999). N1 amplitude increased 36% and P1 amplitude increased 47%
during the 16 minutes of light adaptation. The latency of N1 and P1 also increased
about 3% (0.5 msec) and 4% (0.8 msec), respectively during the 16 minutes of light
adaptation. The increase of amplitude was larger in the peripheral than in the central
retina, but the increase of latency was not related to retinal location. Similar results
were found when using non-scaled hexagons as stimuli. In addition, the amplitude
and latency of the second order kernel responses (see Appendices A3) showed
similar variations during light adaptation. The exact mechanism of this phenomenon
is not clear, but may relate to the activities of the rod system (Kondo et al., 1999).
Therefore, Kondo and co-workers suggested that measuring the mfERG should be
done on subjects in light adapted conditions to minimize inter-subject variation.
However, a later study showed that both N1 and P1 amplitudes in central and
peripheral retina were not affected by pre-adaptation conditions (Chappelow &
Marmor, 2002). The difference in findings between these two studies may be due to
the difference in recording times. The recording time in the latter research is much
longer than the former, so the pre-adaptation condition may have a smaller effect on

the mfERG when the recording time is more than 8 minutes.
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As mentioned above, the full-field ERG amplitude increases during
adaptation (Gouras & MacKay, 1989a). However, further increase of light level
decreases photopic ERG amplitude, as greater amounts of photopigments are
bleached (Gouras & MacKay, 1989b). Similar results also occur in mfERG
recording (Kretschmann et al., 1998a). They found that the foveal responses were
significantly decreased during foveal bleaching and there was a fast recovery of
central responses after cessation of bleaching. In addition, latency of P1 increased
from 32.1 to 34.2ms during foveal bleaching. However, responses from the
extrafoveal macula did not change significantly during foveal bleaching or after
foveal bleaching. It was interesting to note that the peripheral responses increased
significantly, to about 113% of the pre-bleaching values during foveal bleaching
(Kretschmann et al., 1998a). The exact reason for this finding is not known, but this
study clearly shows that the peripheral retinal responses could be affected by the
central foveal adaptation.

On the other hand, a recent study showed that lateral spread of adaptation
could be observed in mfERG recording (Seiple et al., 2001). In the first part of the
experiment, only the central hexagon was modulated and the surrounding hexagons
were set at a constant luminance of either 0.45 cd/m?, 172 cd/m?, or 340 cd/m?. P1
amplitude of the central response significantly decreased by 37.5 nV/deg® and N1
latency decreased by 4.2 ms when the surrounding luminance increased from
0.45cd/m? to 340cd/m?. In order to investigate whether the above finding is related
to the intra-ocular scattered light that reduces the contrast or increases the time-

average mean luminance of the central hexagon, they further studied the effect of
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contrast on the central response. A large reduction of stimulus contrast did not
significantly affect the latency. In addition, the waveform of the central response
changes from a single peak in the high contrast condition to double peaks with low
contrast. This change was not observed in the first part of the experiment. Increasing
the time-average mean luminance of the central hexagon did not affect the amplitude
or latency of the central response. Furthermore, by placing a black annulus between
the central hexagon and the surrounding hexagons, both the amplitude and latency of
P1 were increased with increase in the size of the black annulus. Therefore, they
concluded that lateral spread of adaptation could be observed by using the mfERG

and it was not due to scattered light from the surrounding hexagons.

5.2 Ambient Room Lighting

Recently, room lighting was shown to affect mfERG responses (Chappelow
& Marmor, 2002). Both central and peripheral N1 and P1 amplitudes of the mfERG
decreased by about 25 to 30% as room luminance levels increased from —1.25 log
cd/m? to 1.6 log cd/m?. Latency of P1 also decreased as room luminance increased.
In addition, the location of the blind spot in the mfERG topography could be more
easily identified when the mfERG was measured in a light (1.56 log cd/m?) rather
than a darkened room. Therefore, the brightness of ambient room lighting during
MfERG recording was clearly demonstrated to affect the mfERG responses. It was
strongly recommended that the mfERG should be recorded in a fully lighted room,
as amplitude and latency of mfERG responses can be affected by slight changes of

room luminance (Chappelow & Marmor, 2002). Therefore, measuring the mfERG in
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fully lighted rooms can achieve larger mfERG responses and the location of blind
spot can be easily identified. However, we measured mfERG in a dim room in our
experiment one, as we need to minimize unwanted light scattering when we place a

liquid-crystal-diffuser in front of the patient’s eye to produce light scattering effect.

5.3 Pupil Size

Pupil size controls the amount of light entering the eye. A weaker mfERG
response is obtained at lower luminance levels (Brown & Yap, 1996), so a larger
response could be obtained with a dilated than with a natural pupil. Chan and Brown
(1998) demonstrated that mfERG responses increase significantly with the increase
of pupil size. Changing the pupil size affected the macular response more than the
peripheral response. A recent study by Gonzalez et al. (2004) also showed that both
central and peripheral P1 amplitude increased significantly when the pupil size
increased from 2 mm to 10mm in diameter. In addition, both central and peripheral
P1 latency increased when pupil size decreased from 10mm to 2mm in diameter
(Gonzalez et al., 2004). Although pupil dilation would vary the P1 amplitude, pupil
dilation is still recommended as the signal-to-noise ratio (SNR) can be improved

(Keating et al., 2000).

5.4 Refractive Blur
A previous study showed that refractive blur from =3D to +6D did not affect
the latencies of the first order response (N1 and P1) and the second order response

(N1P1) (Palmowski et al., 1999). These findings were observed in both central
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(central 4 degrees) and peripheral responses (6-25 degrees). Similarly, the
amplitudes of the first order response N1 and P1 from both central and peripheral
regions were not affected by these levels of refractive blur. Amplitudes for the
second order response N1P1 at central and peripheral regions were not affected by
refractive blur. However, Chan & Siu (2003) found that N1 and P1 latencies were
not affected by optical defocus, but the P1 amplitude decreased by about 10% with
+1.00D defocus.

In conclusion, measuring mfERG with the optimal refractive correction is
essential. Firstly, it may help observers to fixate the central target. This is important
as eye movements may result in considerable noise (Kondo et al., 1995). Secondly,
the sensitivity of mfERG to detect the small areas of retinal dysfunction may be
affected as the defocused hexagons could stimulate larger retinal areas than expected
(Palmowski et al., 1999). Hence, the contrast and luminance of the stimulus would
be reduced by the refractive blur. As the reduction of contrast could reduce the
MfERG responses (Brown & Yap, 1996), lower mfERG in subjects with refractive

blur may be related to the change of stimulus contrast.

5.5 Degree of Myopia

Measuring the mfERG on myopic subjects has shown that the amplitudes of
N1 and P1 were significantly lower and latencies of N1 and P1 were significantly
longer in subjects with high myopia (Kawabata & Adachi-Usami, 1997). In addition,
these changes of amplitude and latency were well correlated with the degree of

myopia. Latencies of N1 and P1 showed a general increase with myopia at all
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eccentricities. There was a general depression of N1 and P1 responses from central
to peripheral regions (about 25 degrees form the macula) in all subjects with increase
in myopia, but a tendency for greater reduction of responses in peripheral regions
was noted in highly myopic subjects. It was claimed that this is due to axial
elongation which mainly occurred in the peripheral retinal area (Kawabata &
Adachi-Usami, 1997). In fact, a recent study has successfully shown that subjects
with longer axial lengths have lower P1 amplitudes (the first-order kernel-K1) in the
central and the paracentral regions (ring 3) (Chan & Mohidin, 2003). The central
retinal region showed high rates of reduction in both N1 and P1 amplitudes. This
further confirmed that weaker mfERG responses in highly myopic subjects may be

related to the morphological changes associated with increased axial length.

5.6 Aging

Topography of the mfERG has been compared across different age groups
(18-22, 33-37 and 48-52 years) and the averaged P1 response from the whole
stimulated area did not show significant differences (Mohidin et al., 1999). In terms
of retinal eccentricity, however, the P1 response at the central region decreased
significantly with increasing age. In addition, there was no significant difference
between the responses obtained at the periphery for all age groups. In this study, it
was a pity that they did not show the effect of aging on the second order kernel
responses and whether latency of P1 is affected in aged subjects, but they
demonstrated that responses from male and female were the same in all age groups.

They concluded that retinal function did not show significant changes between the
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ages 18 to 37 years but tended to decline at about 50 years. A recent study showed
similar findings (Nabeshima et al., 2002). P1 responses at all eccentricities
significantly decreased at the age of 60 years, but latency of P1 did not change.
Moreover, the N2P2 response in the second order kernel at all eccentricities tended
to decrease with increasing age and there was a significant increase in response
latency. It is important to point out that this study also included subjects with mild
media opacities, so these findings could not indicate whether these age-related
changes are due to optical, neural factors or both.

A similar study compared the mfERG topography in two age groups (19-30
and 60-74 years) (Jackson et al., 2002a). The first order kernel P1 scalar-product
responses (see Appendices A3) in elderly subjects were significantly lower than
those in young adults at all eccentricities and the reduction was maximal at the
central region. In addition, P1 latency increased by about 1.31ms with increasing
age. They claimed that the weaker response in elderly subjects was probably not due
to optical factors, as retinal illuminance only reduced the mfERG response
amplitude by 0.04 log unit. However, their study showed that the reduction of
MfERG response was greater than 0.08 log unit in elderly subjects. Therefore,
optical factors may not be the major contributor to the age-related decreased in the
mMfERG response. They suggested that neural factors such as slowed temporal
adaptation in the aged retina would account in part for the reduced responses in aged
subjects.

A later study suggested that the decline of mfERG responses with age was due

to optical factors rather than neural factors (Fortune & Johnson, 2002). Firstly, they
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showed that the first order kernel response density, the first order kernel P1 trough-
to-peak amplitude, and the second-order kernel response density decreased at all
eccentricities with increasing age. In addition, the decrease was the highest for the
central retinal responses. They also found that latency of Pl increased with
increasing age at all eccentricities, especially in the central retina. Since media
opacities may affect the mfERG topography, they measured the crystalline lens
optical density for each individual to calculate the effects of aging lens on retinal
illuminance. They found that the retinal illuminance in young subject (age 21 years)
is 0.12 log units greater than the oldest subjects (age 69 years). Since the mfERG
was measured in subjects with natural pupil, the pupil size in the old subjects was
smaller than the young subjects in about 1.7 mm diameters and the retinal
illuminance in old subjects is 0.28 log units smaller than the young subjects.
Therefore, the reduction in retinal illuminance due to age-related changes in lens
density and pupillary miosis may have reduced the mfERG stimulus strength in
about 0.4 log units. When the mfERG responses in each subjects was adjusted for
reduced stimulus intensity, they found that only central responses for the first order
kernel P1 trough-to-peak amplitude and the first order kernel P1 response density
decreased significantly with increasing age. In addition, the latency of P1 did not
change significantly with increasing age after the correction for stimulus intensity.
However, the second-order kernel response density still showed significant reduction
with increasing age in all eccentricities, especially in the central region. On the other
hand, their study showed that the second-order responses decrease at all

eccentricities especially in the central region with decrease in stimulus contrast.
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These indicated that both contrast reduction and reduced stimulus intensity due to
media opacities can reduce the mfERG responses. Since the adjustment of mfERG
response for reduced stimulus intensity can compensate nearly all the aging effects,
the remaining effects may be due to the effects of light scattering and reduced
stimulus contrast. Therefore, two simulation experiments were done to prove that
optical factors are largely responsible for the aging effects on mfERG topography
(Fortune & Johnson, 2002). In the first simulation, the effects of age related lens
changes were simulated by using a filter with a Wratten #96 neutral density filter, a
yellow colored glass filter and a light scattering filter. In the second simulation, the
MfERG were measured in young subjects with stimulus luminance and contrast
reduced to a level predicted for an old subject (70 years old). The results of these
two simulation experiments showed that the mfERG response amplitude and latency
measured in these two conditions were very close to the value of the old subjects.
Therefore, Fortune & Johnson (2002) suggested that effects of aging on mfERG
responses are mainly from optical factors.

On the other hand, a recent study measuring mfERG from age 10 to 80 years
(10 subjects on each decade) at two luminance levels (200 and 700 cd/m?) showed
that response density of P1 decreased and latency of P1 increased with increasing
age under both conditions (Gerth et al., 2002). As mentioned before, stimulus
luminance and contrast would be reduced in aged subjects as ocular media
transmission reduces and light scattering occurs. Therefore, we could not simply
conclude that the reduced response in aged people is due to neural factors without

considering the optical factors. In their study, Gerth et al. (2002) assumed that there
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was only 0.12 log units difference in luminance reaching the retina for young
subjects (25 years old) and old subjects (75 years old). If stimulus luminance only
reduces 0.12 log units, the old subjects (75 years old) should only have the response
density of 0.0511 log units lower and latency of 0.00492 log units longer than the
young subjects (25 years old). However, their study found that the old subjects (75
years old) have response density of 0.15 log units lower and latency of 0.0215 log
units longer than the young subjects (25 years old). Therefore, the reduction of light
transmission cannot fully account for the changes of mfERG responses. They then
considered if it is due to intraocular light scattering. They assumed that light
scattering could reduce stimulus contrast of 20% between young subjects and old
subjects. According to their data, there were a reduction in log response density of
0.009 and a decrease in log latency of 0.024 if stimulus contrast reduces 20%.
Therefore, the age-related reduction in retinal illuminance and the increase in
intraocular light scattering cannot fully explain all of the age-related changes in
MfERG responses (Gerth et al., 2002). Gerth et al. (2002) concluded that age-related

changes in mfERG are due to both optical factors and neural factors.
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5.7 Diurnal Variation

Previous studies have shown that diurnal variation exists for the scotopic and
photopic ERG (Birch et al., 1984, Hankins et al., 1998). Therefore, diurnal variation
may also exist for the mfERG. A recent study suggested that the influence of
circadian rhythm on the mfERG is not significant (Heinemann-Vernaleken et al.,
2000). Both the first order responses and the first slice of the second order responses
(see Appendices A3) for the central and peripheral retina did not change
significantly when the mfERG was measured at 10:30am, 1:30pm, and 4:30 pm.
Therefore, the effect of circadian rhythm on mfERG can probably be ignored in

clinical practice.

5.8 Light Scattering

For pattern ERG and pattern VEP, the responses are greatly affected by
media opacities and conditions with light scattering (Tetsuka et al., 1992, Mauck et
al., 1996). A recent study found that light scattering could reduce the central mfERG
responses but the peripheral mfERG responses were increased under light scattering
condition (Chan et al., 2002a). Another study measuring mfERG on subjects
viewing through acrylic sheets which created light scattering to decrease VA from
20/20 to 20/70, showed that central responses decreased only slightly but peripheral
responses were not affected (Arai et al., 1999). They claimed that the mfERG was
not affected significantly by light scattering, and there is no need to consider the
effect of scattering on patients with cataract. However, the sample size in this study

was too small (n=2). Therefore, there is a need to study the effect of light scattering
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with a larger sample to see if light scattering affects the mfERG topography. If light
scattering affects the mfERG topography, it is necessary to study the effects of

different degrees of cataract on the mfERG topography.
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Chapter 6 - Clinical Application of Multifocal ERG
6.1 Detection of Localized Retinal Defects

The sensitivity and effectiveness of using the mfERG to extract focal retinal
responses has been widely demonstrated (Bearse & Sutter, 1996, Yoshii et al., 1998,
Arai et al., 1999, Marmor et al., 2002). When two of the stimulus hexagons were set
not to modulate during mfERG recording, no responses were obtained from that
position (Bearse & Sutter, 1996). A small retinal patch desensitized by partial
bleaching of photopigments also reveals a localized reduction in response in the
MfERG topography (Bearse & Sutter, 1996). An alternative approach to further
support the view that the m-sequence technique can extract focal response was
demonstrated by using mfERG stimulus hexagons to measure pupillary responses. In
the study of Wilhelm et al. (2000), visual field sensitivity was deduced for 37 stimuli
(covering the central 20 to 25 degree radius of visual field) which were flashed in a
pseudorandom m-sequence at 1/9" rate usually used for the mfERG measurements.
The changing diameter of the pupil after stimulus presentation was analysed using
the cross correlation technique of the VERIS system. The report by Wilhelm et al.
(2000) indicated that pupillary responses to stimuli flashed at various locations
across the visual field can be used to create a visual field plot when an adaptation of
the VERIS system technique is used. It was also shown that when part of the
stimulus screen was covered by cardboard, no pupillographic response was extracted
in that area (Wilhelm et al., 2000).

A study placing different sizes of black circular paper ten degrees from the

fixation point showed that reduced response density was only observed when the
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size of the black paper was 5 degrees or more in visual angle (Yoshii et al., 1998).
This study implied that it is difficult to use the mfERG to detect a visual field defect
of less than 5 degrees diameter by using a 103 hexagon stimulus. Furthermore, the
detection sensitivity for a small field defect would be lower if a small scotoma
projected over two hexagonal stimulus elements (Yoshii et al., 1998). A later study
also demonstrated that complete masking or half masking of stimulus hexagons with
black paper or an ND filter could significantly reduce responses at that location
(Marmor et al., 2002). Covering only 1/3 of a hexagon with black paper or ND filter
also mildly reduced the response, but not by a statistically significant amount
(Marmor et al., 2002). However, Brown and Yap (1995) showed that mfERG
responses decreased significantly when a 0.4ND filter was placed over part of the
screen. Marmor et al. (2002) showed that the sensitivity of using mfERG to detect
stimulus masking would be higher if a higher resolution of stimulus pattern (e.g. 241
hexagons) is used. However, the drawbacks of using a high resolution stimulus
pattern for recording mfERG are long recording time and poor signal-to-noise ratio.
Therefore, the sensitivity of the mfERG in the detection of scotomata greatly
depends on both the location and the size of the scotomata relative to the stimulus
hexagons.

In addition, the mfERG responses could be recorded on an enlarged optic
disc, as the optic disc reflects the stimulus light to other regions of the retina
(Shimada & Horiguchi, 2003). As the stray light caused by media opacities (e.g.
cataract) could also reflect the light to other regions of the retina, the sensitivity of

MfERG to detect retinal defects could be affected by the stray light.
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Clinical cases have demonstrated that the mfERG can be used to detect
retinal defects or non-observable retinal dysfunction in patients with retinitis
pigmentosa, branch retinal artery occlusion, pigmentary retinal dystrophy, age-
related macular degeneration, and cytomegalovirus retinitis (Kondo et al., 1995,

Bearse & Sutter, 1996).
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6.2 Outer Retinal Disease
6.2.1 Retinitis Pigmentosa (RP)

An early study found that retinitis pigmentosa (RP) patients had a general
reduction in both macular and peripheral responses in mfERG topography (Chan &
Brown, 1998). In addition, latency was generally unchanged in the central retina but
significantly delayed in the peripheral retina (Seeliger et al., 1998). A further study
showed similar findings, but this study strongly indicated that amplitude reduction
might not be sensitive enough to predict visual field defects (Hood et al., 1998a).
Latency increase, however, appeared to be a good indicator for detecting early
retinal changes in RP patients, as the local retinal areas with latency increases
usually had a reduced sensitivity in Humphrey visual field analysis, and the retinal
areas with normal latency usually had a normal sensitivity. However, the analysis of
latency changes alone in mfERG topography could not give a complete picture of
retinal dysfunction, as a later study clearly showed that retinal areas with reduced
amplitude did not consistently correspond to the retinal area with a latency increase
in patients with X-linked retinitis pigmentosa (Vajaranant et al., 2002). Retinal areas
with latency delay or reduced amplitude might not show reduced sensitivity in the
Humphrey visual field. On the other hand, retinal areas with reduced sensitivity
might not show corresponding reduced amplitude or latency delay. Therefore, it has
been alleged that the mechanisms for amplitude changes and latency changes in
mfERG could be different (Vajaranant et al., 2002). Vajaranant et al. (2002) did
indicate that the mfERG could provide an alternative method for detecting retinitis

pigmentosa.
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It is well known that mfERG was once regarded as cone-mediated responses
(Sutter & Tran, 1992). Measuring mfERG in RP patients may not be sensitive
enough to detect retinal functions, as the damage to the rod system is more
predominant than to the cone system in RP patients (Kanski, 1999). For this reason,
a method was devised to measure multifocal rod electroretinograms (Hood et al.,
1998b). However, it has been shown that measuring multifocal rod
electroretinograms on patients with RP provided no more information than
measuring the cone-mediated mfERG, as there was a poor correlation between the
multifocal rod electroretinograms and the rod system visual fields. It could not,
therefore, act as an objective method for measuring rod system visual fields.
Recently, it has been reported that mfERG for detecting early retinitis pigmentosa
could be further improved by using wide field mfERG, which allows assessment of a

90 degree retinal field (Dolan et al., 2002).

6.2.2 Receptor cell dysfunction

A patient with enhanced S cone syndrome (ESCS) showed a significant
reduction in P1 amplitude and a significant increase in P1 latency in the central
retinal area. In the peripheral retina, the P1 amplitude also decreased almost to noise
level and the N1 and P1 latency were extremely prolonged (Marmor et al., 1999).
Patients with cone dystrophy showed greatly reduced or non-detectable responses in
the entire test field (Kretschmann et al., 1998b). Another receptor cell dysfunction
disease, complete type congenital stationary night blindness (cCSNB), can also be

detected using the mfERG (Kondo et al., 2001). Nearly all local retinal areas had
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delayed N1 and P1 latencies in patients with cCSNB. Only one of the subjects
showed reduced response density. These findings imply that cCSNB mainly affects
the latency rather than the response density. An additional finding of this research
was that the second positive peak (latency at about 60msec) in the first order
response was diminished in patients with cCSNB. The first slice of the second order
responses in some of these patients were also severely reduced or even absent.
Therefore, it appears that latency increase without amplitude reduction in the first

order response is one of the characteristics of congenital stationary night blindness.
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6.3 Inner Retinal Diseases
6.3.1 Ocular Hypertension & Glaucoma

An early study indicated that subjects with ocular hypertension can be
detected by the mfERG (Chan & Brown, 2000). This study showed that both the first
order responses (N1 and P1) and the second order responses were significantly
reduced compared to normal subjects in both the central and peripheral retinal areas,
but that the reduction was greater in the central than in the peripheral responses.
Although this study did not show whether ocular hypertension would affect the
latency of mfERG responses, the results of this study implied that mfERG could be a
useful tool for the early detection of glaucoma. To further evaluate the effect of
ocular hypertension on the mfERG, a later study examined the effect of chronic
ocular hypertension on cynomolgous monkeys (Hare et al., 2001). Although this
study showed that N1 and P1 amplitudes in first order responses did not show
smaller responses than control eyes, the P2 amplitude in the first order responses and
the first slice of second order responses were significantly reduced in eyes with
ocular hypertension and the reduction was highly correlated with the density of the
surviving ganglion cells. Therefore, these results further supported the view that
mfERG responses could contain a significant contribution from the ganglion cells.

Furthermore, previous studies have shown that inner retinal activity could be
suppressed by intravitreal injection of TTX and NMDA into a monkey’s eye (Hood
et al., 1999a, Frishman et al., 2000). Hood et al. (1999a) showed that the naso-
temporal variation and oscillatory potentials in the monkey’s mfERG could be

removed by TTX and NMDA. A later study on monkeys showed that the effect of
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experimental glaucoma on the first order responses and the first slice of second order
responses in MfERG were similar to the effect of TTX and NMDA (Frishman et al.,
2000). In addition, the naso-temporal variation and oscillatory potentials also
disappeared in the experimental glaucoma eyes. Therefore, this previous study
implied that the mfERG could detect glaucomatous damage. A human study showed
that a glaucoma defect could be revealed in both the first order responses and the
first slice of second order responses (Chan & Brown, 1999). N1 and P1 amplitudes
in the first order responses were significantly lower than in normal control subjects
and the reductions were more prominent in the central retina than peripheral retina.
A later study indicated that glaucoma patients had similar N1 and P1 amplitudes
when compared with normal subjects (Hasegawa et al., 2000). Only the latencies of
N1, P1, and N2 were significantly increased in glaucoma patients. In addition, this
study showed significant negative correlations between the latency (N1, P1 and N2)
and the mean sensitivity value (dB) of static perimetry, but no correlation was found
between the response density and mean sensitivity value (dB) of static perimetry.
Hasegawa et al. (2000) suggested that latency changes were more sensitive than
amplitude changes to glaucomatous visual field defects, but they emphasized that
mfERG still cannot provide a more sensitive way to detect visual field defects in
glaucoma patients than static perimetry, as the loss of sensitivity occurs before the
mfERG latency becomes abnormal. Another study, however, has shown that
abnormal mfERG responses do not spatially correspond to local sensitivity losses

(Fortune et al., 2001).
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Using lower contrast stimuli in the mfERG might be a better method to
detect retinal damage caused by glaucoma, as larger inner retinal responses are
elicited under 50% stimulus contrast (Hood et al., 1999b). When the stimulus
contrast was set at 50%, the human mfERG waveform becomes a double peak
similar to the waveform of the monkey’s mfERG for 100% stimulus contrast. This
study showed that the waveforms of glaucoma patients and patients with non-
proliferative diabetic retinopathy were similar to monkeys’ after TTX and NMDA.
Although this method seemed to be a better way to detect inner retinal conditions,
using 50% contrast stimulus is still not sensitive enough to detect glaucomatous
visual field defects (Hood et al., 2000). In fact, the sensitivities of using either high
or low contrast stimuli to detect glaucomatous retinal damage were similar
(Palmowski et al., 2000). In conclusion, using mfERG as an objective method to

detect glaucomatous visual field defects still needs further investigation.

6.3.2 Diabetic Retinopathy

An early study indicated that the topography of the mfERG in diabetic
patients without retinopathy was similar to that in normal subjects in the first order
responses (Palmowski et al., 1997). Only diabetic patients with non-proliferative
diabetic retinopathy (NPDR) showed a significant increase in N1 and P1 latencies
and significant reduction in P1 amplitude. They also demonstrated that the first slice
of the second order responses could have a higher sensitivity than the first order
responses for detection of subtle retinal change in diabetic patients, as diabetic

patients without retinopathy had a significant reduction in amplitude in the second
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order responses, and some patients with no retinopathy did not show any detectable
second order responses.

That the first slice of the second order responses had higher sensitivity than
the first order responses may be due to the fact that they are constructed from
different manner. The first order kernel response is the difference between the mean
responses to all white stimuli in the sequence and the mean responses to all black
stimuli, while the second order kernel response represents the temporal interaction
between two white stimuli separated by an integral number of stimulus base
intervals (Hood et al., 1997, Keating et al., 2002, Sutter, 2002). Both first and second
order responses are constructed from the same set of waveforms, but they are added
and subtracted in a different manner (Keating et al., 2002). Hood et al. (2003)
believed that the weaker second order responses indicated an abnormality in the
retinal circuits and connections involved in adaptation.

As the second order responses, which reflect the interaction between the two
consecutive focal flashes, are very sensitive for the detection of retinal function in
the diabetic eyes, a later study examined a new stimulation protocol to detect retinal
function (Shimada et al., 2001). In this protocol, each m-sequence step consists of
four video frames. The first frame is a focal flash; the display is dark in the second
frame; the third frame is a global flash; the display is dark again in fourth frame.
With this stimulation protocol, the first order responses contain two components.
The first component (direct response) is generated by focal flash. This component is
expected to be reduced if the recovery from the preceding global flash is impaired.

The second component (induced component) is generated by the effect of the focal
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flash on the following global flash response 26.7 msec later. They found that “direct
responses” were significantly reduced in diabetic patients without retinopathy, but
“induced component” amplitude was not significantly reduced in diabetic patients
without retinopathy. Therefore, these results showed that diabetic eyes without
retinopathy had impaired rates of recovery from the preceding global flash, and this
stimulation protocol could detect early retinal changes in the diabetic eye. Another
study demonstrated that the mfERG (in standard condition) could reveal local retinal
damage in diabetic patients without retinopathy (Fortune et al., 1999). Diabetic eyes
with no retinopathy generally showed normal P1 amplitude. Retinal areas with
significant defects, such as retinal oedema and haemorrhage, showed a
corresponding increase in P1 latency. These findings suggest that the mfERG could
be an early indicator of local retinal defects in diabetic eyes and that analysis of
MfERG latency variation is necessary as it is sensitive to local retinal damages. In
addition, this study clearly showed that the second positive peak (P2) (from 40 msec
to 60 msec) in the first order responses was absent or reduced in
ophthalmoscopically abnormal areas. A recent study by Schneck et al. (2004) further
found that P1 latency showed the greatest sensitivity and association with local
retinopathy than N1 latency and N2 latency. Therefore, latency change is a good
indicator of local retinopathic changes. In summary, both the latency change and the
first slice of second order responses are very sensitive for detecting early retinal

changes in diabetic eyes (Palmowski et al., 1997, Fortune et al., 1999).
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Chapter 7 - Grading and Classification of Cataract

Any type of opacification or discoloration of the crystalline lens, that reduces
visual function below age-matched normal levels, is generally defined as cataract
(Hockwin, 1994). The opacity may be localized in certain parts of the lens or
diffused through the whole lens. With different locations and sizes of opacity,
different degrees of image degradation will result. There are currently no objective
guidelines to classify cataract for clinical and research uses, and this has stimulated
the need for a good cataract classification system that allows clinicians and
researchers to compare and quantify the degree of cataract. Numerous subjective
cataract classification systems have been published and developed. Each of these
systems has its own advantages and disadvantages, so different researchers have
used different classification systems of their epidemiologic studies (Fujisawa et al.,
1991, Thompson et al., 1997, Hall et al., 2001). Two famous subjective classification

systems and objective grading devices will be introduced.

7.1 Subjective Classification System
7.1.1 The Oxford Clinical Cataract Classification and Grading System
(OCCCGS)

The Oxford Clinical Cataract Classification and Grading System is a precise
and comprehensive system. It provides a tool for detailed recording of different
types of lens opacity. It uses standard diagrams and Munsell colour samples for
grading of cortical cataract, posterior subcapsular cataract, and nuclear cataract

(Sparrow et al., 1986).
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In human lens, it can be roughly divided into 3 zones — lens capsule, cortex
and nuclear. This classification system divides the lens structure into a number of
discrete concentric shells by lens scattering properties. Therefore, it divides the
cortex into C1 to C4. Numerous features can be graded in this system. For cortical
features, such as anterior sub-capsular opacity, posterior sub-capsular opacity,
cortical spoke opacity, waterclefts, vacuoles, retro-dots, focal dots, and anterior clear
zone thickness, they can be graded. For nuclear features, such as nuclear brunscence
and white nuclear scatter, they can also be graded. Moreover, any other features
observed can be recorded in the recording chart. For each of the features, special
techniques of slit lamp must be used to fully recognize them. Moreover, patient’s
pupil must be dilated to at least 8mm for grading the degree of cataract.

Recently, this system was modified and decimalised (Sparrow et al., 2000).
This modified system simply divides each grade into 10 steps so each step is 0.1.
This improvement makes the system more sensitive to the small changes of lens
features and more convenient for examiners to perform comparisons between
research studies.

This system is very comprehensive and is a good system for in vivo study of
cataract, as it has good inter-observer and intra-observer repeatability (Sparrow et
al., 1988, Sparrow et al., 2000). It is a good system for epidemiological or clinical
studies such as clinical trials of anti-cataract drugs. However, the disadvantage of
this system is that the time taken to grade a cataract is too long (Sparrow et al.,
1986). It is quite complicated and it needs time to train an examiner to be familiar

with this system.
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7.1.2 Lens Opacities Classification System (LOCS)

The Lens Opacities Classification System was introduced in 1988 (Chylack
et al., 1988). It was further improved into LOCS 11 in 1989 (Chylack et al., 1989).
This improved system uses a series of coloured slit lamp and retroillumination
standard photographs for examiners to grade the different degrees of nuclear,
cortical and subcapsular cataract (Figure 9.1). It has been demonstrated to have
good inter-observer and intra-observer reproducibility (Chylack et al., 1989).

As it is so simple to learn and use, LOCSII is widely used in different
research areas, such as in the evaluation of visual function (Lasa et al., 1992,
Chylack et al., 1993b, Lasa et al., 1995) and ocular physiology (Moss et al., 1995,
Rouhiainen et al., 1996). Although LOCS Il is applicable in clinical research, it still
may be improved. The scaling intervals on all scales are unequal and the scale for
nuclear opalescence and nuclear colour is small and coarse (Chylack et al., 1993a).
Thus, it has been further improved into LOCS Ill (Chylack et al., 1993a) which
provides more standard photographs for grading the severity of cataract. In addition,
the standard photographs have been chosen using objective tests, such as
chromaticity, nuclear density, and opacity area measurement; and a decimal scale
has been used to improve sensitivity and reduce 95% limits. The most important
factor with this system is its excellent inter-observer agreement. However, there are
only four lens features being graded. They are 1) nuclear colour (NC), 2) nuclear

opalescence (NO), 3) cortical opacities (C), and 4) posterior subcapsular opacities
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(P). As with the “Oxford Clinical Classification and Grading System”, different slit

lamp techniques should be used in evaluating each feature.

LENS OPACITIES CLASSIFICATION SYSTEM 111
(LOCS TIT)

NN U
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Figure 7.1. Standard photos for LOCS 111 (Adapted from Chylack et al. (1993)).
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7.1.3 Comparison between Different Cataract Classification Systems

A recent study tried to compare the LOCS |1l and the OCCCGS (Hall et al.,
1997). Although both systems use different techniques for assessing cataract
features, there was a linear relationship in grading nuclear lens opacities between
OCCGS and LOCS IIl. In addition, a linear relationship was found in grading
posterior subcapsular cataract between these two systems. Although, there was no
linear relationship in the cortical cataract grading scales between OCCCGS and
LOCS IlI, there was a relationship between OCCCGS scale and the square of
LOSCIII in cortical cataract grading. Overall, both systems had a good inter-

observer repeatability (Sparrow et al., 1988, Chylack et al., 1993a, Hall et al., 1997).
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7.2 Objective Instruments for Grading Cataract

Objective assessment of cataract is essential to the epidemiological or
therapeutic study of cataract. Photography is an accurate and permanent method for
recording the lens status and for detecting morphological changes of the crystalline
lens in vivo (Sasaki et al., 1990). Photographs can be quantified by computer image
analysis systems and can be used as a baseline for evaluating changes in the cataract
over time. Two commonly used techniques for photographing are Scheimpflug

photography and retro-illumination photography.

Scheimpflug Photography

A Scheimpflug slit image of the anterior eye segment allows a cross-
sectional view of the lens. This provides information about the dimensions and
optical densities of the lens. Lens opacities appear as brighter areas where light
scattering from the lens back towards the camera occurs, so it can be used to assess
the backward light scatter. As it is a cross-sectional image, it can only detect lens
opacities in that plane of section. Opacities in other planes can be missed (Brown et
al., 1987), so Scheimpflug photographs should be taken in different meridians to
give a more comprehensive assessment of the lens. Therefore, nuclear cataract can

be well demonstrated using Scheimpflug images.

Retro-illumination Photography
The retro-illumination image is taken using simultaneous axial illumination

and photography of the lens (Brown et al., 1987). As an image taken by this method
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can induce a specular reflection from the corneal surface, the reflected light can
mislead the observer to regard it as a lens opacity. Therefore, a method was devised
to solve this problem by using crossed polarized filters and an orange filter to
eliminate the corneal reflection. This method can provide high resolution and high
contrast of the image (Kawara & Obazawa, 1980) and shows lens opacities in the
form of shadows on a bright background. Therefore, cortical cataract and posterior

subcapsular cataract can be detected effectively by retro-illumination images.

Figure 7.2 (A) Scheimpflug Photography. (B) Retro-illumination Photography.
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7.2.1 NIDEK EAS-1000

The EAS-1000 is designed to evaluate the anterior segment of the eye. It
consists of two units: a camera for image recording and a computer for image
storage, system operation and image analysis (Wegener et al., 1992). This instrument
can be used to assess radius of corneal curvature, corneal thickness, anterior
chamber depth, angle of the anterior chamber, lens thickness, and back scattering
light intensity by taking Scheimpflug and retroillumination images (Baez et al.,
1992, Sakamoto et al., 1992).

In Scheimpflug images, the lens opacity is analyzed by measuring the
intensity of scattered light, which is regarded as equal to the opacification density.
The opacity density value is expressed as a computer-compatible tape (CCT) which
quantifies the light scattering intensity level from 0 (min) to 255 (max) (Hayashi et
al., 1998). In the analysis of the retro-illumination image, the brightness of different
points on the digital images is graded in 256 steps from 0 to 255 brightness units
(BUs). The higher BU values are more transparent (Wang & Woung, 2000). The
Nidek EAS-1000 software defines threshold for cataract automatically at 12% below
the brightest point of the histogram of density distribution (Gershenzon & Robman,
1999). The percentage transparency is then calculated with the selected lens area.

In conclusion, nuclear cataract can be demonstrated effectively using
Scheimpflug images, while cortical cataract and posterior subcapsular cataract can
be well detected by retro-illumination images. For this reason, Scheimpflug image
and retro-illumination image should be used in conjunction to assess the state of the

lens with cataract (Brown et al., 1987).
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7.2.2 Topcon SL-45

This instrument is similar to the EAS-1000, which uses the Scheimpflug slit
image for analysis of the anterior segment. The repeatability of using this instrument
with the Perkin Elmer microdensitometer for measuring the optical density of lens
nucleus and lens cortex was good (Datiles et al., 1987). A study for testing the
ability in using Topcon SL-45 for grading the severity of nuclear opacities showed
that there was a good relationship between the densitometer readings and subjective
gradings of Scheimpflug photography (West et al., 1988). West et al. (1988)
suggested that this instrument could effectively record and measure nuclear

opacities.

7.3 Comparison of objective test and subjective test

Objective measurement can reduce inter-observer and intra-observer
variability. The objective instruments, such as EAS-1000, have good repeatability
and reliability (Lam et al. 2002). It can provide a less noisy continuous scale for
monitoring lens changes, which is not possible with subjective classification. In
addition, EAS-1000 is likely better than Topcon SL-45 as it can also be used to
measure lens thickness and lens curvature. Objective measures are sensitive to small
changes in lens occurring over short periods of time (Khu & Kashiwagi, 1990,
Chylack et al., 1993c). In addition, the recording time for using objective tests are
generally less than subjective tests (Chylack et al., 1993c). Time consumption is less
for training in use of these machines as compared to other classification systems.

However, most of the hardwares and softwares required for objective analysis are
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expensive. On the other hand, subjective measurement systems are inexpensive,
available and repeatable. However, we do not found any report about the
repeatability and reliability of the LOCS 11l and OCCCGS. The decimalised scales
of LOCSIII and the recent versions of OCCCGS are able to provide essentially
continuous scales. However, subjective systems such as the Oxford Clinical
Classification and Grading System and LOCS |1l require adequate training for the
examiners before assessment. Comparing LOCS 11l to OCCCGS, LOCS |11 is much
simple than OCCCGS, but OCCCGS allows us to record more lens features than
LOCS Il (e.g. cortical spoke opacity, waterclefts, vacuoles, retro-dots, focal dots).
Thus, the ideal method for recording cataract is using objective methods when

possible.
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Chapter 8 - Effect of Cataract on Retinal Image

In human eyes, the crystalline lens contains highly ordered molecular and
cellular components to maintain its transparency. Any microscopic disturbance of
this complex structure can cause the lens to lose the transparency. Disturbances can
be in the form of physical damage or of physiological changes to the lens. The most
common cause of lens transparency loss is age-related cataract. When the lens
transparency is reduced, the quality of retinal image will be affected. Therefore, our
spatial vision and contrast sensitivity function (CSF) deteriorate with age. In fact, the
modulation transfer function (MTF) in older subjects is lower than in young subjects
(Artal et al., 1993). The decline of MTF with age was observed with every pupil
diameter but it was more prominent with small pupils (Guirao et al., 1999). Guirao et
al. (1999) believed that the decline of MTF was caused by the increase in ocular
aberrations and light scattering which affect the retinal image quality. However, the
studies by Artal et al. (1993) and Guirao et al. (1999) did not factor in age-related
pupillary miosis. The study by Calver et al. (1999) found that the CSF and MTF of
an old subject are worse than the MTF of a young subject with the same pupil size.
However, old subjects had similar MTF to young subjects at their natural pupil
diameters because old subjects had smaller wave-front aberration under natural pupil
diameter condition than young subjects. Calver et al. (1999) suggested that the loss
of CSF in older subjects is due to light scatter, light absorption, and/or neural
changes rather than monochromatic aberration. In the cataractous eye, the quality of

the retinal image is mainly influenced by light absorption and light scattering.
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8.1 Anatomy and Physiology of the Lens

The adult lens comprises the capsule, epithelium, cortex, and nucleus. In
longitudinal section, the lens has an onion-like structure. The cells in the lens are
long. They wrap around in their layers from anterior to posterior. The central portion
of the lens is the nucleus, which is the oldest part of the lens. The outer part is the
cortex. The anterior surface of the lens is a single layer of epithelium cells, which is
enclosed by a collagenous capsule (Vavvas et al. 2002).

The human lens has a high protein concentration. Eighty percent of the
proteins are water-soluble and consist of crystallins which mainly divid into 3 types:
a-, B-, y-, crystallins (Slingsby & Clout, 1999). The a-crystallins are large
macromolecular aggregates (600-4000kDa). The B-crystallins and y-crystallins are
about 20kDa and 18-20kDa in size respectively. The crystallins are not only the
dominant structural elements in the lens, but also act as an active signal player in
lens development. As the lens ages, there is an increase in the water insoluble
proteins which would scatter light.

A number of factors are for the lens to maintain its transparency (Vavvas et
al. 2002). Firstly, there are no blood vessels, lymph vessels, and nerves. Secondly,
the orderly packaging of lens fibres can minimize the inter-cellular connective
tissue. Thirdly, there are no cell nuclei besides the paraxial equatorial region.
Fourthly, the cytoplasm in the lens is evenly dense in distribution within lens cells.
Fifthly, the crystallins are uniformly packed within lens cells. These factors result in

the maintenance of cytoplasmic refractive index and lens transparency. However,
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alterations in the density of packing of lens proteins (e.g. protein aggregation caused
by UV light) can cause opacities in the lens (Truscott, 2003).

With increasing age, the amount of the water insoluble proteins increases that
leads to reduce the transparency of the lens and to cause light scattering. A recent
study by Harmmond et al. (2000) clearly found that there is an increase in the optical
density of the crystalline lens with age. They also showed that optical density in
subjects with dark iris color is higher than subjects with light iris but the difference
was only significant in subject with the age over 45 years. The relationships between
age and lens optical density for dark iris subjects is “Lens Optical Density (410nm)
=1.08 +0.0135 (age (years)), r = 0.68”. The relationship between age and lens optical
density for light iris subjects was “Lens Optical Density (410nm) =1.15 + 0.010 (age
(years)), r = 0.58”. In addition, the lens optical density had relationship with visual
acuity. The relationship was the strongest in subjects with nuclear cataract, very
weak in subjects with cortical cataract, and intermediate in subjects with posterior

subcapsular cataract (de Waard et al. 1992).
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8.2 Light Absorption

Light absorbed by the lens increases with an increasing degree of lens
opacity and lens colouring. Measuring the light transmission ratio (TR) at
wavelengths 450nm-650nm can give an objective indication of lens opacity and lens
colouring (Seland et al., 1992). There is an increase in light absorption at wavelength
320nm and an increase in visible light absorption from wavelengths 400nm to

550nm, when comparing a young lens to an aged lens (Gaillard et al., 2000).

8.3 Light scattering

Light scattering can be physically divided into two types: a) Rayleigh scatter
and b) Mie scatter (Figure 8.1). Rayleigh scattering occurs only when the particle
size is very small compared to the wavelength of incident light rays. One feature of
Rayleigh scattering is its symmetry in forward and backward directions. Mie
scattering occurs when particle size is relatively larger than the wavelength of
incident light rays. When the particle size increases, there is an increase of forward

scattering (Heavens & Ditchburn, 1991).

Rayleigh Scattering Mie Scattering

ER

Figure 8.1. Rayleigh scattering and Mie scattering.
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Light scattering in a cataract lens is mainly Mie scattering. With increasing age,
the amount of insoluble protein increases especially in a cataractous lens (Kamei et
al., 1987). The increase in insoluble protein is due to the increased aggregation of
crystallins by high energy ultra-violet (UV) radiation. When high energy UV
radiation is incident on the lens, the energy must be dissipated by breaking the
chemical bonds of the lens proteins, which causes a change in molecular structure
and leads to protein aggregation. Once these proteins are aggregated into appropriate
size, the criteria for Mie scattering are met.

The method to measure the forward light scattering was first introduced by van
den Berg (1986) called flickering glare source method. The design criteria for this
apparatus were further developed by Beckman et al. (1991). This method uses a
flickering ring-shaped glare source with a circular central test target in the centre.
These two targets are shown alternately. Therefore, a flickering appearance will be
perceived in the central area. If the subject’s ocular media has opacities, the glare
source adds stray light to the central test target. The subject can minimize the
flickering luminance within central target by adjusting the luminance of the central
circular target. Then the amount of forward light scattering can be estimated by
knowing the adjusted luminance of the central circular target.

In fact, study had shown that different types of cataract could cause different
effect on contrast sensitivity (Elliott & Gilchrist. 1989). Elliot & Gilchrist (1989)
found that subject with cortical or nuclear cataract has reduced contrast sensitivity at

high spatial frequencies. If the degree of nuclear cataract or cortical cataract is dense,
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the medium spatial frequencies become increasingly affected. For subjects with
posterior subcapsular cataract, contrast sensitivity at low spatial frequencies also
reduces and the loss of contrast sensitivity is not related to visual acuity. Therefore,
light scattering could be caused by very different anatomical changes in the three
main morphological types of cataract, and those are nuclear, cortical, and posterior
subcapsular cataract.

To measure the amount of backward light scattering, we can quantify the slit-
lamp observation (e.g. LOCSIII and OCCCGS) or using objective instrument (e.g.
Topcon SL-45 & NIDEK EAS-1000) to analyse the Scheimpflug and Retro-
illumination images. By using the computerized analysis of Scheimpflug images,
there is a positive correlation between the amount of light scattering in the lens and
the age of subjects (Smith et al., 1992). The increase was most obvious after the age

of 45 years.

81



Chapter 9 — Visual Assessment of Cataract

In the past, whether cataract surgery was performed or not was mainly based on
a patient’s visual acuity (VA). The Agency for Health Care Policy and Research
(AHCPR) suggested the following guidelines for cataract surgery (O'Day, 1993).

1) Visual acuity (VA) is 6/15 or worse and the reduction is mainly due to cataract.

2) The patient finds difficulties in his/ her daily life, related to poor vision.

3) The expected visual improvement outweighs the potential risk, cost and
inconvenience of surgery.

However, patients with VA better than 6/15 may also complain of significant
visual problems (Holladay et al., 1987, Koch, 1989, Elliott & Hurst, 1990),
suggesting that visual acuity cannot fully represent the performance of the visual
system. In fact, AHCPR also recognizes the existence of these aspects of visual
function. Therefore, they suggested that practitioners should carefully record the
patient’s symptoms. Practically, many additional tests can be used in conjunction
with VA measurement to assess the visual performance of cataract patients. The

most common clinical tests are contrast sensitivity and glare sensitivity tests.

9.1 Visual acuity

Measurement of visual acuity is a standard procedure for estimating visual
disability of cataract patients. A high correlation has been found between visual
acuity and the degree of nuclear cataract (Drews-Bankiewicz et al., 1992). There is a
correspondence between the visual acuity and the degree of cataract by using Lens

Opacities Classification System 11 (LOCS I1) for cortical cataract (r* = 0.65), nuclear
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(r* = 0.8) and posterior subcapsular cataracts (PSC) (r* = 0.36). The relationship of
VA to the degree of cataract is the highest for nuclear cataract and the lowest for
cortical cataract (Maraini et al., 1994).

However, the clinical visual acuity measurement may not completely show
how poor the cataract patient’s visual performance is, as visual acuity is normally
measured at a high contrast level. In normal situation, the contrast levels of the
objects around us are varied, so the measurement may overestimate the patient’s

visual performance (Brown, 1993).

9.2 Contrast Sensitivity (CS)

In 1978, Hess and Woo found that cataract affected contrast sensitivity at
high spatial frequencies more than at low spatial frequencies (Hess & Woo, 1978).
Their findings implied that cataract mainly scatters light at small angles. However,
few subjects in this study showed contrast sensitivity loss at both high and low
spatial frequencies, and the contrast sensitivity loss at low spatial frequencies was
not related to VA. They suggested that light could also be scattered at wide angles to
affect contrast sensitivity at low spatial frequencies. In addition, they suggested that
CS measurement can provide information additional to VA test. By measuring CS in
diabetic patients with cataract, CS test was shown to provide more information about
cataract-related vision loss than VA (Chylack et al., 1993b).

Elliott and co-workers (1989) investigated the differences between VA and
CS among cataract patients with different types of cataract. In all three types of

cataract (nuclear, cortical, and posterior subcapsular cataract), there was a significant
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decrease in CS at medium and high spatial frequencies (2 c/deg to 10 c/deg). The
loss of CS also depended on the severity of cataract. Patients with posterior
subcapsular cataract showed significant reduction in CS at low spatial frequency (1
c/deg) with increase in the severity of cataract, but it did not appear in patients with
either nuclear or cortical cataract. They also showed that there is a significant
correlation between LogMAR VA and CS at high spatial frequencies in all three
types of cataract, but poor correlation was found at low spatial frequencies. This
indicated that CS measured at low spatial frequencies would give additional
information over LogMAR VA in assessing the visual function of cataract patients
especially in cases of posterior subcapsular cataract. They also suggested that
LogMAR VA would be a good indicator of visual function for cortical and nuclear
cataracts, if LogMAR VA is worse than 0.5, but this was not for the case of posterior

subcapsular cataract.

9.3 Glare

Cataract patients sometimes complain of poor vision in outdoor activities but
have no problems in indoor activities. Neumann and co-workers found that 69.8% of
cataract patients had outdoor VA at least 2 lines worse than the indoor VA and
21.7% of patients had outdoor VA at least 5 lines worse than indoor VA (Neumann
et al., 1988). The VA measurements for these patients in indoor and outdoor showed
dramatic differences, as outdoor environments are normally brighter than indoor
environments. The bright light in outdoor environments can produce a veiling

luminance on the retina caused by light scattering. This veiling luminance is
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superimposed on the retinal image to reduce its contrast and decrease visual ability.
Any bright light reducing visibility and/or causing discomfort is called glare.
According to the American Academy of Ophthalmology (1990), glare can be
traditionally divided into discomfort glare and disability glare (Muscat et al., 2001).
Discomfort glare is the discomfort caused by the glare light without any measurable
effect on the visual function. A common example of discomfort glare is when you
walk out from a dark room to a bright environment. Disability glare refers to the
reduced visibility of an object due to the presence of an extra light source in the
visual field which causes light scattering in the ocular media. Reduced visibility of
roadway markers in the presence of oncoming headlights is one of the common
examples of disability glare. Cornea, lens and fundus are regarded as the main
sources of disability glare (Vos, 2003). In addition, the degree of disability glare is
depended on glare angle, age and ocular pigmentation. However, it is independent of
wavelength. According to the Age-adjusted Stiles Holladay equation (Vos, 2003),
the disability glare increases rapidly beyond the age of 60 years. It doubles at the age
of 70 years and triples at the age of 83 years. Therefore, measurement of VA and CS
still cannot fully describe the cataract patients’ visual function. A number of authors
have suggested that glare tests should be included in the evaluation of cataractous

patients (Abrahamsson & Sjostrand, 1986, Elliott & Hurst, 1990, Regan et al., 1993).
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Chapter 10 — The Aging of the Retina
10.1 Structural and Morphological Changes
10.1.1 Photoreceptors

In 1981, Gartner and Henkind investigated the effects of aging on human
macula by studying 104 necropsy eyes from patients aged 3 to 96. They found that
some nuclei of the photoreceptors in the outer nuclear layer (ONL) displaced into the
outer plexiform layer (OPL) or into the layer of photoreceptors (rods and cones). At
the macula, the displacement of the nuclei from ONL into the OPL is most
prominent after age 50. The nuclei displaced into the photoreceptor layer were often
enlarged and oval in shape with their long axes parallel to the rods and cones. The
nuclei displaced into the OPL were also elongated with their long axes parallel to the
oblique nerve fibres of Henle’s layer. Gartner and Henkind believed that the nuclear
displacement could be due to the traction exerted by other attached cells (e.g. bipolar
cells). The reduced number of nuclei in the ONL was not only caused by the
displacement of the cells into other layers but also by the reduced number of
photoreceptors. Since the number of cells in the ONL was decreased and the number
of axons in the OPL was decreased, the OPL was significantly thinner in the aged
retina. The most important finding of this study is that the progressive degeneration
of cells in the ONL and their photoreceptors can occur without significant changes in
adjacent layers (Gartner & Henkind, 1981).

However, a later study showed that the foveal cone density did not decrease
significantly with increasing age even in subjects as old as 95 years (Gao &

Hollyfield, 1992). Cone density only decreased linearly with increasing age in the
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peripheral retina. The average rate of cone loss was 16 cones/mm?/year. In other
words, about 6.7% and 23% of cones were lost at the fourth decade and ninth decade
respectively. Similarly, rod density in the peripheral retina decreased with increasing
age but not at a uniform rate. The decrease was most prominent between the second
and fourth decades but was less prominent after the fourth decade. From their data,
about 15 % of rods were lost between the second and fourth decades and about 32%
were lost between the second and ninth decades. They, therefore, believed that rods
are more vulnerable to loss during aging than cones.

Curcio and colleagues (1993) found that the photoreceptor mosaic of the
aged retina is quite similar to the young retina, but the aged retina has two special
cytological features. Firstly, there are many highly refractive intracellular inclusions
near the ellipsoid myoid junction of the cones. These refractive particles are
lipofuscin granules. Secondly, the nuclei of photoreceptors were displaced from the
outer nuclear layer into adjacent layers. The mosaic of rod cells did not change
significantly in the aged retina. However, the inner segment diameter of rods in aged
retina was 13.5% larger than the rods in the young retina, so that the retinal area
covered by rods remained constant throughout life. The inner segment diameter of
cones does not change with increasing age. The cone density in the fovea (rod-free
zone) and in para-fovea did not change significantly with increasing age. In the far
peripheral retina, the cone density decreased about 22% from 20 years to 90 years.
However, rod density in the inferior retina started to decrease in eyes of 44 years to
58 years. Then the decrease was widely spread across the central retina in eyes of 61

years to 75 years. When comparing retinas of about 37 years to 82 years, rod density
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was greatly reduced in an annulus from 0.5 mm to 3mm eccentricity (corresponding
to 1.8° to 10° of visual angle in the visual field) and only about 69% of rods
remained in retina aged 82 years. In the far peripheral retina (beyond the equator),
Curcio et al. (1993) did not find any significant changes of rod density in the aged

retina.

10.1.2 Bipolar Cells

There is little information about the effects of aging on the anatomy of
bipolar cells (Spear, 1993). Electrophysiological studies may provide information.
The scotopic b-wave is generated from the depolarization of the on-bipolar cells
(Shiells & Falk, 1999). An earlier full-field flash electrophysiological study showed
that the scotopic b-wave amplitude decreased with increasing age (Weleber, 1981).
This finding may imply that there are age-related changes in the function of on-
bipolar cells. However, a study found that the middle-wavelength sensitive cone
ERG b-wave did not decrease with increasing age (Suzuki et al., 1998). As middle-
wavelength sensitive cone ERG b-wave is generated by the interaction of the on-
bipolar and off-bipolar cells, this may imply that there is a balance between the age

related changes of the on-bipolar and off-bipolar cells.

10.1.2 Ganglion Cells

Gao and Hollyfield (1992) showed that cell density in the ganglion cell layer
(GCL) was decreased with increasing age in the peripheral retina. The loss was most
prominent from the second and fourth decades. About 18% and 40% of cells in

ganglion cell layer were lost in the fourth and ninth decades, respectively. In the
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fovea, only 16% of cells in the ganglion cell layer were lost from the second to sixth
decades. Another study found that the ganglion cell density around the macula (11°
of visual field) and in the nasal retina are reduced by one-fourth in the aged retina
(Curcio & Drucker, 1993). However, this study did not show that the aged retina has
a lower ganglion cell density than the young retina in the periphery (Fig 10.1). The
difference between these two studies may be due to the differences in morphometric

methods and cell identification criteria.

Ganglion cells/mm? (x1000)

Temporal
1 1 1 |

6 5 4 3 2 1 0 1 2 3 4 5 6
Eccentricity, mm

Figure 10.1. Density of ganglion cells in aged and young retina
(One standard deviation above and below the mean for each group is denoted by a
pair of either solid or dashed lines.)
(Adapted from Curcio & Drucker (1993))

10.1.3 Retinal Pigment Epithelium (RPE)
Gao and Hollyfield (1992) demonstrated that the retinal pigment epithelium
density at the fovea is stable from the second to the ninth decade, but the RPE

density in the peripheral retina decreased linearly with increasing age. A recent study
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found that apoptotic RPE cells increase significantly with age and are mainly found
in the macula (Del Priore et al., 2002). Since the density of RPE cells at the macula
does not decrease with age (Gao & Hollyfield, 1992), it is suggested that peripheral
RPE cells might migrate to the macula to compensate for the loss of RPE cells.
Another feature of RPE cells in the aged retina is that the amount of lipofuscin in
RPE cells increases with age (Delori et al., 2001). Since lipofuscin can generate
superoxide ions, hydrogen peroxide and lipid peroxide when it is exposed to light
(Wassell et al., 1999), this may damage RPE cells and affects the RPE function.
These age-related changes are regarded as part of the pathogenesis of age-related

macular degeneration (ARM) (Boulton & Dayhaw-Barker, 2001).

10.1.4 Bruch’s Membrane

In aged retina, it has been observed that the five-layered structure of Bruch’s
membrane becomes less ordered (Pauleikhoff et al., 1990). In addition, the amount
of debris in or on Bruch’s membrane is increased with increasing age (Bird, 1992).
These debris are composed of neural fats, neural lipids and phospholipids
(Pauleikhoff et al., 1990). These abnormal materials are widely believed to be
derived from the degradation products of photoreceptor outer segment material
within the RPE cells. During life, the degradation products accumulate progressively
within RPE cells and ultimately pass to Bruch’s membrane. With increasing age,
those degradation products cannot effectively pass through Bruch’s membrane to the
choroidal capillaries, so more and more debris is accumulated at Bruch’s membrane

(Farkas et al., 1971, Feeney-Burns & Ellersieck, 1985). Since Bruch’s membrane is
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between the RPE cells and the choroid, the age-related change of Bruch’s membrane
would affect the diffusion of nutrient substances passing from the choroid to the

RPE cells and finally affects retinal metabolism and its function.

10.2. Functional Changes - Dark Adaptation

One of the common visual problems suggested by the elderly is difficulty
with night vision (Jackson et al., 1998). The loss of rod sensitivity or scotopic
sensitivity can be caused by optical factors such as decreased pupil size and lens
opacities (Daikoku et al., 1982, Pulos, 1989), but can also be due to the loss of rods
and ganglion cells (Gao & Hollyfield, 1992, Curcio & Drucker, 1993, Curcio et al.,
1993). Pulos (1989) suggested that lower scotopic sensitivity in the elderly is due to
optical factors only, as he found that there was no significant difference in scotopic
sensitivity between elderly and young subjects, after the correction of the optical
factors. Since the oldest subject in that study was only 61 years old, the effect of
aging beyond this point was not examined. Therefore, a later study was done on the
same topic but it included subjects of 84 years old (Sturr et al., 1997). After
correction for optical factors, Sturr et al. (1997) found that rod-mediated sensitivity
for the older observers was 0.39 log units lower than that of the younger observers.
A more comprehensive study was done to investigate the same topic at different
retinal regions (4°, 7°, 32° and 38° both nasal and temporal) (Jackson et al., 1998).
Their results further supported the finding of a lower scotopic sensitivity in the
elderly, the reduction being due to both optical and neural factors. In addition, they
further demonstrated that the sensitivity loss was not eccentricity dependent. This

implied that anatomical changes of the retina with age could not fully explain these
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findings, as other data have indicated that rod density in the far peripheral retina
does not change with increasing age (Curcio et al., 1993).

Another problem frequently complained of by the elderly is substantial
delays in adapting to darkness (Jackson et al., 1999). A recent study found that
subjects 70 years old had a dramatic slowing in rod-mediated dark adaptation after
the correction of optical factors (Jackson et al., 1999). The rod-cone break was
significantly delayed (by almost 2 minutes) in 70 years old subjects when compared
to 20 years old. The prolongated dark adaptation in elderly subjects implied that the
visual cycle, the biochemical pathway responsible for rhodopsin regeneration, was
slower in elderly subjects. In the normal situation, the rhodopsin regeneration
requires a sufficient quantity of 11-cis-retinal, which is derived from vitamin A
(Saari et al., 1998). In the aged retina, Bruch’s membrane increases its thickness and
decreases its hydraulic conductivity (Pauleikhoff et al., 1990, Moore et al., 1995).
This may act as a barrier to affect the supply of vitamin A to rod outer segments
through the retinal pigment epithelium, thus delaying the visual cycle in elderly
subjects. Although evidence showed that the rhodopsin regeneration rate in elderly
was slower than young subjects, a previous study indicated that there was no change
or only a mild increase in rod photopigment density as a function of age (Liem et al.,
1991). In addition, two studies have shown that foveal sensitivity and cone
photopigment density decrease with age especially after 50 years (van Norren & van
Meel, 1985, Kilbride et al., 1986). In addition, foveal cone photopigment
regeneration was slowed with age (Coile & Baker, 1992). Therefore, both rods and

cones exhibit an age-related change in functional status.
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Chapter 11. Experiment | - Effect of forward light scattering on multifocal
electroretinogram

Ahstraet
Purpose

To study the effects of forward light scattering on the multifocal electroretinogram

{mfERG).

Methods

Thuty yeuny normal subjecls were recruited for this study. The mfERG was
measured under five conditions: (1) no light scatlering (stimulus contrast 93%), (2)
raild light scattering (stimulus contrast 80%), (3) moderale light scullering (stimulus
contrast 50%), (4) no light scattering (stunulus contrast 80%), and (5) no light

scattering {stimulus contrast 50%).

Results

The amplitudes of N1 at all retinal cecentrieitics did not change significantly, but the
amplitudes of P1in the mid peripheral retina increased with the inerease of ferward
light scattering. By comparing condidons 1, 4 and 5, it was shown that rthe
amplitudes of N1 and P1 decreased signiticantly in the central retina when stimulus

contrast reduced from 93% to 530%,

Conclusiony
This study demonstrates that the lopography and waveform of the mtl:RG could be

affected by forward light scattering.
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Latroductivn

One of the most comunon eye diseases wm the elderly is cataract, which
reduces vision by light scattering and light absarption (Hess & Woo, 1974, Elliott &
[lurst, 1990, de Waard et al.,, 1992, Llliott, 1993, Cook et al., 1994, Gaillarg et al,,
2000, Foster, 20013, Cataracts are mainly divided into three types: a) nuclear cataract,
b} cortical calaract, and ¢} posterior subcapsular cataract. Different types of cataract
coutd cause different effect on contrast sensitivity (Elliott & Gilchrist. 1989 Elliot
& Gilehrist (1989) found that subject with cottical or nuclear cataract could reduce
contrast sensitive at high spatial frequencies. If the degree of nuclear cataraet or
cortical cataract 15 dense, (he medium spatial frequencies become increasingly
affected. For subjects with posterior subcapsular cataract, contrast sensitivity at low
spatial frequencies also reduced and the loss of contrast sensitivity is not related 10
visual acuity. Therefore, light scatlering could be caused by very different
analomical changes inthe three main mworphological types of cataract (Le. nuclear,
corlical, and posterior subcapsular cataract),

Light scattering or stray hight 1s regarded as the reason for disability glarce
{Beckman et al., 1991). Stray light reduces the quality of vision because it reduces
the image contrast (IJspeert et al., [990). Stray lght can be quantified in tetims of
point spread function, as the light scattering causes the shape of "Airy disk™ to widen
(Dspeert et al., 1990). To measure the glare, a direet measurement fechnique was
introduced hy Beckman of al, (1991). Siray light meter is a simple instrument in
which & round central target is surrounded by a flickering cireular light source acted

as a glare seurce in fronr of @ subject, The luminance of the central target can be



adjusted by the subject and 1L 1s intially at the minimum lwninance level. Moreover,
the central target is fhickering in counter-phase o the circular light sourge. As
torward hight scatters within the eye. a visible flicker s seen on the cenlral lurgel
The subject only needs to adjust the luninance of central target until no lickering 1s
observed (Hspeert et al,, 1990, Beckman et al., 1991}, Nspeert et al. (1990) repocted
that the stray light increased with age and the amount of stray light for a subject of
70 vears old was the double of a subject of 20 years old.

Since the cataract is the main problem to cause light scattering, the most
cffeetive method of rostoring good vision is hy removing the cataract, but it is
sometimes difficult o know whether reduced vision i cataract patients is due 10
media apacity or retinal degeneration. In fact, elderly patients with calaract often
have cther retinal diseases such as age-related macular degeneranon (Shuttleworth at
al., 1998). Therefore, it would be useful 1o know whether the loss of vision 1n a
patient with cataract is mainly dug w0 the media vpacily or retingl problems belore
cataract syrgery. Numerous methods have been developed lor assessing the witegnty
and [unction of the retina belund the cataract (Hallidav & Ross, 1983, Spurny et al.,
1986, Elliotl, 1993, Hurst & Douthwaite, 1993, Hurst et al,, 1995, Fme & Rubin,
1999, Elliott ot al.. 20011, The full-beld flash TRG is claimed to be a good method
1o assess fhe retinal function behind the cataract (Hurst & Douthwaite, 1993).
However, this method may not be ahle to detect subtle retinal changes, as the full-
field flash evokes a global response, largely fram the peripheral rerina.

The develapment of the multifneal electroretinogram (mfERG) allows quick

simultaneous recording of many local retinal locations in a single recording session
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of approximately 4 1o 8 minutes (Sutter & Tran, 1992). This technique, based on
pseudo-random bmary n-sequences, has been shown Lo be an effective way to detect
lacal retinal damage (Bearse & Sutter, 1996, Biown & Yap, 1996, Chan & Brown,
1998 Hood et al., 1998a, Chan & Brown, 1999, Marmor ¢t al,, 199%). The mfERG
could potentially be a useful abjective method for evaluating retinal tunction behind
a cutaractous lens, provided that the amplitude and latency of miERG are not
affected by media opacities.

Recent smudies have shown that central retinal responses are significantly
reduced under light scattering conditions (Arai et al., 1999, Chan ot al., 2002a}. In
these studies, both luminance and contrast of the stimulus deereased with an increase
of light scattering (Chan et al., 2002a). Backward light scattering reduces stimulus
fuminange, Forward light scattering produces a veiling luminance, which reduces
stimulus contrast (Elliou, 1983).

Ii is nol known whether the reduced responses in the caniral reting and the
wereased response from penpheral retina by Tight scaliering are related Lo contrast
reduction o luminance reduction. lo this study, we lnvestigated the effects of
forward hght scattering on nifERG by controlling both stimulus huminance and

conirast.
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Method
Subjects

Thirty young subjects {16 males and 14 females) aged 22 10 25 years were
recruited from the Optometry Clinic at The Hong Kong Polylechnic Universiry, All
subjects had refractive errors less than £3.00D und less than 1.00D astigmartism, and
cortected visual acuily of 6/6 or berter. To ensure that all subjeets were free of
retinal disease or abnonmal ocular media i the tesied eye, they received an cve
cxammation including visual acuily assessment, biomicroscopy, tonometry and
ophthalmoscepy. Research procedures in this study lellowed the tenets of the
Declaration of IHelsinki. All precedures were approved by the ethics commitlee of
The Hong Kong Polvtechnic Universily, Informed consent was oblained from ull

participating subjects after they were given an explanation ot the study.

Stirnulus Conditiens

The VERIS Science 4.1 sysiem (Electre Disgnosue Imaging Ine,, San Mateo,
CA, USA) was used to record the miERG, The stunulus matrix censisted of 103
scaled hexagonal elements presented on a high resclution RGB 19™ moniter (Sony,
GDM-500P3, Japan) with frame rate of 75 Hz which was controlled by a video card
(from Llecetro Diggnostic Imaging Inc.) in a Macintosh G3 computer. A size of 0.8
deg (pen diamcter 1%) red fixation cross was used. This monitor subtended a
viewing angle of 417 vertically and 53° horizontally at a viewing distance ot 40¢in.
The diameters of different stimulus rings were: Ring | {central hexagon): abour 2.3%;
Ring 2: about 2.3% to 7.8% Hung 3: about 7.8° to 14%; Bing 4; abour 14 10 22,47,

Ring 3:abous 22.4% to 317, Ring 6 about 317 1w 107,
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Recording Conditions

[upils were dilated with 1% tropicamide (Mydriacyl, Alcon, Belgium) 1o a
pupil size at least 6mm. A Dawson-Inick-Litzkow (DTL) eleetrode was used as an
active clectrade. The reference and ground clectrodes (Ag-AgCl electrode) were
attachud to the ipsilateral outer canthus and forehead respectively. Only the right cye
of each subjeet was tested and the Jeft eve was patched during recording, The testing
distance was 40¢m. Refractive errers were fully corrected at that viewing distance.
The signals were amplificd by 100,000 with band-pass from 3-300Hz ({rass
Instrument Co., Quiney, MA, 1/SA) No linc filter was used. A binary m-sequence of
2™ was uscd for recording the mfER{. Total recording time was 3 min 28 sec for
cach complete recordig. While the m-sequence of 2™ may result in a slightly higher
vartation of responses than using an m-sequence of 2", we repearcd the mfERG
medsurements Ove tmes for each subject, giving a toral recording time of ahoutr 45
minutes, The total recording time for [ve megsurements using the 2" m-S2(Uence 15
about ThrlSnun for each subject,

We had rried the longer sequence {27 )bul most subpects el tired and could
not maintain good fixation with such a long recerding tune, Since good fixation is
very important in the mfERG measurements, we compromised 1 choosing the
shorter m-sequence (2''}in this study. Each recording was collected m 16 segments
of appreximately 14 sec. Subjects rested for a few scconds belween segments. Any
scgment with breaks of fixation, eye movements, or blinks was discarded and

recorded again,
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Measurement

The mtlERG was measwred on cach subject in five conditions (Table 11.13. In
all conditions, the average stimulus lutmnance and background luminance were
maintained at #ed/m’. In condition I, the black aud while hexagons were 77 and 3
edim” respectively, with contrast about 93%. In conditions 2 and 3, a liquid-crystal-
diffuser {L-C-D) (Edmund Scientific, Industrial Qptics Division, NY, USA) was
monnted in frant of the subjeet. The transparency of this L-C-D filter can be varied
by alieration of the vollage across it Higher voltage provides higher transparency of
the L-C-D filter. When the 1.-C-1 filter was placed in front of the eye, both
luminance and contrast of siimulus were reduced. As we were interested in
investipating the effects of forward light seattering on the mfERG, the average
luminance of the stimulus was kept constant by adjusting the liminance of the white
hexagons using the VERIS Science 4.1 system. Since the L-C-D filter canses
forward light scatiering, the conrrast of the stimulus is reduced by the light scartering.

Thus. different degrees of forward Light scattering can be produced by
defferemt volapes across the L-C-D panel, In condition 2, & mild light scatlering
condition was created. I this condition, the best VA of all subjects was shill aboul
(0, The black and white hexagons behind the L-C-1 filter were changed to 8 and 72
ed'm’, respectively, with contrast abouwt B0%. In condition 3, a moderate light
scattering condition was created, and the best VA of all subjecis was decreased to
£/9. The black and white hexagons behind the L-C-D filter were changed to 20 and
60 cdnt’, respeetively, with contrast 30%. In all conditions, the mean luminancs was

maintained at 40 cd/m” but the forward light scattering caused the stimnlns contrast
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to be reduced. By comparing the mfERG responses under these three conditions, we
can examing the ¢ffects ot torward liglt scattering on the mfERG.

Since the stimulus contrast 1s reduced when the amount of forward light
seattering inereases, mtERG responses would be expected Lo be alfecled by contrast
redduetion alone. Therefare, the effect of contrast on mEERG responses withoul Lhe
1-C-1) filier was studied as a control experiment. The mfERG was measured under
twar eondittons with stimulus contrast at 80% (condition 4} and 50% (condition 5). In
candition 4, the hlack and white hexagons were set at & and 72 cdm?. respectively,
with contrast 80%. In condition 5, the black and white hexagons were set at 20 and
60 cd'm’, respectively, with contrast 50%. Tn these two conditions, the mean
luminance was the same as in the first part of experiment, but there was no light
scullenng. The sumulus contrast was adjusted by the VERIS Science 4.1 program.
All stimulus luminances were measured using a Minolta LS-110 photometer (Osaka,
Japan). which was pluced ut the posilion of the eve, and behind the L-C-D filter for
condittons 1. 2 and 3. The lummance of black and white hexagonys was measured at
the rings 3. The luninance of black and white hexagons was measured (hreg times
and an averags was taken.

n addition, when we use the photometer to measure the luminance of black
and white hexagons under different light scattering conditions, we found that the
stimulus contrast induced by the scatlering medium was very similar at different
ceeentricities fram fixation rarget across the sercen. The variation is less than 10%

from the center to pariphery. It agreed with the findings of Keating et al. (2000},



In this experiment, the mean stimulus luminance was lower than the standard
conditions suggested by the lnwrnational Sociely for Clinical Clectrophysinlogy of
Vision (Marmor el al., 20030 1t is because the muximum luminance of the stimulus
monitor was only 165 cdni®. Under light scatlering condilions, part of the light will
be scattered backward and it reduces stimulus luminance, As we need 1o maintain
the mean luminance at constant level in all conditions in this experiment, the
maximum Tuminance of the white hexagons was adjusted to a lower level {??ud.:’mzj
even in no light scattering condition. Therefore, the mean screen luminance of this
experiment was lower than the standard conditions.

All mfERG was measured in a dim room in this experiment, as this would
avold unwanted light scattering caused by the room light incidonees on the back
surface (1. the side face towards the subject’s eyve) of the 1.-C-D filter. Sinee room
lghting could affect mfERG responses, all conditions were measurad in same room
lighting condilion. Therefore, we can directly compare the mfERG responses in
difierent conditions,

Table 11.1. Summary of Stirvulus Conditions.

. Cunditions Luminance Luminance | Michelsen Mean
? of White of Black Contrast | Luminance
Hexagons Hexapons al (ed/m?)
(ed/m?) (ed/m®) | Stimulus
(%

1 {no light s¢attering) 77 3 i EA 40

2 (mild light scattering) 72 8 &0 40
_3 (moderate light scattering) 6y 20 P Sy 40

4 (nn light scattering with 5 40

stimulus centrast 80% ) - i : 3

5 (no light scattering with » . | 50 40
_stimulus contrast 50%) i _




[ vrder o demensirate that the L-C-I filter can cause light scattering similar
to that ol calaract, the effect of light scatiering induced by the L-C-D filter on the
contrast sensibivily lunction {C3F) was measured wsing the software package
"Peycho for Windows® (Cambridge Research System) {Chan et al., 2002k, [f the L-
C-1) filter bas the sunilar ettect of calaract, it would influence the CSF in a similar
way of the cataract, Figure 11.1 shows the effect of different degrees of light
scattering on the contrast sensitivity functien for 8 healthy young subjects. The
contrast sensitivity ar high spatul frequencies (10 o/deg) was reduced significantly
hut contrast sensitivily al low spatial frequencies (0.5 cideg) was enly marginally
reduced. These data illustrate that the L-C-D filter can produce light scatlering
effeets similar to the nuelear and cortical cataract in real paticnts {Hess & Wao,
1978, Elliotr et al, 1083),

In addition, the lighr scattering produccd by this L-C-D filter is mainly Mie
scatlering (1. less light is scattered w grealer angles away from the dircetion of
Light wravel.), because the effect of light scattering produced hy rhis 1.-C-D filer
mainly affects the contrast sensitiviry at high spatial frequencies. If the 1.-C-1 filrer
produces a wide angled light scarering (e.g. Ravleigh scattering), the conirast
sensitvity a low spanal frequencies will be affected significantly (Elliott, 1993).

Pelli-Robson letter chart was not used in this experiment, as it has relative
poar sensitivity W ounld light scattering and 1t only measure conlrast sensilivily al ong
spatial frequency., Theretere, it may not provide a nore senstivity measure of Lipht

scattering than VA {Llhot, 1993),
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Figure 11.1 The effects of different degrees of light scattering produced by the
liquid-crysial-diffuser (L-C-D) on contrast sensitivity function. Error bars are = 1

standard deviation of the mean of ¥ subjects.
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Analysis

Ler data analysis, m{ERG responses were grouped in two ways: (u) Summed
respoase: 103 responses were sumimed together {(Figure 11.2A), (b) Siv concentric
rings: respoﬁses with similar ececntricities from the cential fuveal Tesponse were
grouped (Figure 11.28). In this study. the firat-order kernel responses were anaivzed.
In addition, only amplitudes and latencies oI N1 and P1 were evaluated. We defined
the first negative and positive deflections of the mfERG as N1 and P1 respectively.
The amphtude of N1 was measured from the baseline to the first negative peak.
Amplitude of P1 was measured from the first negalive peak (o the first positive peak.
Latencies of N1 and P! were defined as the time periods from the stimulus onset to

the peak of NI and P}, respectively. The effects of forward light scattering and

contrast reduction on sumuned miBRG responges were evaluated hy using one-way
repeated measures ANOVA (RM ANOVA) and the Tukey mulliple comparisons test
was used as a post-hoc test. The offects of forward light scattering and conlrast

reduction on m{ERG responses from the six concentric rings were evaluated by

using two-way ANOVA and the Tukey multiple comparisens test was used as a
post-hoe test. We use Tukey’s post-hoc analysis instead of Schefle post-hue test, as
Tukey's post-hoc test is suitable for comparing groups of ocqual sizes. On the other
hand, Schetfe is more suitable {or comparing groups of unequal sizes. When a
significant interaction was found, multiple pairwise comparisons with the Tukey's
test were used to compare each group. P-values less than 0.05 were considered

stafistically significant.
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Figure 11.2. Responsces from 103 stimulus hexagons are grouped into two ways. (A)
Summed response. (B) Six concentric rings.
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Figure 11.3. Suinmed response wavelorms (first order kernel response). N1 and P1
amplitedes inereased when light scartering  levels increased. Under no light
scattering condizion, both Nt and Pl ampliludes decreased when stimulus contrast
decreased.
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Table 11.2. Effect of forward light scattering on miERG responses (first order kernel response) parameters and

statistical findings: Summed response,
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Table 11,4, Effeet of forward light scattering on mfERG responses (fiest order kernel response) parameters and statistical

findings: Responses from six concentric rings.
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Table L5, Effeet of contrast on mfERG responses (first order kernel response) parameters and statistical findings:

Respunses from six concentric rings.
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Summed Response

The wavelorms of m[ERG for five different conditions were shown in Figure
113, N and Pl latencres did not change significantly when the amount of forward
Light scattening level increased. N1 and P amplitudes increased significantly in both
mild light scattering condition (stimulus contrast 80%) and ioderate light scattering
condition (stimulus contrast 50%) (Figure | 1.4A & Table 11.2),

Under conditions of no light scattering, N1 and Pl latencies did not change
stanificantly in any reduced contrast conditions, but N and P1 amphitudes reduced
significantly when stimulus contrast reduced from 93% to 80% and S0% (Figurs

11.413 & Table 11.3).

Respanses from siv eaneentrie rings

LIfects of light scattering and contrast reduction on mfERG waveforms were
shawn i Figure (1.5, Table 11.4 and Table 11.5. There was no significam
imeraction ol lght scatiering level and ring grouping for N1 latency, P1 latency, and
N1 wmplitude. There were no effects of light seatiening on N1 latency, P latency,
and N1 ampliude. However, there were slatisticully signilicant eTects of ning
grouping on Pl latepcy and N1 amplitade for cach light scattering level, Tukey
mulbiple comparisons test showsd that P1 latency from rimg 1 was significantly
longer than rng 3 and N1 amplitude decreases sigmficantly wilh mereasing
cecentricity as expected (Ieure 11.6A).

There was a significant inleraction between light scattering level and ring

grouping for P1oamplitnde. There were statistically significant effects of light



scattering on Pl ampliude and of ring grouping on P1 ampliude for each lighi
scattering level. Multiple pairwise comparisons with Tukev's test showed that Pi
amplilude from ring [ decreased sigiuficantly i the moderute light scattering
condition. but Pl amplitude from ring 4 to nng 6 increased significantly n the
maderate light scattering condition (Fig. 11,68},

Under the no light scaltering condition, there were no statistically significant
inferaction ¢ffeets for N1 lateney and P1 lalency. There were no effects of contrast
reduction on N lareney and P lateney (Table 11.5), but there were statistically
significant effects of ring grouping on these paramcters for cach contrast level.
Tukey muluple comparisons test showed that Nt latencics from ring 2 and ring 3
were significantly sherier than ring 6, and P1 latencies from ring 1 and ring 2 were
significanily longer than ring 4,

There were significunt inlgractions between contrast level and ring grouping
for N1 amplitude und P1 amplitude. There was a statsueally sigmificant effect of
contrust reduction on N1 amplitude and Pl oamplitude. There were stanstgally
stgapficant ettects of vng wouping on N1 amphtode and P amplitude [or gach
contrast level. In addition, multiple pairwise comparisons with Tukey's test showed
that NI amplitude from nng 1w ring 3 decreased sigmificantly with stimulus
contrast S0 (Tigure | 1.6C N1 amplitude from ring | and ring 2 also decreased
significantly when stumulus contrast was 80%. P! amplitude from ring | to ring 4
decreased significantly when stimulus contrast was 50%. P1 amplitude frem ring 1

deereased sigmficantly when srimulus contrast was 80% (Figure 11.612),

116



Discussion

Uur results showed that lorward lLight seauering affects the topography of the
mflRG. From the summed response, n[ERG response amplimdes increased when
the amount of forward hight scattering increased. N1 and Pl latencies were not
affected by the amount of forward light scattening, Pl amplilude from ring |
decreased significantly in the moderate hght scattering conditivn but P1 amplitudes
from ring 3 fo 1ing 6 were increased when the amownt of forward Light scatiering was
increascd. Tn this study. the stimulus contrast reduced with the increase of forward
light scattering due to a veiling luminance that was superimposed on the retinal
image o cause & contrast lowering effeer (Ellintt et al | 1989). It has been shown that
the mfERG responses decrease with reduction of stimulus contrast (Brown & Yap,
[1966). Qur comiro] experiment also showed that Nt and P1 amplitudes decreased
significantly at the cenrral reting with reduced stimulus conrtrast, but N1 and P
latencies ar @)l retinal eccentricities did not change when sumulus contrast was
reduced.

Previous studies have shown thatl decrease ol stimulus luminance or contrast
decreases buoth central and peripheral responses (Brown & Yap, 1996, Yoshii et al,
20000, Gerth et al, 2002). In our study, we also demonstrated that the mlERG
responses from central and penpheral retina decreased with the decrease of stimulus
contrasl, but only the decrease from central retina was statistically sigmficant, As
forward light scattering reduces contrast, both central and paracentral responses
would be expected to decrcase under lipht scattering. However, previous studies

have reported thar central responses were slightly decreased and mid-peripheral



responses did nol decreuse prominently with the increase of light seattering {Arai ct
al, 1998, Chan el al,, 20024). These studies used an acrylic sheet ar a liquid crystal
diftuser (L-C-D} to produce the light seattering, Both the acrylic sheet and the L-C-
D can reduce the mean luminance and conlrast of Lhe stimulus, This could explain
why they showed a siguficant reduction in central responses. In our previous study.
we did not compensale for the reduction of mean luminance by the L.C-D filter
(Chan et al.. 2002a}. Therelore, we could not tsolate the ellect of light scatiering
from mcean luminance reduction. In the present study, the experimental design
compensates for the mean lominance reduction produced by the L-U-D filter, This
may explain why a larger mid-peripheral response was obtained under the |ight
seattering eonditian. In our study, the mean luminance was kept constant for all
conditions and only contrast was reduecd with the increase of light scatlering. By
eliminating the luminance factor, we found thar the central reting is sensitive o the
changes of contrast. tn the presence of light scattering, the mid-peripheral retina
seems 10 be more responsive o forward light scatering than the ceniral retinag, as
central retinal responses sull decreased significantly with the increase of forward
Lhght scatiering, bul peripheral retingl responses nerease significantly, In addinon,
similar results were [ound when we repeated (his expertment using a non-scaled
stijnulus, 1n which all hexagons are the same size. Therefore, the larger sz ol the
peripheral stenulus hexagons 1s not the reason to obtain larger respenses in mid-
pertphieral retina under the light scattering condition.

Larger than normal scotopic flash EIG responses can be recorded in subjeets

with madium opacitics, as the "Ganzfeld effcet™ producced by media opacitics can
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direet Light 1o vther pans of the retina {Galloway, 198%), Under these conditiens a
targer arca of retina will be stunulated under the Light scallering condition, so0 a
constderably larger than normal response can be obtained in calaract cases. We
speculate that similar phenomenon may occur 1n the mtERG. However, why this
phenomenon was only observed at the penplieral retina and not at the central retina
13 still not ¢lear. This may be due to the amplitude variation in the central retinal
teaton which is relatively larger than in the peripheral retinal region {Verdon &
Hacaerstrom-Tartnoy, 1998), so the change cannot he easily observed in the central
rerinal region. In our study, we also found that the amplitude variation in the central
reting] regdon is larger than in the peripheral reginn. Far example, the coefficient of
variation for P1 amplitvde in ring | under ne scattering condition 13 35% and the
coefficient of variation in ring 6 is 28%. The central retinal responses decreased with
the increase of forward light scattering may be related to the Sules-Crawford sftect.
The Stiles-Crawford effect, light which is ingident directly along the cone axis will
be a more effective stitnulus, may vecur under forward Light scatlening condition, As
part ol the scattered hight is Lkely to be incident at oblique angles, the probability of
photon absorpiion should be reduced. On the other hand, the L-C-D filter reduces the
coatrast of the stimulus, as forward hght scatiering produces a velling luminance,
which 1s superimposed on the retinal tmage {Clliotr, 1993); mfERG responses from
tme central retina could be decreased when the conirast of the stirmulus is decreased

{Brown & Yap, 1996, Chan & Brown. 1998, Yashii ot al | 2000b, Raz ¢t al, 2007)

beeause the macular response 18 mare sensitive than the peripheral response o the

contrast reduction of stinwlus,
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The ellects of aging on the mTRG have been widely studiad (Mohidin et al.,
1999, Fonune & Johnson, 2002, Genth 1 al,, 2002, Jackson et al.. 20022, Wabeshima
et al. 2002, Gerth el al, 2003, Seiple el al., 2003, Tzekov et al., 2004). It has been
found that the central retinal respooses decrease more rapidly than peripheral retinal
responses with mereasing age. Fortung et al, (2002) believed that the effect of aging
is mainly due to optical factors, but Seiple er al. {2003) beligved that it is due 1o
neural factors. Gerth et al. (2002) demonstrated that it 15 related to both optical and
ncural factors. Gerth et al. (2003} further found that the isolated flash response
deereased with inercasing age and they believed that it is also related to both optival
and neural factors, A reeent study hy Tzekov et al. (2004) found that the miERG
responses declined with age. b s well-known that the light scattering of the
crystailine lens increases with increasing age especially in snbjeets above 45 years
old (Sitk et al.. 1992, Hennelly et al., 1998). Qur study clearly demanstrated that
moderate hight scanering would affect mfERG topography. Our results, therefore,
also suggest an importane role for optical factors in the effects of aging on the
mLRG,

Ll this study, we noted thuad the mlERG wavelonm exlnbited double peaks when
the stimulus conftrast was 50% as shown in Figure 11.3. However, the double peaks
werg not observed under the moderate Light scattering condition with a stunulus
contrast of 50%. What do these additional peaks imply? Previous studies suggested
that measuring the miTREG in humans using a stimulus contrast level of 50%% might
chicit & wanghon cell component (Hood et al, 1999b, Hood ¢t al., 2000, I'almowski

et oal, 2000), as the optic nerve head component saturates at 60% contrast and
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miLRG responses could be dominated by other retinal components when it s
measured at hugh stimulus contrast (275%) (Sutler & Bearse, 19935). The waveform
ar tne human mflRG changes trom g single peuk 0 double peaks when it i3
measured at 50% contrast. ['lus doubte-peak mtERG wavelorm meusured in humans
wis similar to the monkey mfERG measured at 100% conuast (Hood el al., 19993),
The waveform of the mfCRG measured on patients with glaucoms or non-
proiiferative diabetic retinopathy using 50% stimulus contrast was reported (o be
stimilar to the effect of TTX (Tetrodotoxing | NMDA (N-methyl-1-aspartic acid) on
the maonkey™s mfFERG measured using 100% stimulus contrast (Iood ot al., 1999b).
A recent study also demonstrated that this sceond positive peak was significantly
diminished or reduced in glaucomarous eyes of cynomolgus monkeys (Raz ot al.,
2002), This finding implied that this second positive peak may veprosent the
activities of inner retinal lavers as well as ganglion cells. Qur resulrs indicate thar the
ntild lo moderate light scatering condition will diminish the second positive peak of
miERG responses and the second order kermmel miTRG responses. This implies that
tHe forward light scattering mighl affect inner retinal activigy. Since forward fight
scallering can also ulfect the appearance of the double-peak, we therefore wntatively
conclude that manipulation ol stunwlus contast o diagnosis of ganghon ¢gll
malfunction may no: be suitable for patients with cataract or with light scattering
problems.

With moderate light scattering, a positive peak with latency at about 60ms
disappcared (Figure 11.3; P2} In our previous study, we also reported this

prenamenon (Chan et al., 2002a). This positive wavelet (P2) was stll nhservahle



even lon sienulus contrast of 50%, but it was severely attenuated 1o noise leve! when
the miERG was measwed under muoderale light scallering conditions. A previous
study has shown that thus small positive wavelel (P2) was absent in patients with
central retinal vem occlusion, but was present L normeal subjects and in patients with
maculopathics or with autospmal donnnant optic atrophy (Kretschinann e al.,
[998b). [t has been proposed that this positive wavelet (P2) was generated from
inner retinal favers and beyond the ganglion cells (Kretschmann et al., 1998b). This
wiavelet was alza diminished or absent in patients with moderate non-prodiferative
dabetic retinopathy and in patients wirth the complete type of congenital stationary
n:ght blindness (Fortune et al., 1999, Konda et al., 2001). In fact, this latter portion
of the first-order kernel response 15 likely contributed from the first slice of the
second-order kernel response (Hood, 2000, Sutter, 20000, that reflects the nonlinear
mechanism of reting, Figure 11,7 shows that the first slice of the second order kernel
response was undetectable in the moderale lighl scaliering condilion. This indicated
thal the P2 may be huphly corcelated wath g st shice of the second-order keinel
response. Previous studies suggest that the first slice of the second-order kernel
response nught show early nner retinul damage as diabelic patients without any
retinopathy had reduced second-order responses {FPalmowsk: et al., 1997) and
patients with ocular hypertensiott had a trelatively greater reduction of the first slice
of the second-order response than the tirst-order responses {Chan & Brown, 2000),
This wavelet (P23 was reported 1o be less prominent in glaucomatous eyes than in

normal eves of cvnomolgus monkays (Raz et al, 2002). The amplitude of this P2



wivelel Is also sinaller in hypertensive eyes and its amplitude is strongly correlated
with the number of surviving ganghion cells (Hare ¢t al., 2001).

Our study, theretore, lust:ates that Jorward light scallering not only affects the
ampiitude of mEERG responses, but also reduces the higher order kernel response
and P2 cven without anv retinal dystunction. This may be because the veiling
luminance caused by forward light scattering abolishes the antagonistic
characteristzes at innar retinal layers. Therefore, previous studies might misatiribule
the stray light cffects to mner retinal dysfunction. The exact mechanisms of such
findings are not fully understood and further studies on the origin of the human
MFERC response components nuiv help (o explain why the double poaks and the late
component (P2) were diminished when there is light scattermg.

Frgure 11.5 showed that as scartering level was increased, the mfERG
waveforms acquired a noticeable higher frequency “oscillatony™ component
superimposed on the fundamental waveform of the first order kernel. This was not
seen o the reduced conbrasl cundition. We believed that this “oscillatory™
compengnl sl by the nose dunog weordimg, The nose may be due to the
addhition of undesigned miERG responses to the VERILS cross-corrclation arising
trom strayhght talling onto the elements of stimulus that are assumsd to be dark.
Maoreover. the limutation of this expernment is that the 1otal recording ime 15 about 4
minutes i1 each MIERG recording. This is shorter than the standard condition
{ Movmor o1 al, 2001, which is about 8§ minutes. Therefore the signal-to-noise ratio
is relatively low. We used hinary mesequence of 2 insiead of 2, as we hape 10

reduce the recording tume. If the recording time is 100 long, most subjects feel tired



and could not mamtain good Oxauon. Under hight scattering conditians, a very mild
instability of fixation inay veeur (Forlne & Jehnson, 2002), as the clarity of the
coentral Lixaton mark riay be allecled. Alse, the glare light caused by the 1.-C-D
filter makes the subjects feel uncomfortable. Therefore, the “oscillatory™ compaonent
may also be the cavse of very nuld instability ol fixation.

[n summary, the results 1 this study demonstrate that the toposraphy of the
miCRG 15 affected by forward light scatlermg. The paracentral retinal response s
increased with increasing amounts of forward light scattering, but the P1 amplitude
from the cenlral reting decreased at moderate scattering condition. Therefore,
clinicians using the mfERG on cataract paticnts or patients with light scattering
prohlem bul no cataract, should be aware of the confounding effect of forward light
scatlering on the mIFERG. Sinee cach laboratory may usc ditferent recording
gquipment (Marmor ot al., 2003), we suggest that each laboratory should establish ity
normative values for ditferent degrees ot cataract ar light scattering, if the clinicians
have to use the mIERG (o assess rerinal funcrien in the elderly or in paticnts with

calaract
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Chapter 12. Experiment 11 - Effects of different degrees of cataract on the
multifocal electroretinogram

Abstract
Purposc:
To swudy the etfect of differemt degrees of nuclear cataract on the multitocal

electraretinogram (mfLRG).

Methods;

Multilocal elecirorelinograms were recorded from thirty elderly subjects with very
muld, nuld, or mederale nuclear cutaraet using 3 VERIS System (Version 4.1). The
subjects were divided into tinee groups (10 each group) according 1o their degree
ot nuclear cataract as classifled according to the Lens Opacities Classification
system HI (LOCSIT). No subjeet had any significant eye disease or degenerative
changes except for cataract, Jhe mERG responses were grouped inlw six coneentric
rings for analysis. Both the N1 and P] amphitudes and the latencies of N1 and P uf

the first order responses were used for analysis.

Results:

Amplitndes of NU and P1 from the central reting (14 degrees) were significantly
reduced in patents with mild or moderate cararact when compared with subjects
with very mild cataract. However, there was no significant reduction of N1 and P1
wplitudes in the para-central retina (14-40 degrees). Latencies of N1 and P1 were

significanddy longer in patients with moderate cataract,



Conclusions:

The miERG responses trom the central retina (ceniral 14 degrees) were affected hy
the severity of cataract, but respenses from the para-central reting (14 40 degrees)
were not affected. Thes suggests that in interpreting the mlERG 1n subjects with mild
or moderate calaract, some care should be taken as reduced amplitudes (N1 and P1)

of itercased latency (N1 and P1Y will be expected from the central retina.



lulroduclion

The multilfoca] elecuoretinogram (mERG) technique (Surrer & Tran, 1992)
allows sinultancous recording ol many local retinal responses within a short time. It
has been shown that numerous retinal eye diseases can be delected by the mfERG
{e.e. diabetic retinopathy, glaucoma, retinitis pigmentosa) (Chan & Brown, 1998,
Chan & Brown, 1999, Fortune ¢t al., 1999, Chan & Brown, 2000, Hood, 2000,
Palmowski et al., 2000). In these studies, they reported that subjzcts had clear media.
However, many  paticnts with  retinal eve disease (e.g. age-related macular
degencration) are elderly and some degree of lenticular change such as nuclear
selerasis s inevitable, For diagnostic purpescs, it is important to know how changes
in the ocnlar media affect the mERG 1opography.

It hus heen reported previously thar media opacinies such as eataract can
reduce the amphiudes of the a-wave and b-wave of scotopic flash ERG (Hurst &
Douthwaire, 1993, Fishman, 2001}, However, a larger than normal scotopic tlash
ERG response has alse been recorded in patients with cataract (Galloway, 1988). Ii
wits suzgested thal this might be due o the light scadtering effect (Ganzfetd effect)
of the cataract (Galloway, 1988). A recent siudy showed that @ subject with mild
cortical cataract had lower than normal mIERG responses (Y osha 21 al., 20000,

By usmg acrvhe sheets or hguid-crystal-ditfusers, the light scattering etfocts
of cataract have been simulated in mIERG studies (Aral et al, 999, Chan =t al.,
20247 In a study on two subjects, Aral et al. {1999} showed that central mfTRG
responses deercased slightly with increased seattering level, but that the peripheral

responses did nat show o corresponding reduction, Qur awn study an a larger group



ot yeung subjects showed that the central mfERG responses decreased significanty
with inereasing light scattering but paradoxically, the peripheral responses increased
with increasing Light scatieving (Chan et al., 2002a),

The aim of this study was to find our how nuclear caturact afllecls Lhe

miT.RG. Wo subjects were chasen with other formns of cataract.

Method
Subjects

Thirty clderly subjects aged 50 to 75 years (mcah age: 64 years) woere
recruited from the Optometry Clinic at The Hong Kong Polyrechnie Univorsity, Al
subjects had mild 10 moderate nuclear cataract. The nuclear apalescence (NO) was
classified and graded according to the Lens Opacities Classification System T11
(LOCS HD {Chylack &t al., 19934) and their visual acwities (VA) were measurad,
Pelli-Robson lgtier chuart was nol used in this experiment, gs it has poor sensiivity (o
mild  light sestiening and il only measures conlraslt sensilivity al one spatial
irequency. Therelore, itinay not provide mere sensilivity measure ef hight scattening
thau VA (Elliot. 1993}, Subjects with cortical or with posterior subcapsular cataract
(more than grade | of LOCS 1) were excluded. A previous study has shown that
there 15 & positive correlation between VA and LOCS nuclear cataract grade [[v = -
.23 -0.0093x) t,r3 =047V (v =logMAR VA and x = LOLS nuclear cataract grade)’
iLlliott & Sitlu, 1995

Subjeets were divided into three groups with ten subicets in cach group

according o the degree of cataract (see Table 2.1, All subjects had refractive
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errers of Jess than =3.00D and less than 100D of astigmatsm. The miERG
topography m subjects with very nuld nuclear cataract ueled as the normative values
i this study, since subjeets aged vver S0 years old usually have very mild nuclear
cataracl, which causes light scattering {Suk el al,, 1992, Smith et al., 1992).

To cnsure that all subjects were free of retinal discase in the tested eye. all
received an eye examination which iacluded measurements of visual acuity and
inrracendar pressure. Qeular hoalth wes assessed using a slit lamp and indirect
ophthalmoseopy. Research procedures used in this study followed the tenets of the
Declaration of Helsinki. All procedures were approved by the cthics commitree of
The Hong Kong Poelytechnic University. Informed consent was ohtained from all

participating subjects after they were given an explanation of the swdy.

Group Range of the best LOCS [11 grading Mean age
(years)
corrected visual + 8D
+ SD
acuity
A 6/5 - 6i6 2402 61+6.0
(Very Muld Cartatact)
B 60 10 607 4103 65167
idhild Cataract)
C 61210 67127 5403 66 + 485
{Mboderate Cararact)

Table 12,1, Characteristics of subject groups.




Stimuluy Coenditions

The VERIS Science 4.1 system (Electro Diagnostic Imaging Inc., San Matea,
CA) was used te record the mIERG. The stmulus matrix consisted of 103 sealed
hexagonal elements presented en a4 Sony high resolution RGB 19" moniter (Sony,
GPM-50023, Japan) which had a frane rale of 75 Hz The stimulus was controfled
by a vidzo card ifrom Electro Diagnostic huaging Inc.} in a Macintosh G2 computer.
The stimulus hexagons were individually modulated between white (165 ¢d/m?) and
hiack (3 cd'm®) according to a pseudorandom m-sequencs {(Sutter & lran, 19923
The luminance of the surround was set at 84 cdim®. A 0.8 deg red fixation cross was
used. This CRT monitor subtended a viewing angle of 407 wvertical and 53°
horizontal al @ viewing distance of 40cm.  The diameter of the different stumulus
rings were: Ring I: ahow 2.3%, Ring 2: about 2.3° 10 7.8°, Ring 3 ahour 7.8% 10 147,

Ring 4: gbout 147 to 22.4%, Ring 5: about 22,47 10 31%, Ring 6: about 317 to 407,

Recording Conditions

The pupils were dilated with 194 tropicamide (Mydriacyl, Alcon, Belgium)
and all pupils were at feast dmm hefore reeording commenced. The Dawson-Trick-
[itzkow (DT electrode was used as the active electrode. The reference and ground
electrodes (Ag-AgCl elecirodes) were attached to the ipsilateral outer canthus and
forehead respectively, The untested eve was occluded during recording, The testing
distance was A0¢m, Refraciive errors were fully vorrecled for the viewing distance.
The signuls were amplified 100,000 Lines wilth band-pass set at 3-300Hz (Grass
Instrument Co, Quincy, MAYL AL mtERG responses were spatially smoothed once

by averaging cach local race with 1 7% of each of its six nearest neighbors. A binary
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m-sequence of 2'¥ was used for recording the miERG. The tola recording time was
7imin 17 see, divided into 32 segments (recording periods). Subjects rested for a few
seconds berween segments. Any segment with breaks of fixation, eye movements, or
hlinks was discarded and recorded again. The recording conditions wers perforned
according to the guidelines of Intemational Society for Clinical Electrophysiology of

Vision (ISCEV) (Marmor o1 al |, 2003).



Anulysis

For data anadysis, the mIERG responses were grouped in six congeniric
rings: responses with sinilar ecesntricities from the central [uveul response were
grouped (Figure 1200 In this study, the first order kernel responses were analyzed
and only the amphitudes and latencies of NI and P were evaluated. We detined the
first negative and positive deflections of the mfCRG waveform as NI and Pl
respectively. The amiplitude of N1 was measored from the baseline to the first
negative peak. The amplitude of P1owas measured from the first negative peak to the
firar pasitive peak. The lateneies of N1 and P1 were defined as the time perieds from
the stimulus onset 1o the peak of N1 and P1 responses, respectively. The effeets of
different degrees of cataract on mtERG respanses were evaluated by nsing two-way
ANOYA. When a significant interaction was found, multiple pairwise comparisons
with the Tukey's test were used to compare gach group. P-values less than 0.0 were

consideryd statistically significant.

Six Rings

Figure 12.1. Respenses were grouped into six rings for analysis
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Table 12.2. Effeet of ditferent degrees of cataract on mfERG responses (first order kernel response) parameters and

statistical findings: Responses from six concentric rings,

Yery Mild Cataract

Mild Cutaract

Muoderate Catoract

Twe way ANOVA

Multiple Pairwise

|
i Coniparisuns witl
| Tukey's Test
NI Amplitude | Ring | AR £ 300 230642 Us0 1163 £ 1.3 b Cataract luvel EY 23
n¥idep2) Ring 1 Lo £ 132 1269 108 451 =676 p=0.000%  Fj2,162|=45.33 | ke
Ring 3 9604 £0.72 TeY s 7Y 645 0.49 Ring S .
: Ring 4 £.08 £0.54 [REEE 4561 054 p=.an0*  FfS,162|- 187 501
| Rings 478 £ 04y S04 - 030 306 044 activn i
i Ring 6 393 4136 194 - (.49 34U+ 4.4 p=0000*  F| 10162 -10.676
. : ' Ring | S 4 209 44.5% 2540 =254 Cutaraet ievel * e
(nVedeply T Ring 2 LA 1746 = 1,55 p=0.000%  F|2,162|-62.143 ol
Rinp 3 1443+ 243 1287 =1.29 Ring *
Risy 4 1242 172 Y349+ 1.Y7 p=0.000% F|.162|-266.4973
Ring 5 REFETRT 847 = (0.6 Interaction
Ring 6 ¥ 37 1 066 AWz 051 puL00*  Fll0,i02[=16.320
N1 Latengey L Ring | WGyl N =074 Catiract level
Ems) i Ring2 1459 & G5y 21251078 ] pE0DD0O® F|2E62]=11.689
fi{ll’ig} [EREE N R] 20330 079 R
Ring 4 1451 1 ¢34 24575 = .63 pru 6L FIS, 162 =520
' Ring & 14,32 14359 243 152 Euteractivn
Rinp 6 |97 L 0es 1394075 p=1.724 Fl 10,162 [=0.700
[P Lateacy Ring 1 L I8 30 1 061 Cataract level
{ms) Riny 2 1742 £ 455 o4 od iU = 065 PriL* FI2162]=11.753
Ring 3 1732 11321 3691 1 639 3875+ 002 Ring,
Ring 4 1664 £ 624 T 35.29 4 LA R
Ring S 31764 4 G.GU 3691 i3l 3840 & Uel [nceraction p
Ring 6 1772 1043 3005t 0] 38,49 4 (167 Pl FilGI62[=U23 !

re presented as inean = 1 3EM
Szt heant dirferenee |

0.05 ) amang three conditions

* Reswcts ditfer srgn ficacty between very mnd cataractand mild cataract (P05 )

& [Rosulis difter significantly between v

ry wild and mederate cataracr (P<0.03)

a Resuits differ sign:ficantly between mikd cataruct and moderate cataract (P<0 03)



Resulis

The effeets of different degrees of cataract on mfCRG waveforms weres shown i
Figure 12.2. Tahle 12.2 shawed the mfERG waveform parameters and statistical
findings (N1 latency, PI lateney. N1 amplitude, and 1 amplitude)} when responses
were groupad in six concentric rings. There were statistically significant effects of
cataract on the N1 amplitude and Pl amplitude and thore were statistically
significant effects of ring grouping on NI amplitude and P! amplilude for cach
cataraet level. In addition, there was a significant interaction betwean cataract leve]
and 1ing grouping for both N1 amphtude and Pl amplitude. Tukey multiple
compuarisons lest showed that N1 amplitude and P1 amplitude from ring 1 to ring 3
decreased stgmficantly w the subjects with imoderate cataract, but N1 gmplitude and
Pl ampliude trom ring 4 to ring 6 did not change sigmihcanily i subjzcts with
moderate cataract {Figure, 12.4A and Figure 12.48).

There were statistically sigmificant effects of calaract level on the N1 latency and
P1 latency but there were no statistically significant effects of ring grouping on N1
latency and 1 latency for each cataract level. In addition, there was no significant
mreracticn berween cataract leve! and ring grouping for cither N1 lateney or ']
lateney. Tukey multisde comparisons test showed that subjeets with maoderate
eataract had sipnificantly Tomper NI latency and P1 laleney than the subjects with

very mild or mild cataract.
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Discussion

A recent study on a single subject with cataract showed that mfCRG
responses {first order kernel response) were lower than in normal subjeets of a
sutdar ape. but 1l wus unclear whether the reduction was in the central retinal
responses or peripheral retinal responses (Yoshil et al, 2000b). Qur study confirms
and extends this tinding: the reductions in mfERGs were related to the severity of
nuclear cataract but enly over central reunal areas, In addition, our study found that
the P2 amplitude n the first order kernel responses with a lalency of about 60msec
was reduced in subjects with moderate cataract (Figure 12.2). Recent studies have
painted out that this P2 response is related to the first shce of the second-order
<ernel response (Hood, 2000, Sutler, 2000, Shimada & Iloriguchi, 2003), In Figuie
12 4. these second-ovder responses demonsirate the effects of different degrees of
cataract: the first slice of the second-order kernel response was undetecrable in
subjects with moderate cataract. This is likely to be the results of the forward tght
scattering produced by the cataract which ahalishes the acrivities related 1o
antagon:stic characteristics atl inner retinal layer.

It is well-known that the amounmi of light scattering (both forward light
scatlering and backward light scattermg) increases with increasing age (Hemenger,
1990, Sik el al, 1992, Whitaker et al., 1993}, Lighl scattering oceurs due (o the
presence ol mseluble protes o the lens {Kamer et al,, 1987) With increasing syge.
there 1s an increase in the amount of wsoluble lens protein. so the ameunt of huli
scatlering witl increase us the orieria tor Mie scattening are met (Heavens &

Ditchbum, 19915 In the calaractous lens, forward light scattering reduces the
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contrast of the retinal image. Backward light scattering reduces the amount of Light
reaching the reting, as light is scatered back from the eyve toward the light source
(Elliot, 1993),

Previous studies have shown that mfERG responses (P1 amplitude) from the
eentral and pura-ceniral retina decreased linearly when stimulus luminance is
decreused (Brown & Yap, 1996, Chan & Brown, 1998, Yoshii et al., 2000h, Farmne
& Johnson, 2002). Yosh:n el al. {2000b] alse found that P! lateney increased linearly
with decieased imean luminance. Brown and Yap (1996) showed that the mfERG
responses decreased linearly at all retinal ecoemricilies when the stiimulus ¢ontrast
way decrgased, On the basis of these reports, cataract should reduce centrul and
peripheral mfERG responses and may increase Pl latency, In our study, we also
tound that subjects with moderate cataract had longer N1 and P! latency than the
subjects with very mild or mild cataract. Ilowever, we found that central retinal
responscs were decreased but peripheral retinal responses were not. This finding is
shehtly different from onr previous studies (Chan et al, 20022, Tam ct al | 2004},
which found that central miBERG responses were redueed, but peripheral retinal
respomses were inerensed under light searering conditions. This may be due o the
difference of iuminance reduction hetween the real cataract cazes and the simulated
cases. Although the luminance reduction plays a role w influence the mfLRG
responses, we can ¢onslude generally that light scattering caused by media opacities
¢ant afTeet the umplitude of mERG responses (Gulloway, 1988, Chan et al., 2002a).

There huve been several studies on the effect ol aging on mlERG twopography

(Mohidin et al,, 1999, Fortune & Johuson, 2002, Gerth et al., 2002, Jacksen et al.,



2002a, Nabeshima et al., 2002, Gerth et al., 2003, Trekav ct al., 2004), Mohidin ot
al. (1999) found that the decrease in response density in aged cyes was muainly
within the central 10 degrees diameter of the retina, with no significan! reduction in
peripheral responses. However, the oldest subjecr in their study was only 52 years of
age, Nubeshnoy et al, (2002) reporled although the reduction of response densiry
was the greatest in the cenual retina, the peripheral retinal responses also decreased
with moreasing age, Since the study from Nabeshuna el al. included subjects with
slight nuclear opacity, 11 1s not clear whether the age-related effects vn the m{ERG
were due to neural factors or aptical factors, Fortune and Johnson (2002) adjusted
their mfRG data for the effect of reduced lens transmission and pupi! diameter (o
ared subjects o rule out the effect of optical factors and thev found that the decline
of MERG responses with age could be atiributed to optical factors. They concluded
that nocural factars only played a small role which was mainly restricted 1o the central
(5 deyreesy of the retinal responscy (Fortune & Johnson, 2002) Gerrh ct al. (2002
calculated the effect of media opacities {decrease stimulus Inminance and contrast)
on mERG topography and indicated that the effect of aging on mERG is due
both optical and neural factors (Gerth et al., 2002). Gerth et al. (2003) further
showed that the uge-relsted decrease of the isolated flash response was due to both
eplical und neural faclors, However, two recent studies strongly <laimed that smalley
mfRRG responses i the elderly were due 10 neural (actors rather thun optical factors
tJackson ¢t al., 2002a, Sewple ot al, 20033, The most recent study by Teekov el al,
(2004) found thar the age-related decrease of miERG response was sigmificantly

higher for the superior than for the inferior retina. The results of these studies,
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theretore, suppest that each luborutory should establish normative values for older
adults (Molndin et al., 1999, Fortune & Johnson, 2002, Gerth et al., 2002, Jackson ot
al., 2002a, Nabeshima et al,, 2002, Sciple el al., 2003),

The results of our study suggest that the presence of catgract should be taken
into consideration in the chmcal application of the wiiERG. According o the
guidelines from the Intcrnational Society tor Clinicat Electuophysiclogy of Vision,
each laboratory should develop nommative data as there mav be variations in
recording caquipment and techniques (Marmor ¢t al., 2003), We. therefore, alsu
suggest that cach laboratory should also establish ils narmative values for different
degrees of cataract, if the elinician wishes to use the mfERG to assess retinal

function hehind a cataractous lens.



Experiment I11

Comparing the multifocal electroretinogram before and after
cataract surgery. Carr Epe Res, 30 (7), 593-399
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Chapter 13, Experiment 1! - Comparing the multifocal electroretinogram
topography before and after cataract surgery

Abstract
Purpose
To determine how the topography of the multitocal electroretinogram (mfERG) 15

affeeted by nuelear cataract,

Mecethads

Multitfocal electroretinngrams were recorded trom ten clderly subjects (10 eves) with
nuclear cataraet of grade five (1.OCS [1) hefore and after cataract surgery
{phacoemulsification). Their visual acnities before the cararact surgery were between
612 and 6/1%. The postoperative period was from 2 t¢ 3 maenths. None of the
subjecls hud any significant eve disease apart from cataract. The m{ERG responses
were grouped inlo six coneenirnic rings for analvsis, Both the amplitudes and the

ltencies 0L N1 and P1 ol the first order responses were used for analysis,

Results

N ampliode from ring 1, and 1 amplitude from ring 1 and ring 2 increased
significantly after cataract surgery. NU and P1 amplitude from ning 3 1o nng 6 did
not change significantly after cataract surgery. Latencies from ring | to ring & werg

tiot changed significantly.



Conclusions
Nuclear cataract affects the topography of the mfERG, reducing the amplitudes of
ceniral responses, so clinicians should be aware of these changes when intarprering

MIERG responses in cataracl patients,
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Intreduction

The conventonal clectroretinogram (Full-ficld flash} ts a valuable tool for
exaimuation of retimal function. By choosing appropriaie test parameters, rod and
vone responses cun be tested separately (Marmor & Zrenncr, 1998). Since the full-
licld flash ERG can only represent the whele retinal summared responsc, it s
unhkely 1o reveal subtle, local reiinal damage. Although the pattern ERG and foeal
LRG can be used to assess maculur [unction (Miyake, 1998, Holder et al., 2003),
these responses shll cannot provide topograptucal nlermalion o deseribe retinal
function. The newly developed multifocal electroretinograrn (mIERG) by Sulter and
Tran (1992) has proved able to detect local retinal damage in retinal diseases such as
age-relatled macular degeneration, diabetic relimopathy, and retinitis pigmentosy
(Sutror & Tran, 1992, Chan & Drown, 1998, Ruether et al., 1998, Chan & Browi.
1999 Kratschimann ct al, 1999 Marmor & Tan, 1999, Chan & DBrown, 2000,
Chappelow & NMarmaor, 2000, Hood, 2000, Kondao et al | 2001, Marmor et al., 2002,
Haod et al., 2003),

In most clinical sudies, the recriited suhjects have been nominally without
media onacities (Fortune et al., 1999, Kondo et al., 2001, Palmowski et al., 2002}, as
the confounding effects of media cpacities (e.g. camaract) on mfERG topography
should be ruled out. However, most patients with commen retinal diseases such as
age-reluled macelar degeneration are elderly. In addilion, patients with diabec
retinopaiby are hikely o develop cataract (Rotnni el al, 20033 1L i, therefore,
mportant wounderstand the eltects of cataract on mIERG wepouraphy, when we want

te use LRG0 many conunoen reling] conditions.
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Previews studies have found that weaker central retinal responses can be
recorded i simutated catwract conditions (Yoshii et al.. 2000h, Chan et al., 2002a).
A study comparing the mtERG topography before and after cataract surgery also
showed that only the mfERG responses {rom the central retina change significanty
afler cataract surgery (Wordehott et al, 2004), However, tus study included
subjects with various kinds of calaract (e.g. nuclear calaract, corlica] caturact, and
pasieriat subcapsular cataract). Previous studies have shown that dilferent kinds of
cataract have different effects on visual function (Elliot et al., 1989, Maaimi 21 al.,
1994} For example, nuclear cataract and cortical cataract mainly atfect the contras
sensitivity at high spatial frequeney. but posterior subcapsular cataract affects the
contrast sensitivity at both high and low spatial frequencics (Ellotl et al., 1989),
Therefore, differem kinds of cataract may have different cftects on mfERG
topography. As nuclear cataract is most common (Mitchell er al, 1997, Sasaki ot at |
~002), we have nvestigated the effects of nuclear cataract on miERG topagraphy hy

comparing mERG responses in patients before and after cataract surgery.



Methud
Subjects

Ten clderly subjects aged 65 1o 75 wears (average age 69 years) were
measured wsiug the mIERG 2 woeeks before and 2 months afier cataract surgery
{Phacoemulsitication). All surgery was perfornmed by the same surgeon: all subjects
had intraocular fens (IOL) lmplantaton, Six patients were female and four were
male. All these subjects had nuclear catatact. The nuclear upalescence (NQ) of all
these subjects were grade 5 according to the Lens Opacities Classilicalion System 11
(LOCS I} (Chylack et al, 19943a) and their preoperative best corrected visual
aeuites [VA) ranged from 612 to 6/18. After cataract surgery, al! these subjects had
the best carrected VA of frf

Torensure that all subjects were free of retinal disease in the tested eve, thev
recerved an eye examination meluding visual acuity asscssment, biomicroscopy,
tonometry and indirect ophthalmascapy. All of the subjeets were in good general
nealh, Research procedures in shis study followed the tenets of the Deelaration of
Hetsinki. All procedures were approved by the Ethics Committee of The Hong Kong
Polvtechme University. Informed consent was obrained from all participaiing

subjects after they were given an explanation of the study.

Stimulus Conditions
The VERIS Science 4.1 system {Electro Diagnostic Imaging [ne., San Mateo,
AL USA) was used to record the mfbERG. The stimwlus matnix consisted of 103

scaled hexagonal elements presested on a high reselution ROB 19 monitor (Sony,
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QDM-500P3 Jupany with frame rate of 75 Ilz, which was controlted by a video card
{from Electro Diagnostic hnaging Ine.) in 3 Machintosh G3 computer. The stimulus
hexagons were individually moedulaied between white (165 ed‘m”) and hlack 3
e’} according to a pseudorandom mesequence (Sutter & Tran, 1992). The
luminance of the surround was set at 84 cdan®. A 0.8 deg (pen diameter 1%) red
fixanon cross was used. This momior subtended a viewing ungle of 412 vertically
and 237 horizontally at a viewing dislance of 40cmi. The diameters of ditferent
stinulus rings were: Ring 1 (central hexagon): abour 2.3°; Ring 2: ahout 2.3% 1y 7.89;
Ring 3: aboul 7.87 to 14%: Ring 4: about 14 to 22.4% Ring 5: about 22.4" w 3[7

Ring 0; about 31° 10 40°.

Recording Conditions

Pupils were dilated with 1% {ropicamide {Mydriacyl, Alcon, Belgium) with
pupil size at least 5mim. A Dawson-Trick-Litzkow {IdTL) electrode was used as the
active clectrode. The reterence and ground electrodes (Ag-AgCl clectrode) were
attached to the wpsilateral outer canthus and forehead, respectively. Only one eve of
cach subjoet was tosted and the untesred oye was patched during recording The
resting distance was 40cm. Refractive crrors were fully corrected at that viewing
distance. The signals were amplified by 100,000 with band-pass from 3-300H7
{Grass Instrument Co., Quincy, MA. TISA}Y. No line filter was nsed. A hinary m-
sequence of 2 was used for recording mfERG. Tortal recording time was 7 min 17
see 1 gach complete recording. Each recording was collected in 32 segments of

approxiiaiely 14 sec in cach sepment, Subjects rested lor o lew secunds between



segiments, Any segmeni with breaks of fixation, eye mavements, ar blinks was

discarded and recorded upain.

Analysis

For the purpose of data analysis, the mtERG responses were grauped in six
concentrre rings; responses with similar cceentricitics from the cenlral foveal
responses were grouped together (Figure 13.1). In this study, only the first order
kemel responses werg analyzed. In addition, amplitudes and latencies of N1 and P
were evaluanted. We defined the first negative and positive deflections of the mfERG
as N1 and P1 orespectively. The amplitude of N1 was measured from the baseline o
the lirst negalive peak. The wmplilude of P1 was measured from the first negative
peak to the first positive peak. The latencies ol W1 and PPl were defined us the (ime
pertods from the stunulus onset to the peak of NI and P responses, respeclively,
Differences between the results of pre- and post-cataract surgery were evaluated
statistically using Two-way repeated measure ANOVA [using two conditions (pre-
cataract and post-cataract} x 6 rings as the main factors]. When a significant
lnteraction was found, multipte pairwise comparisons with Tukey™s test were used to
compare cach group and p-valucs Ioss than Q.05 were consideored statistically

significant.
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Before a cataract surgery

After a cataract surgery

Figure 13.3. The mfERG topography (trace arrays) of a typical subject. (A) Before a

cataract surgery. (B) After a cataract surgery.

Figure 13.4. A typical subject’s responses waveforms from six concentric rings: (A)

Before a cataract surgery. (B) After a cataract surgery.
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Table 13.1. Two-way repeated measure ANOVA was used to compare (he
resulls before and after cataracet surgery.
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All values are given as mean + 1 slundard error of the mean
*p<0.035 was considerced statistically significant
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Results

in Figure 13.2A and 13.2B, the N1 and Pl anplitudes are shown graphically
to facilitate the comparison of mfLRG responses before and after cataract surgery. In
Figure 13.3A and 1330, the trace arravs of a typical subject before and afler cataract
surgery arc shown. In Figure 1344 and 1348, the waveforms from six concentric
rings of a tvpical subjeet before and after cataract surgery arc shown. Table (3.t
shivws the mERG waveform parameters (N1 amplitude, P1 amplinede, N1 latency
and Pl latency) at different eceentricities before and afler cataract surgery. N1
latency and PI latency did not change significantly afier cataract surgery. Howoever,
N1 and Pl amplitudes changed significantly afier cataract surgery. As there was a
significant tnteraction between conditions and rings for N1 and Pl amplitudes. it
means that the effect of cataract surgery on N1 and P amplitudes depended on the
rings. Therelore, we lwiher used imultiple pairwise comparisons with Tukey’s test Lo
Tiad wluels ruges show sigmificant dilference alter cataract surgery. We found that the
N1 oamplitude i oring 1 omersased sigmificantly atter cataract surgery. The Pl
amphitude from ring | and ning 2 also increased significantly after cataract surgery.
ln adduion. lable 13.1 shows that the percentage of reduction of NI and Pl
amplitudes due to cataract was considerably higher at ring | and ring 2 than trom
ring 3 1o ring 6, bul the percentage of reduction of N1 and 'l amplimdes due 1o

cataract was similar from ring 3 to ring 6.



Biscussion

A previous study reported that the amplitudes of the a-wave and b-wave ol [ull-
ficld (tlash) ERG are not significantly reduced n cataractous eves (Cruz & Adachi-
Usami, 1989} Other studies reported that cataract can reduce the amplitudes of the
a-wave and b-wave of scotapic flash LRG (T{urst & Douthwaite, 1993, Fishman,
20071). Howewver. a larper than normal scotopic flash ERG response has also been
recorded in patients with eataract (Galloway, 1988) Galloway (1988} sugsested that
this might he dug to the light seatiering effect (Ganzfeld cffect) of the cataract since
the response in the flash ERG is mainly generated hy peripheral rods. These
differing resulis may also be. in part, due to different types and different degrees of
cataract in the subjects used.

In this study, we restnicted owr investigation (10 the effects of nuclear cataract
(LOCSIT Grade 3} on miTERG topegraphy, We found that both the NI and Pl
amplitudes from he central reting inereased prominently aller cataract surgery, bul
ihe peripheral responses did net change signifivantly.

Our results difter from these of Aral et al, (1999 who used varous layers of
avrylie sheets 1o simulate different degrees of cataract. They showed that with t0
acrvlic sheets, which decreased visual acuity to 20/70 {6/2 1), the responses from ring
| and ring 2 decreased only slightly and responses from the other rings did not
decrease greatly. They, therefore, concluded that the mfERG is not sensitive to the
effects of light scattering and that there 15 no need to eonsider the effects of cataract
an mfERG recording in elderly patients (Aral et al., 19997, However, our study

found tha: PL amplitudes from ring | and ring 2 increased significantly after cataract
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surgery. This agrees with the results of a case study presenled by Yoshii et al,
(2000b}, which showed thal a patient with cortical valaract had a weaker central
MFERG response than normal elderly subjects, They advocated that oplical fuctors
shanld not be ignored when analyzing the mfCRG topography in patients wilh
cataract.

Those patients with cataract have weaker responses from the central retina and
this can be explained as follows, Firstly, scatrered light may be less effective in
oliciring the cone response. According to the Stles-Crawford cffect, light which is
incident directly along the cone axis will be a mare effeetive atimulus, As part of the
scatterad fighr is likely to be incident at a range of angles, the probhability of phalon
absorption should be reduced. Secondly, the stimulus luminance is reduced, as the
caturact absorbs light of wavelengths from 4530nm to 630nm (Seland et al., 1992)
and the backward light scatiening reflects lrghl out of the eye (Ellioty, 1993). Thirdly,
the cataractous lens reduces the contrast of the stnnulus, us forward light scaller
produces a veiling luninances, which is superimposed on the retinal unage (Elliot,
19450, mFERG responses from the central and peripheral retina decrease when the
contrust or funinance of the sumulus 15 decreased (Brown & Yap, 1996, Chan &
Brown, 1998, Yoshil et al., Z000b, Raz et al., 2002). Consegquently, we muight expect
that a weaker mfERG response from the contral and peripheral retina would be
rceorded fhom patients with cataract. Howcever, in our study, the contral retinal
respenses decrensed significantly bur the peripheral retinal responscs did nat change

significantly. This suggests that the effects of a cataract are not only to decrease the
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cantrast and hueminance of the retinal nnage, but also to act as a diffuser 10 canse
light scattering and to produce the “Ganzfeld ¢[1ect” (Buriun & Burns, 1966).

In additton, the ceniral responses in subjects with moderale Jegree of cataract
appear noisier {Figure 13.4), as subjects with moderale Jdegree of cataract may find
difficult o fixale steadily at the central mark. Therefore. the very wild instability of
fixation may oceur in these subjects (Fortune & Johnson, 2002). Chisholin et al.
(2001 sngrested that poor fixation mainly affects the central responses, so only
central respanses appear noisicr than peripheral responses.

In our previous smidies, we found that forward teght scartering could increase the
peripheral mfERG reaponses and reduce the central mfT'R(G responses (Chan ot al
20023, Tam et al., 2004}, In this swdy, the mean stimulus luminance was decreased
by the cararact. Therefore, the fact that the peripheral mfERG responses are not
sigmificantly changed under media opacities may be due 1@ the effects of forward
lighl scallering, which counteracts the effects of luminance and contrast reduction. In
addition, owr previcus studies found that the second positive peak (P2) was
diznunished under Light seattering conditions (Chan et al., 2002a, Tam el al.. 2004,
In the present study, we found thar the P2 was not obvious before cataract surpery
(Figure [3.4A), but it was more promineni after cataract surgery (Figure 13.4B8),
This finding is similar to the study by Shimada and Heriguchi (2003), who also
foutd that I'2 was not abvious when responses were elicited by stray light (Shimada
& Horiguchi, 2003},

In this experiment, we studied the influence of cataract on the mtERG

opography by comparing mfERG responses before and afier cataract surgery with
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[OL unplantativn, As the surlace and the edpe of the IOL may ¢ause light to scatter,
it 15 possible that the optics of the [OL and residual lens capsule may affecr the
mfbRG results especally under mydriasis. Recent studies showed that there mnay be
iternal retlections al the 1OL surface and the 10L edge (Erie et al., 2001, kErie &
Bandhauer, 2003). The 0L surface could causg intermal reflections as light reflected
from the fundus can be directed to the anterior surface of the 1OL and then be
teflected back to the retina to form a glare image (Erie & Dandhauer, 2003).
Alhaugh the internal reflectivity of the IOL s higher than a clear human lens, the
intensity af the internally reflected glare is very low (Frie & Randhaucr, 2003). In
addition, the [OQL edge would produce a glare image when light is directed 10 the cye
at about 35 degrees 1o the oplical axis (Holladay et al., 1998). As our stimulus is
about 20 o 25 degrees 10 the optical axis, we would not expect substantial glare 1o
be produced by the edge of the IOL. Therefore, the internally reflected light from an
FOL edpe und TOL surlaecs would nol significantly reduce the gualilty of vision in
norial conditions (Tester el 1l 2000, Ere & Bandbauer, 2003 In fact, 4 previous
study found that the contiast senaitivity o subjects with [OLs 15 better than that ol an
age-luatched phakic population (lester et al., 2000). We, theretore, believe that the
scattered  light produced by ihe 1OL and ihe vesidual lens capsule would not
significantly affect the mfCRG topography in this study.

A provious study investigated the effect of cataract on visval threshalds using
Octropus automated  perimetry hefore and after cataract surgery (Guthauser &
Flammer, 1958} They found that the effeets of cataract an the visual field sensitivity

were sightly greater in the central than in the peripheral region. although thyy result
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has not been confirmed m 4 sudy using the Humphrey Visual Field Analyzer (I.am
et ul. 19911 When we compured the percenlage of response changes in our daa
{Table 13.1% we were able o demonstrate thal cataracl reduced mIERG Lopoegraphy
mamly i the ¢entral retinal regron, while having nununal eliects in the pura-central
region. It also suggests that further vestigation 1s needed 10 study why peripheral
ik RG responses are not aftected by media opacities but visual ficld thresholds are
likely to be affected.

The results of this study indicate that nuclear cataract differentially reduces the
central mfERG responses. Caution should be exereised when interpreting mfERG
topagraphy 1 patients with moderate 1o dense cataract. Previous studies found that
the minimum size of scotoma that could be detected using the mtERG technique was
akaut § degrees diameter in size (Yoshii et al., 1998, Marmar et al., 2002). As light
can be re-directed 1o different parts of the rerina in patients with cataract or other
ocular media conditions rasulting in light scattering (Beckman gt al., 1992, de Waard
¢t al, 1992, Ellictt & Bullimore, 1993). the sensitivity of the mfERG to detect the
area of retinal damage might be compromised. Furlher studies are reguired 1o
tvesligale the sensilivity of the 1fERG 1o detect scolumata o subjects with media
opacitics. [n addition, the effects of cortical cataract and posterior subcapsular

cataract ol MfERG topography should also be studied.
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Chapter 14, Experiment I'V — Aging and mfERG topography

Abstract

Purpose

To study the effect of aging retina on the multifocal electroretinogram {mfERG).

Methods

Eighteen vounp subjects taged 18-23 years) and thirty-six elderly subiects (aged 60--
8% vears) with intraocular lenses (IOLs) were recruited for this study, No subjects
had eye diseases or media apacities The mfERG was measured in standard
conditions using the VERTS sysiem {version 4.1). There were three groups of 18
subjects: 1) 18-25 years, 2) 60-70 years, and 3) 75-85 years. The mfERG responses
were grouped nto central, paracentral and penipheral regions for analysis. The NI
amplitude. Pl amplitude, N1 latency, and PI latency of the first order kerne

responses were anslyvsed.

Rusults
Awge had oo ctiect on PU o latency., NI amplitude. and Pl amplitude w1 all three
regions: however, N latencies from central 1o penipheral regions were significantly

longer tor group 3 than for group .
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Conclusions
This study suggests that measured age-related decreases in the mfERG responses are
due 1o optical factors (decrease in retinal UHluminance and hight scatlering) rather than

retinal factors before the age of TU yvears.



Introduction

Many aspects of human visual [Uuclion ¢hange with age, including visual
acuity, contrast sensitivity, colour vision. visual [ield, and dark adaptatien (Johnsan
et ul, 1989 Werner et al., 1990, Turst & Deuthwaite, 1993, Jackson et al.. 1999).
The decline of visual function with age could be due to optical and/or neural tagiors.
Age-related aptical changes include the tight absorption, pupillary mivsis, increased
ocnlar sherrations, light scattering caused by the crystalline lens (Sample el ul,
|9¥%, Hennelly ot al, 1998). Except pupillary miosis, all these changes lave
negative effects on our visian. Filiatt et al. (1990) found that the contrast sensitiviry
of young subjeet with artificial senile miosis and neutral density filter is similar to
the condition without senile miosis and neutral density filter, Therefore, Elliott et al.
{1990} ¢laimed that pupillary miosis, which reduces optical aberrations, has positive
eliecls on our vision. Age-related neural changes include the loss of rods. cones, and
ganghoen cells {Gav & Huliyheld, 1992, Curcio & Drucker, 1993, Curcio e1 al.,
1993}, Psychophysical studies have demonstrated thal rod-mediated sensitivity for
older people is significantly lower than [ur younger people (St et al, 1997,
Jackson et al., 1998), and toveal cone sensitivity alse decreases wilh increasing age
especially after the age of 50 years (van Norren & van Meel, 1985, Kitbride ¢t al,,
1936). Lariier electrophysiological studies have shown age-related retinal changes
using various ERG test protocols (Weleber, 1981, Birch & Anderson, 1992], Since
(he development of the multifocal electroretinogram (mfCRG) (Sutter & ‘Pran,

1992), age-relmied retinal changes can be smidied topographically. The standard
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mil’RG atlows us to exantine the contribution of receptors and hipolar cells to the
clectrical response of the eve (Hood et al., 2003).

The effects of aging on mfERG twpography have been srudied extensively in
recent years (Mohidin et al., 1999, Fortune & Johnson, 2002, Gerth et al., 2002,
Jackson ot al. 2002a, Nabeshima et al., 2002, Seiple et al., 2003). Most of these
stidies have found that both eentral and peripheral mfERG responses decrease with
increasing age, but the decrease is more prominent in the central retina (Forlune &
Johnson, 2002, Gerth er al,, 2002, Jackson ot al, 2002a, Nabeshima et al., 2002.
Seiple ¢t ul., 2003). Fermne and Johnson (2002} concluded that the age-related
changes are predominantly due to optical factors. However, Jackson et al (2002a)
ang Gerth et al. (2002} argued that age-related changes in the mERG topography
are due 1o both opuical and neural factors, In normal elderly subjects, the crystalline
lens causes dght seatiering and would reduce the luminance and contrast of the
retinal stimulus, As luminance, contrast, and light scattering are known to affect the
mlLERCG supugraphy (Brown & Yap, 1996, Chun et al, 20023), lens changes will
complicate the interpretatton of the miERG [indings in the elderly. In addition, our
experiment M1 and the study by Wordehott ot al. (2004} found that patients had
larger mfERG responses afler ¢ataract surgery., One way to minnize the gptical
effects of media opacities on the mfERG of elderly subjects 1s to choose subjects
wha have had cataract surgery with the implant of an intraoccular lens (IOL) (Owsley
et al, 19%35) Provided the posterior capsule is clear, the mfCRG would then be

expected 10 give a reasonable reflection of neural losses from the retina.
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fhe aim of this study was (o investigate the neural effects of aging on
mfl:RG topography, by examining patients after [OL implant surgery; we compared
mfERCG topography in young subjects and wo groups of older subjects with 101 s
Amplitudes and latencies of the first order kernel respenses were analyzed in this

study.
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Method
Subjects

We examined 54 subjects whose ages ranged from 18 years 1o 83 years. Fach
of three groups contained eightesn subjects ol sunilar age: 1) 18-25 years, 2) 60-70
vears. 3) 75-85 years. All subjects in group 2 and group 3 had undergone cataract
surgery  (phacoemulsification)  with  10Ls implanted, without postoperative
complicarions. The subjects in group | were students at The Houg Kony Polytechnic
Univeraity and the subjects in group 2 and group 3 were recruited from a privale eye
elinie,

All of the suhjects were in good gencral health. To ensure that all subjects
were free of renmal disease in the tested eye, they reccived an eve examination
including visual acuity assessment, homicroscopy, fonometry, and  indirect
ephthalmoscopy. All subjects had the best corrected visual acuity of &6 or better
and refractive errors iess than + 3.00 T with 1ess than 1.00 D astigmatism.

Research procedures in this study followed the tenets of the Dectaration of
ITeisinki. All procedures were approved by the ethics committee of The Hong Kong
Polytechnic University. Informed consent was obtained from all participating

suhjeers afier they were given an cxplanation of the stdy.

Stimulus Conditions

The VERIS Science 4.1 system {Electro Diaghostic huaging Inc., San Matey,
CA, USA) was used to record the mfERG. The stimulus matrnx consisted ot 103
seated hoxagonal clements presented on a high resolution RGB 197 monitor {Sony,

GDM-300F3, Tapan} with frame rale of 75 Hz, which was conrrolled hy a video card
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(fram [lectro Diagnostic Imaging Inc.) in a Macintosh G3 compuler. The stinulus
hexagons were individually modulated hetween white (165 cd'm”) and black (2
cdim’) according 1« pseudorandom binary m-sequence (Sutter & Tran, 1992). The
luminance ol the surround was set at 84 cd/m’.  The monitor subtended a Vigwing
ungle of 437 vertically and 36.6° horizontally. A red central cross {0.8 dep: pen
diameter 19) was uscd to assist fixation. The diameters of dufercnt stimulus rings
were: Ring 1: about 8.9% Ring 2: about 8.97 (0 25.2%; Ring 3: about 25.2° to 43.94¢

These were modelled on thuse used by Seiple et al, (2003).

Recording Conditions

Pupils were dilated with 1% tropicamide (Mydriacyl, Alcon, Belgium) to
pupil stz al least 6mm. A Dawson-Trick-Litzkow (DTI) electrode was used as the
active eleetrode. The reference and ground electrodes (Ag-AgCl clectrade) were
allached Lo the ipsilateral outer canthus and forehead, respectively. Only onc eyc of
cach subject was tested und the olher eve was occluded during recording. Refractive
grrors were tully correcled for the 35 em vigwing distance. The signals were
amphtied by 100,000 with bund-pass [romn 3-300 Hz (Grass Insuument Co., Quiney,
MA, USA). No line filter was used. The binary m-sequence of 2% was used for
recording mfERG. 1otal recording time was 7 nun 17 sev m each complet
recording. Fach recording was collected m 32 segments, cach approximately 14 se¢
m lengrh: subjects rested for a few seconds between segiments. Any segment with
breaks of fixation, cye movements, or blinks was discarded and recorded again. The
recording conditions were performed according to the puidelines of International

Society of Clinical Electrophysiology of Vision (ISCFV).

168




Anulysis

For the purpose of data analvsis, the mIERG responses were wroupsd inw
three regions. ab conaal, by paacentral, aud ¢f peripheral (Figure 14100 as this wl
arcutly nuprove the signal-to-noise rotio of the miLRG mesponses (Seiple et al.,
3003

I this study. the first-order keenel responses were analyzed Amplitudes and
latencies of N1 oand P1owere evalualed, We defined the first nopative and positive
deflecnions of the MERG wavetorm as N0 and P1. resnectively. The amplimde of
NI was messured frem the baseline 1o the first negative peak. The amplitde of Pl
was meisired from the ficst negatve peak to the tirst positive peak. The Tatencies of
N1 oand PLowere defined as the e periods from the samulus onser W che peak of
N and PIoresponses. respeeineely, The elTects ol agmg on central, pardcentral, sl
penipheral regons wers evaluatled by Dwo-vwavy ANOVA (using three groups x 3
rewions as the main factorsy, The Tulew [ISD multiple comparisons test was used as

ansf-foc test P-values less than 0,03 were considered statistically significant.

Figure 141, 163 local responses wore grouped into three regions thr analysis
ventral. paracentral, and peripheral.
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Table 14.1. Effecl of uging on m{ERG
from three concentric rings.

responses (first order kermnel response} parameters and statistical findings: Responses

Group 1 Group 2 Group 3 Tweo-way ANOVA i
MY amplitude R | 15737 £ 100 1418« 082 1357 £ 135 Group '
(valegh pm 0287 FI2O 183021052
Regron 2 .49 1 G.48 G453 e 134 509052 Region
p=0.000 F|2, 151 =176.6
Regoe 3 3741052 478 L 033 199028 Interaction
p—0.379 [F|d, 183 -1 us4
Pl amplitwle Regive | ERLHET N 3104« 154 3125193 Group
oVl p=1.551 2,153, =050
Regar 2 13.84 £ Q.06 1372+ 098 1438= 103 Region
p= 0000 FI20 653 =2a0d
Regian 3 8432051 XL ERE LR N1 Inmeraition
p= 0376 Fi4. 183 < Lbe3
NT latgngy ez 18.99 £ (.35 1909 = 10.73 19600 5¢ Group
(ins) p=0013* Fi2, 133 -a 46y
Reon 2 17.74+022 9,15 £0.57 1932+0.59 Region
p=0.164 FI2, 153 -i8}
Regon 3 18804 0.36 1947 £ 0.45 20262 0.4y Interaction
p=0.714 K4, 151 =053
PI latenty Raewion 1 33031062 M en?3 Ma9 07 Graup
() p=0.181 Fl2 153 -1.717
Rzgn I RELICIINRINGE] B80T I54) 0.7 Regrion
p= 0370 F|2, 183 =043
Repion ¥ 3458 = il RER. TN ] 1563070 Iteraciion !
p=0.991 Fd, 15310009

Data are

* Significant difference (p< 0.05)

presented as mean = | standard error of the mean
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Figure 14,2, First order kernel response. (A) Mean NI amplitude, (B) Mean Pl
amplitude, (C) Mean N1 latency, and (D) Mean P1 latency of three regions for three
groups of subjects of different ages. Error bars are + 1 standard error of the mean.
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Results

Fhere were no elfects of age on N1 amplitade, but there were stalistically
signiticanl effects of region grouping on this parameter for cach age group (Table
14.1; Tigure .42A). ‘Tukey HSD mulliple comparisons test showed that NI
amplitude among these three regions differed significantly. There was no significant
interaction of age and region grouping fur N1 amplitude. Findings were similar for
P amplitude (Table 14.1; Figure 14.2B); P1 amplitude decreased significantly with
mereasing cecenineity as expected, but there were no staustically significant effects
of age and noe significant interaction effects.

There was a statistically significant effect on latency for the NI component
{Table 14.1: Fignre 14.207) with responses of the younger subject group (Group 1)
faster than those of Group 2 by about 0.72 ms, and those of Group 2 faster thau thuse
of Group 3 by about 0.49 ms. However, Tukey HSD mulliple comparisons test only
showed that N1 lateney from group 1 significantly differed from group 3 (p=0.01).
There was no statistically significant retinal location effeer and na significant
mteracuen effegl. For P1 latency, however, while the trends in timing of the
respunses were similar o these of the N1 response (Table 14.1; Figure 14.2D), there
wete o stalisucally significant effects for age group. regions and no inferaction
etfect. I'he tvpical wavelonns oi the mERG in these three groups of subjects were
shown in Iigure 14,3, Tae wavetorms mn these three groups of subjects did not show

any signiticant differences,



Discussian

The number of ¢cells in the tuunun cerebral cortex decreases with incrcasing
age (Henderson et al., 1980} and the function and anatomical structure of the reting
also change in aging (Liem et al,, 1991, Gao & Holly[iekd, 1992, Curcio et al., 1993,
Tackson ct al., 2002b). It is well-known that visual functions such gs visual acuity.
COBLTASL SCNsiNvity, vernicr acuity, and colour vision decrease with increasing age
(llurst & Douthwaite, 1993, Li et al, 20007, The decline of visual functions could be
duc to optical tactors or neural factors. Therefore, when we study the effect of aging
on visual function, the effect of cataract should nal be ignored. Nevertheless, some
of the visual functions are reported to he resistant to age-related changes. ‘Fhey
include  positional  acuity, certain  colour  constancies, maodulatien-induced-
desensitization, the Westhaimer function, and the Stiles-Crawford offect of the Mirst
kind (Enoch et al., 1999}, implying thar not all kinds of neurons in the visual system
are allecizd by age (Enoch et sl 1999),

I this study, we only found & main aging effecr on MERG N1 latency since
only summed responses showed thal N1 latency increased significantly when we
compared young subjects and pseudophakic subjecls vver 75 yeurs of age. Our
resuits indicate that the age-related changes ot the miERG topouruphy belore age 70
years are caused by optical factors rather than neural factors.

An carly study comparing the mfCRG topography i ditferent age groups
(18-22 vears, 33-37 years, and 48-52 years} showed that P1 amplitude trom the
central reving (1 dep in diameter) deereased significantly in the oldest group

{Mohidin et al.. 1999, but this study did not show changes in N1 amplitude, NI



fatency, or Pl [atency with increusing age, However, Tzekov or al, {2004} showed
that 'Y amphtude decreased and P1 lutency increased with increasing age. They also
found that the decrease of Pl amplitude [romn superior retina was faster than inferior
retina, but the decrease was similar tor both nasal and temporal retina. Nabeshima ¢
al. (2001) also found that subjects over 40 years of age showed reduced P
amplitudes trom the central retinal region (0.4 degrees in diameter). Subjects over 50
years of age had lower Pl amplitudes in the central and peripheral relina (50 deg
diameter) compared to 20 years old subjects. Ilowever, P1 latency did not change
significantly with inereasing age regardless of eccentricity.

Jackson et al. (2002a) cxamined the effect of pupil size and media opacitics
on MFERG topography. They demonsirated that pupit size and media opacitics coutd
reduge 1the mfERG responses. They concluded that bath optical factors and neural
faclors (2.2 slowed temporal adaptation in the aged retina) caused the age-rolated
changes in the miTERG topography. Witheut accounting for the effeets of pupil size
and media opacities, Jackson el al, (2002a) found that both central and peripheral
retinal responses (N1 and P1) decreased with increasing age and the greaest
reduction oceurred in the central 10 degrees of the reting, They further showed that
average NI and Pl latencies in elder subjects were lunger than in young subjects.
However, Dolan et al. (2003) showed that PL aiuplitude and lateney in the peripheral
reling (60-90 degres of visual field) did not change signiticantly wilh increasing age
even in subneets up to 7% years of age

Our results weore similar to those of Tortune and Johnsen (2002) which

showed that PI amplitude decreased and P latency inercased at all eccentricities



with increasing age in nonnals: they atiributed the decline of the mfERG responses
with age to optical factors rather than 1o neural tactors (Fortune & Johnson, 2002).
Aler adjusting for the ettects of pre-retinul optical factors, they demonstrated tha
P1 latency did not change sigruficantly with uge and only PL amplitude from the
central reting was slightly reduced with age. lowever, Gerth el al. (2002) showed
that oprical tactors, which reduce retinal illuminance and incresse intraocular
scattering, could not fully aceount for the age-related decrease in infERG response,
They helieved that the reduced responses in aged subjects miglt be atlributable 0
age-refated cell loss in the retina (Gerth el al,, 2002). Their fater study lurther
detmenstrated that the aging offect could also he observed in “iselated tlash
responses™ as well as “adapred responses™ (Gerth et al, 2003}, implying a nzural
busis for the effect. Recently, Seiple et al. (2003) have claimed that the miERG
amplitude reduction with increasing age is mainly duce to ncural factors. They
showed thul ceniral retinaf responses decrease at o greater rate than the peripheral
retinal responses. [n addien, N1 lateney and P1 latency tended (o increase 0.02 ms
and 0.03 ms per year, respeclively; they examined subjects up to 81 vears of age. All
their subjects had VA of 20025 and pussed the Pelli-Robson contrast sensitivity test.
However, the Pelli-Kobson chart measures the contrast sensitivity (0.3-2 ¢/deg) just
below the peak of contrast sensiivity function (2-6 c/deg). As media opacilies (e.g.
cataract) have o greater effect on high spatial frequencies (5-10 ¢/deg) than low
spatial frequencies {1 esdey) (Clliott et al., 1989, the Pelli-Robson chart degs nul
provide a mere sensitive measure of cataract than VA (Lempert et al,, 1987, Elliott,

1993). Theretore, their criterin for subjoct recruitment cannot fully exclude the
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subjects wath ocular media problems and the confounding effects of pre-retinal
optica! factors on mtERG responses might still be present in their subjccts. As a
reeent study by Wodchoff et al. (2004) hus also found that eataract could reduce the
MREG responses, the pre-retinal opreal tuctors should be noticed.

We believe that previous studics, which showed a significant decrease in
MR response amplitude and an increase in mERG response lalency, may be due
tw the confonnding cffect of media opacities and the instability ol [ixation (Fortune
& Johnson. 2002, Rudolph & Kalpadakis, 2002, Vrabee et al., 2004}, The different
results reported by different studies may be due to different methodologies (e.g.
stmulus Tuminance and hand-pass (Keating et al, 2000, tlan et al, 20043),
assumptions (Forune & Johnsen, 2002, Jackson ot al., 2002a), and different criteria
for subject inclusion,

since clectroretinography is an ohjective method of assessing retinal
function. the effects of age on the mtERG wpagraphy could e predicted
thevretically by knowing the anatomical changes of uged retina and the arigin of
mtERG. An eurher well-known study by Gao and Hollyfield (1952) found that
foveal cone density did not deciease significantly with increasing age, even in
subjects up 1w the age of 95 vears, but cone density al the equalor decreases linearly
with increasing age. Only 0.7% and 23% ot cones al the relinal equalor were lost al
the fourth decade and ninth decade, respectively {Gao & Holly{ield, 1992), Their
results were well supported by Curcio et al. {19933 who showed that cone density in
the rod-free fovea and the extra-foveal region did not change significantly with

increasing age even in o retina aged 90 years. Similarly, cone density in the



periphieral retina (beyond 43° diameter) decreased about 22% from 20 vears to 90
vears. In addition, cone inner segment diameter did not change signilicantly with
mncreasing age (Cureio ¢t al, 1993). In conlrast to the loss of cones, rods appear Lo
be more vulnerable 1o loss by aging. Bath Gao and Lollyfield (1992) and Curcic ot
al. (19937 have found abeut 30%: loss of rods to the ninth decade. The inner segment
diameter of rods i the aged retina was 13.3% larger than that of the rods in the
young retina so that the retinal area covered by rods remained constant throughout
the life (Curcio ot al., 1993),

Unfortunately, the effects of aging on the anatomy of bipelar cells in
prutates bhave nol vel been reported (Spear, 1993), 1t has been reported that there are
no age-relaled changes in amacnne cells within the central 5 mm of the retina
(Curcio & Drucker, 1993}, Anatemnical studies have shown a progressive decrease in
the number of ganghon cells with mergasig age, with a more marked decrease in
the peripheral retina {Gao & lollyficld, 1992, Bonnel et al., 2003),

On the other hand, in the rest of visual system and ncural system also have
age related changes. Our brain uses one fifth of the total oxygen consumed by the
body. It has relatively low fevels of anttoxidant defence, so it is easier to have
asidaiive damuge (Batl & Birge, 2007} The age related ncurodezenerative diseases,
such as Parkinsan’s disease and Alvhiemer's discase, might he moediated by
oxidative damage o neurons {Jackson & (hwsley, 2003). Tn this study, we only
provide the evidence about the contribution of optical and neural factars in aging
wizhin retinal level. Apart from the retina level, other pants of visual or neural system

would ulso influence the perfomunce of visual functions i aging.
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The main contnibulions o the human mfERG are from the cells of outer
retina. The leading edge of N1 1s mosl probably related to the onset of off-hipolar
cells with a small contribution [tem the cones. The leading edge of P1 is related w
on-bipolar cells and off-bipolar cetls {Heod el al., 2002). Under phetopic conditions,
it is believed that the rod system does not provide any centribution to the mfERG
responses, as il 18 suppressed by the high trequency and Ligh luninance stimulus
(Kealing et al., 2000, [ood et al., 2002). In addition, damage to retimal panglion vells
ar amacrine cclls does not affect the mfCRG amplitude sigmficantly (Hood et al.,
2000, Formune et ai, 2001) and such damage has only mild effects on the mfl:RG
waveform (Hood ot al | 2002) The contribution of ganglion cells to the mfERG
response would he revealed only under a speeific condition and a specific setup
(Sutter & Rearse. 1999). Since the mfER{G may he predeminantly gencrated hy
bipolar cells and such a contribution {3 driven by functional photareceptors, only the
damage of cone celis or bipolar cells greatly decreases the mfTR(G amplitude (Hood
eral., 2003).

Our results have shown that cenmal, paracentral or peripheral mfERG
respunses up W 44 degrees of the gentral reting do not change significantly with
mereasing apes Lis noplies that the luocuonal abilities of cong and bipolar cells do
not declue significantly betore 70 years of age. ln addition, oaly the NI latency of
the mfERG responses in our eldest group was significantly longer than that of our
yvoungest group. This suggests that age-related retinal changes occur late mn hfe (1.6
after 70 vears of age). Only NI latency was increased in the eldest group, but Pl

latcney did not change significantly. This may imply that the cone cells or off-



bipolar ¢ells might be more vuluerable thun on-bipolur cells, anatomical swidies may
be useful to contirm these tindmgs.

In this study, we assumed that cataract surgery has no detrimental effect on
the retina. LHowever, there is a possibility that cataract surgery has sume eilecl on the
retind. Some studies suggested that patients may develop cystoid macular edema,
uveins, retinal detachment, and elevated intraocular pressure after cataract surgery
(Apple & Woerner, 2000, McKellar ot al, 2001). In this study, we used indirect
ophthalmascopy 1o examine the reting of the subjects to ensure they did not have any
complications. Hawever, very mild retinal complication may not he detected by this
method. Therefore, this is one of the isanes which may influcnee our results. In
addition. although the new design of [OLs is free of aherration (Alimann e1 al,
2003), the old design of [OLs are known 1o increase optical aberrations. Since there
is no study about the effect of gberrations on mfERG, we are not sure how this facior
could alTect the mERG lopography. Further study is required to study the effect of
aberration on mIERG wpugraphy, Tn this study, the posterior capsular remmnants
were assessed after the cataract surgery. All subjects did not have sigmficant post-
surgical postenor capsular rennants betore the mtERG measureincent. so the eftecr
of the opacitics in the posterior capsule can be ignored,

In addition, all pupils in our subjects were fully dilated. The results of this
study suggest that when we measure mfLLRG in palients (before 70 years of age)
with T0Ls, we should cxpeet amplitude and lateney values similar to those of young
subjects. nereased laleney and deercased amplitude of mfERG 10 patients (hefbre 70

years of uge) with {OLs is likely 1o imply abnormal retinal tunction.



Chapter 15. Conclusions and Suggestions for Future Research

The multifocal electroretinogram developed by Sutter and Tran (1992) has
proved able to detect local retinal damage in retinal diseases such as age related
macular degeneration, diabetic retinopathy, and retinitis pigmentosa. Most patients
with these common retinal diseases are elderly. Since these patients are likely to
have some degree of cataract which causes light scattering, it is important to study
the effects of light scattering on the mfERG topography, before we use the mfERG
to examine retinal function behind the cataractous lens.

In experiment 1, we found that forward light scattering decreased the central
retinal responses and increased the mid-peripheral retinal response amplitude. It
should be remembered that in this experiment the mean stimulus luminance was kept
constant with the increase of forward light scattering, as forward light scattering
does not reduce stimulus luminance and only reduces stimulus contrast. Only
backward light scattering reduces the stimulus luminance. The results of this
experiment showed that forward light scattering had effects on mfERG topography.
Therefore, cataract is likely to affect mfERG topography. In experiment 2, we
studied the effects of different degrees of cataract on mfERG topography. We found
that the mfERG response amplitude was significantly reduced in patients with mild
or moderate cataract. In addition, we found that cataract mainly affected the central
retinal responses but the mid-peripheral retinal response amplitude did not change
significantly. In experiment 3, we compared the mfERG topography in patients
before and after cataract (with IOL implant) surgery. We found that cataract mainly

reduced the central retinal responses not the peripheral responses. The results of
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experiments 2 and 3 differed from those of experiment 1, as both forward light
scatting and backward light scattering occurred in experiments 2 and 3. Therefore,
the decrease of central retinal responses was due to the light scattering and the
reduction of stimulus luminance. That the peripheral retinal responses were not
affected by the cataract could be explained by the effects of forward light scattering,
which counteract the effects of luminance reduction (Figure 15.1). The results of
experiments 2 and 3 remind us that the confounding effect of cataract should not be
ignored when interpreting mfERG topography in patients with cataract. The results
of experiment 2 showed that different degrees of cataract affected the mfERG
topography to different degrees. The International Society of Clinical
Electrophysiology of Vision suggests that each laboratory should develop normative
data for different age groups, as each laboratory may have variations in recording
equipment. Therefore, we also suggest that each laboratory should establish its
normative values for different degrees of cataract, if they want to use the mfERG to
assess the retinal function behind a cataractous lens. Although experiment 2 showed
that the subjects with moderate cataract had longer latency than the subjects with
very mild cataract, it only increases N1 latency and P1 latency in about 1ms. This
increase is within the normal variability of measurement and of no clinical
significance. Our experiment 3 did not show statistically significant changes in N1
latency and P1 latency produced by cataract. In conclusion, the cataract has
significant effect on the mfERG amplitudes in different retinal regions.

The effects of aging on mfERG topography have been studied extensively in

recent years (Mohidin et al., 1999, Fortune & Johnson, 2002, Gerth et al., 2002,
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Jackson et al., 2002a, Nabeshima et al., 2002, Seiple et al., 2003). Most of these
studies have found that both central and peripheral mfERG responses decrease with
increasing age, but the decrease is more prominent in the central retina (Fortune &
Johnson, 2002, Gerth et al., 2002, Jackson et al., 2002a, Nabeshima et al., 2002,
Seiple et al., 2003). However, the age-related decrease of mfERG responses could be
due to optical factors (e.g. lens opacities) and neural factors. Therefore, comparing
the mfERG topography between young subjects and elderly subjects with IOLs is an
excellent model for study of neural deficits in retina.

In experiment 4, we compared the mfERG topography between young
subjects and elderly subjects with 10Ls. We found that the mfERG topography did
not change significantly before 70 years of age. Only the N1 latency from central to
peripheral retina increased significantly after 70 years of age. This implies that the
age-related decrease of the mfERG responses amplitude is due to optical rather than
neural factors before the age of 70 years. When we measure the mfERG in patients
with 10Ls, aged less than 70 years, we should expect similar amplitude and latency
values to those of young subjects. Increased latency and decreased amplitude in
patients aged less than 70 years who have IOLs or clear ocular media is most likely
to imply abnormal retinal function.

Since different types of cataract have different effects on CSF (Elliott et al.,
1989), different types of cataract may have different effects on mfERG topography.
Further studies about the effect of cortical cataract and posterior subcapsular cataract
on mfERG are worth to be conducted. In addition, since media opacities can

influence the mfERG responses, it is not known how much media opacities could
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affect other multifocal responses, for example, multifocal oscillatory potentials and
multifocal visual evoked potentials. Previous studies found that the multifocal
oscillatory potentials were contributed by the rod-cone interaction and may be
related to the bipolar-amacrine synapses (Wu & Sutter, 1995, Kurthnbach et al.,
2000). It was also found that the multifocal oscillatory potentials could detect inner
retinal diseases such as Type 1 diabetes without retinopathy (Kurtenbach et al.,
2000). However, the effect of media opacities on multifocal oscillatory potentials
has not yet been studied. Further studies can be done to investigate the effects of
media opacities on these measures. Clinicians and scientists should know if cautions
should be taken when measuring the multifocal oscillatory potentials and the
multifocal visual evoked potential in patients with media opacities. A recent study
by Kurtenbach et al. (2002) showed that there is a linear decrease in the amplitude
and a linear increase in latency of the multifocal oscillatory potentials with age. In
addition, the change of amplitude and latency are similar for both central and
peripheral retina. Therefore, they suggested that there is an age-related impairment at
the inner retina. Since this study only compared the subjects aged between 13 and 58
years, further studies can be done to investigate the effects of aging on multifocal
oscillatory potentials by comparing young subjects and old subjects without optical
influencing factors (eg. Subjects with 10OL). This would provide further
understanding of the age-related decreases in the multifocal oscillatory potentials
and the multifocal visual evoked potential and their relations to optical factors or

neural factors.

184



Fiqure. 15.1. Effects of cataract on the mfERG topography

Cataract
e l ~Na
Forward light scattering Absorption of Backward light scattering
light by the aging
e Light will spread out into lens e  Light will be scattered
acone back out of the eye
e Will not reduce retinal ® Reduce e Reduce retinal
illuminance retinal illuminance
e  Reduce stimulus contrast luminance

'

T~ '

Effects on mfERG topography

Decrease central retinal responses
Increase peripheral retinal responses
(Results of Experiment 1)

Effects on mfERG topography

o Decrease both central and peripheral
retinal responses

(Brown & Yap, 1996, Chan & Brown, 1998)

N

<

e  Only decrease central retinal responses
e  Peripheral retinal responses are not affected as the effects of forward light scattering
counteract the effects of luminance reduction

(Results of Experiment 2 and 3)

Elderly normally has certain degree of ocular opacity, so the age related decrease of
mfERG responses amplitude may be due to optical factors.

'

By comparing the mfERG topography between young subjects and old subjects with 10Ls, the
effects of aging in terms of neural factors on mfERG can be studied.

We found that age does not have significant effect on P1 latency, N1 amplitude, and P1
amplitude; however, N1 latencies from central to peripheral regions were significantly longer for
elderly aged over 70 years old. Therefore, the age-related decrease in mfERG reponses
amplitude is most probably due to optical factors.

(Results of Experiment 4)
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Appendices

A. Technical aspects of multifocal electroretinogram

Numerous factors can affect the quality of the responses derived by the
multifocal technique. Understanding these factors is important to help us in the
comparison of the results of different studies as they may use different setups.
Moreover, it can help to improve signal to noise ratio in the recording process and it

can help us to design a better protocol for our experiments.

Al Stimulus Setting
Al.1 Stimulus Luminance and Contrast

Early research showed that P1 amplitude decreases logarithmically with
decreasing stimulus contrast from 96% to 32% (Brown & Yap, 1996). Moreover, the
amount of amplitude reduction with decreasing stimulus contrast was similar for
both central and peripheral responses. Therefore, central and peripheral retina might
have a similar sensitivity to stimulus contrast.

With reducing the stimulus intensity by using a neutral density (ND) filter on
part of the screen, it was found that amplitude of P1 at that localized area tends to
decrease when a 0.2 ND filter is placed over the screen and a more prominent
response reduction could be observed when a 0.4 ND filter was used (Brown & Yap,
1996). In addition, the amplitude of P1 decreased linearly with increased density of
the ND filter from 0.1 to 1.0. A similar study worked on the effect of global
luminance variation on mfERG also found that P1 amplitude also decreased when

the mean luminance decreased (Yoshii et al., 2000b). At the same time, latency of
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P1 increased linearly with decrease of mean luminance. Chan and Brown (1998)
showed that the rate of P1 amplitude increase in the macula was greater than that in
the peripheral retina when stimulus luminance increased (Chan & Brown, 1998).
The topography of mfERG in a patient with a mild cortical cataract showed a pattern
similar to normal subjects with an ND filter between —0.30 log to —0.52 log in front
of the eye (Yoshii et al., 2000b). This reminds us that it is necessary to pay attention

to the effect of media opacities on mfERG in aged subjects.

Al.2 Display Unit

There are two kinds of display unit for delivering the multifocal stimulus.
They are cathode-ray tube (CRT) device and liquid crystal display (LCD) projection
system (Keating et al., 2000). The most commonly used is the CRT device. An
electron beam is used to show the stimulus and its refresh rate is high (up to 100Hz)
so it enables a large number of signals to be averaged within a short time for
improving the signal-to-noise ratio. For the LCD projection system, an electrical
current passing through the liquid crystal is used to control the stimulus presentation;
the refresh rate is lower than that in the CRT device.

CRT devices can provide a more uniform luminance across the field with
only 10% luminance reduction from centre to periphery. However, LCD devices
give a variation of about 30% (Keating et al., 2000). The most important difference
between these two systems is that the pixel in LCD systems remains at a constant
luminance until the next raster returns to that point. For CRT systems, the pixel will
be updated as the raster passes (Figure Al.1). This means that pixel luminance will

decay to zero in a short time before the next raster passes. Therefore, special cross
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correlation software should be used when using LCD devices for delivering stimuli
(Keating et al., 2001). Comparison of the mfERG responses measured from both
display instruments with similar settings showed that the first order response
obtained from the CRT device was larger than from the LCD device by 35%, but the
second order responses obtained from the LCD device were larger than those from
the CRT device by 24% (Keating et al., 2001). The difference was partly due to the
fact that the LCD system will not add responses to the cross correlation where there
are consecutive stimuli, but the CRT will add responses to the cross correlation even

though the consecutive stimuli elicit a smaller response (Keating et al., 2001).
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Figure A1.1 The luminance output graph for a black-white sequence for both
cathode-ray tube (CRT) and liquid crystal display (LCD) systems. (Adapted from
Keating et al. (2001)).
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A2 Instrument Setup
A2.1 Electrodes

There are many types of electrodes for ERG measurement. The commonly
used electrodes are Jet electrode, DTL electrode, Burian-Allen contact lens
electrode, gold foil electrode, and C-glide (Arai et al., 1998). Studies comparing
their relative effectiveness showed that the Burian-Allen contact lens electrode was
the best for measuring both scotopic ERG and photopic ERG as it gives the highest
responses. The relative amplitude measured with other electrodes were as follows:
Burian-Allen contact lens electrode (100%) > Jet electrode (89%) > C-glide (77%) >
Gold foil (56%) > DTL (46%) > Skin (14%). The commonly used electrodes for
measuring mMfERG are Burian-Allen contact lens electrode and DTL electrode (Hood

et al., 1998b, Seeliger et al., 1998, Verdon & Haegerstrom-Portnoy, 1998).

A2.1.1 Burian-Allen Contact Lens Electrode

The advantage of using the Burian-Allen contact lens electrode is that it
provides excellent signal to noise ratio. It covers the whole cornea during recording,
so it can keep the cornea moist and reduce the blink rate, so that blink artifacts can
be almost eliminated (Bearse & Sutter, 1996). In our clinical experience, however,
some patients complain of dry eye when using this electrode, as no blinking is
permitted. This uncomfortable sensation may cause the patient difficulty in
maintaining steady fixation when measuring the mfERG. Moreover, it is not easy to

insert for subjects with narrow palpebral fissures (Esakowitz et al., 1993). In
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addition, the mfERG responses can be affected if small bubbles are trapped between

the electrode and the cornea (Yoshii et al., 2000D).

A2.1.2 DTL Silver-impregnated Nylon Thread Electrode

This electrode is made up of filaments of spun nylon impregnated with silver.
As this electrode is very thin, it can float on the tear film to measure ERG responses.
It is claimed to have several advantages (Thompson & Drasdo, 1987). Firstly, it is a
disposable fibre so that it maintains good hygiene. Secondly, the flexible nature of
the DTL electrode allows it to be stretched and returned to its original position
without any damage to the cornea when the patient blinks and it is easy to be put on
to the patient’s eye. Thirdly, the patient feels comfortable even in a long recording

period without using any local anaesthesia.

A2.1.3 Comparison of Using Different Types of Electrodes for Recording
MfERG

Mohidin et al. (1997) compared the repeatability and variability of four
different types of electrode for measuring mfERG. Summed mfERG responses
obtained from Jet contact lens electrodes, gold foil electrodes, DTL electrodes, and
C-glide electrodes were shown to be repeatable when they were measured on
different days. In addition, the responses obtained from C-glide electrodes had
higher variability than Jet contact lens electrodes and gold foil electrodes. However,
the variability of the gold foil electrodes was not significantly different to DTL

electrodes. It is a pity that this study did not examine whether the topography of
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mfERG would vary in using different types of electrode. Therefore, each type of
electrode has its own advantages and disadvantages. There is no perfect electrode

and the choice of electrode depends on situation (Barber, 1994).

A2.2 Filter Bandwidth

In recording full-field ERG, a wide bandwidth (0.3 to 300Hz) is generally
used and recommended (Celesia et al., 1993). The function of bandpass filter is to
avoid amplifier saturation (Keating et al., 2002). In recording mfERG, some studies
have used a bandwidth from 10 to 300Hz (Yoshii et al., 1998, Fortune et al., 1999,
Greenstein et al., 2000a, Hood & Zhang, 2000, Li et al., 2001) and some studies
have used a bandwidth from 3 to 300 Hz, with high amplification for recording
MFfERG responses (Jackson et al., 2002a, Marmor et al., 2002). A recent study
showed that the waveform of the full-field ERG was not greatly affected by high-
pass filter, when it was set from 1Hz to 10Hz (Keating et al., 1996) (Figure A2.1).
There is only a small reduction in b-wave amplitude and a fast return to baseline
after the b-wave. However, an artificial positive component could be created in a
negative ERG waveform when the high-pass filter is at 5Hz or 10Hz. In measuring
the mfERG on a patient with upper branch retinal vein occlusion with these two
settings (a bandwidth from 1-300Hz and a bandwidth from 10-300Hz) (Keating et
al., 1996), a positive artifact component could be created by using a bandwidth from
10-300Hz and this artifact was not observed with a bandwidth from 1-300Hz. Thus,
a wide bandwidth (with high-pass filter at least 3Hz) was strongly recommended in

mfERG recording (Keating et al., 2000). The setting of the low-pass filter is also
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important in mfERG recording as a low pass filter at 100Hz could suppress

oscillatory potentials (Kretschmann et al., 2000).
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Figure A2.1. Multifocal ERG waveforms in a patient with upper branch retinal vein
occlusion at two different bandpass settings. (Modified from figures in Keating et al.
(1997)).

However, a recent study compared two bandwidth settings (10-100Hz and
10-300Hz) to measure mfERG (Han et al., 2004). The 10-100Hz bandwidth setting
has higher signal-to-noise ratio and lower intersubject variability than 10-300Hz. In
addition, they suggested that using a bandwidth from 10-100Hz was more sensitive
for detection of retinal disease. In the past, there are no guidelines for using
bandpass filter, so different studies had different settings. Now, the ISCEV has
guidelines for us, and suggests to use filter range of 3-300Hz or 10-300Hz. After the
consideration of all the setup from the previous studies, we chose 3-300Hz as the
bandwidth in our study and this range is the optimal one in the mfERG

measurement.
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A2.3 Artifact Removal Procedure

In the VERIS system, there is a function called “Artifact Removal
Procedure”. This function can be maximally repeated 3 times (called 1% iteration, 2™
iteration and 3" iteration). The VERIS manual recommends using this function for
all analyses, as it can eliminate artifact like the noise caused by blinking and eye
movement. Therefore, many studies on mfERG have used this function before
analyzing their results (Palmowski et al., 1997, Kondo et al., 1999, Sutter & Bearse,
1999, Chappelow & Marmor, 2000). Under some circumstances, the latter part of
response waveforms become noisier than the original waveform with increase in the
number of iterations (Yoshii et al., 2000a). There was a tendency for the first order
kernel response to be reduced after the 2" iterations of “Artifact Removal
Procedure”, and the second order kernel response tended to reduce after the 1°
iteration of the “Artifact Removal Procedure”. In addition, “Artifact Removal
Procedure” was demonstrated not only to affect the local response itself but also to
affect the neighboring responses around it. Therefore, the “Artifact Removal
Procedure” may distort the mfERG waveform, but it is mainly used for analysis of
the second order kernel response, as it can reduce noise in the waveforms
(Palmowski et al., 1997, Yoshii et al., 2000a). In our study, we normally did not use

this function before analyzing the results.

A2.4 Notch filter (Line filter)
When we measure the mfERG, there may have environmental noise such as

50Hz mains frequency, which is emitted by surrounding environment (e.g. stimulus
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monitor, etc.) (Bock et al., 2000). Therefore, a notch filter is recommended to use to
eliminate the noise in different mMfERG recording protocols. A recent study indicated
that the mfERG responses could be greatly affected by notch filtering (Bock et al.,
2000). By comparing the mfERG responses with and without using the notch filter,
the first order kernel response amplitude of N1, P1, and N2 decreased when the
notch filter was used. Latency of P1 and N2 increased by 5 ms and 8 ms,
respectively with notch filter. Fourier analysis showed that when notch filter was not
used, the first order kernel responses are mainly composed of waveforms with
frequencies below 65 Hz and those main spectral components are between 19 and 47
Hz. When the notch filter was used, these main spectral components were clearly
attenuated (Figure A2.2). Therefore, using a notch filter in measuring the mfERG

should be avoided and we did not use the notch filter in our study.
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Figure A2.2 Spectral plots of the first order kernel responses of the same subject for
two different filter setups (notch filter active and notch filter inactive). (Modified

from figures in Bock et al. (2000)).
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A3 Data Analysis
A3.1 First and Second Order Kernel

As previously mentioned, the technique of binary m-sequence with cross-
correlation allows multiple local retinal responses to be extracted. Moreover, this
technique makes it possible to derive the first and higher order kernel responses
(Sutter & Tran, 1992, Sutter, 2000). Therefore, both the first order and the second
order kernel responses are recorded at the same time to study the effect of different
retinal diseases on mfERG (Palmowski et al., 1997, Chan & Brown, 2000,
Palmowski et al., 2000).

The first order kernel response is the difference between the mean responses
to all white stimuli and the mean response to all black stimuli in the sequence, while
the second order kernel response represents the temporal interaction between two
white stimuli separated by an integral number of stimulus base intervals. In another
words, the second order kernel responses can indicate how the mfERG is influenced
by the previous stimulus. The first slice of the second order kernel response
represents the interaction between two consecutive white stimuli, so it is the
measurement of the effect of an immediately preceding flash (Sutter, 2000). The
second slice of the second order kernel response represents the interaction between
two white stimuli with two intervening base intervals, so it is the measurement of the
effect of the flashes two frames apart (Hood, 2000, Sutter, 2000). The second order
kernel response of the mfERG is suggested to be an actual response generated in the
inner retina (Hood, 2000). It is also estimated that 80% of the first slice of the

second order responses is contributed by the inner retinal cells (e.g. ganglion cells)
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(Raz et al., 2003). The presence of the second order response indicates the existence
of short-term adaptation. The diminished second order response indicates an
abnormality in the circuits and connections involved in adaptation rather than a

missing component or cellular response (Sutter, 2001, Hood, 2003).

A3.2 Peak to Peak Amplitude, Root Mean Square, Scalar Product, and Curve
Fitting Technique

The mfERG responses can be analyzed by four different methods. They are
1) Peak to peak amplitude, 2) Root mean square (RMS), 3) Scalar product, and 4)

Curve Fitting Technique. Each method has its unique characteristics.

Peak to Peak Amplitude

This is a direct method for the calculation of MfERG response density using
the peak-to-peak amplitude of response. In the VERIS system, a response amplitude
is measured by selecting the point at the positive peak and the negative peak. The
difference between these two points indicates the response amplitude. However,
selecting the appropriate peaks would be difficult when the signal is highly noise

contaminated (Fortune & Johnson, 2002).

Root Mean Square Amplitude (RMS)
Peak-to-peak amplitude is commonly used to measure the response
amplitude in the traditional ERG. As the response from the mfERG is susceptible to

noise contamination, root mean square (RMS) may also be used for analysis (Sutter
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& Tran, 1992). This method does not take account of the waveform, and so both
signal and noise can affect the result. Therefore, it can overestimate signal amplitude

(Sutter & Tran, 1992).

Scalar Product

The scalar product is recommended for use when the signal is relatively
weak and noisy. It can give an indication of how the mfERG response deviates from
the normal value, as differences in response timing or shape also affect this value
(Keating et al., 2000, Fortune & Johnson, 2002). The scalar product is formed by
multiplying corresponding points in a template waveform by a recorded waveform.
Then each multiplication is added to give this value (Keating et al., 2000). Thus, this
method relies on comparison with a normal or standard waveform template (Verdon
& Haegerstrom-Portnoy, 1998). By dividing scalar product amplitude by the area of
a stimulus element, a 3D topography of mfERG responses can be formed (Figure
A3.1). However, previous studies have reported that the scalar product is not
sensitive in detecting latency changes; less than 5 msec of latency shift will not be
detected (Keating et al., 2000). Therefore, sensitivity of mfERG in detection of
retinal disease may be affected by using scalar product only. On the other hand,

direct measurement of time to peak latency may provide additional information.
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Figure A3.1 The 3D topography of mfERG responses.

Curve Fitting Technique

This “Curve Fitting Technique” was developed by Hood and Li (1997). In this
method, a single template is obtained from the control subjects. Then the template
would be fitted to the records of the patients. The template can be scaled in both
amplitude and time. A perfect fit to the template would produce a statfit of 0.0. A
statfit of 1.0 means the fitting is poor. This method is suggested to be useful to

analyze the mfERG responses with low signal-to-noise ratio (Hood & Li, 1997).
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B. Measurement of Refractive Errors and Visual Acuity
Measurement of Refractive Errors
Subjective refraction was used to measure the refractive errors. To determine the

astigmatism, a cross-cylinder with an astigmatic interval of 0.25D was used.

Measurement of Visual Acuity

To measure the visual acuity, a Snellen letter chart was used. Subject is seated
comfortably in the examination chair and wears the best corrected lens. The untested
eye is covered. A mirror was placed in front of the subject 3 meters away. The
Snellen letter chart was placed above the subject’s head. Therefore, the effective
viewing distant is 6 meters. The background luminance of the Snellen letter chart
was 150 candela per square meter. Snellen fraction (e.g. 6/6) was used for recording

the visual acuity.

Measurement and Grading of cataract
We use LOCS Il to grade the nuclear opalescence. For assessing nuclear
opalescence (NO), it is graded by comparing the lens image viewed by optic section

technique to standard photographs.
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Consent Form

Research Study Information Sheet
Title of Project:
The effect of light scattering on the muitifocal electroretinogram

Project Leader:
Dr. Henry Chan (Department of Optometry and Radiography)
Office: HI 505 = Tel: 2766-7937

Why is the study being performed?

Multi-focal electro-retinogram (ERG) is a useful objective clinical measurement that
assess the functions of the retina. The aim of this study is to characterise the effects of
light scattering (an imporiant optical component) on ERG measurement.

What do volunteers for the study have to do?

If you volunteer for the study you will be asked:

1 to sign an informed consent form that states you understand the
information presented on this sheel.

2 give the information about the history of youwr ocular and general health, age,
medication, allergic history

3 your pupil will be enlarged by putiing eye drop; measuring sensor will be pui
on near the eye; you will be asked to look at a computer screen during
recording which lasts about 15-20 minutes

4 you may experience mild superficial eye irvitation for a few seconds after
putting eye drops. The pupil enlargement will cause a transient loss of near
Jocus and glare sensation. The disturbance will last 3-4 hours.

Can a volunteer withdraw from the study?
Yes, you can stop participating in the study at any time with no penally.

Can I get more information on the study?
Yes, contact Dr. Henry Chan (2766-7937) and he will answer any questions you may
have,

This study was approved by the Ethics Committee of the Hong Kong Polytechnic University.

However, if you think there are any procedures that scem to violate your welfare, you may

complain in writing to the Ethics Committee of the Hong Kong Polytechnic University.
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Consent Form

I agree to take part in the project entitled:
The effect of light scattering on the multifocal electroretinogram
Project Leader:

Dr. Henry Chan

¥ I have read and understood the information presented to me.

* | have had an opportunity to ask questions about the study, and these
have been answered to my satisfaction.

* I realize I may not benefit personally from taking part in the study.

N I realize I can withdraw from the study at any time with no penalty.

* I realize that the results of this study may be published, but that my own

results will be kept confidential, and that 1 will not be identified
personally in any published work.

INAINE oo siniieivns aamise vutin i s i
Signature...............................

WItNESS....cvevveviiricriiiiivinns
Signature

Date.........covvviiieeeieieeeiiviiiiii,
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