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CHAPTER 8

The light scattering characteristics of abnormalities affecting

the cornea

8.1 Introduction
Ocular abnormalities known to increase intraocular light scatter include cataract, comeal
scarring and vitreous opacities (Miller and Benedek 1973). These ocular pathologies may

cause the sufferer to become abnormally sensitive to glare.

A variety of studies have investigated the effect of ocular pathology on glare sensitivity.
Amongst these, Verriest and Uvijls (1989) investigated normal and abnormal eyes using
simultaneous and successive disability glare in conjunction with Snellen VA. The
equivalent luminance method was used, with the assumption that any disability glare was
due to scattered light. Several conditions were found to cause a significant elevation in
increment threshold in the presence of glare - aphakia, cataract, comeal opacification,
macular oedema, myopia of 6D or greater, pseudophakia and vitreous opacities. However,
there was a poor correlation between VA and the rise in increment threshold due to glare.
This showed that the results oftesting VA may not correlate with patients’ symptoms and if
VA alone is used as an indicator of disability glare, the detection or progression of
abnormalities may be missed. Assessment of scattered light in abnormal eyes may help

diagnosis and more adequately reflect the quality of vision experienced by the patient.

The aim of the experiments described in Chapter 8§ was to evaluate the light scattering
profiles of subjects with comeal abnormalities associated with high levels of intraocular
scatter. The effect of keratoconus (prior to and following surgery) and other comeal
abnormalities on measurements of visual function was investigated using the P SCAN 100
scatter apparatus and CS. Investigation of these subjects will allow quantification of the
effect of a range of comeal abnormalities, with varying levels of severity, on measures of
forward light scatter and the CSF. These findings, together with those from normals, will

have particular relevance to the investigation into the effects of long-term contact lens



wear, on scatter and CSF, by allowing comparison of'the magnitude ofthe effects between

lens wearers, normals and those with comeal abnormalities.

8.2 Keratoconus

Keratoconus is a comeal ectasia in which there is progressive development of irregular
astigmatism, comeal steepening and thinning, and apical scarring. It is a predominately
bilateral disorder, which may be sporadic or genetically determined (Bron 1988). The
severity of the condition may be asymmetrical and may stabilise at any time. The
prevalence of keratoconus is reported as 54.5 per 100,000 (Hofstetter 1959; Duke-Elder
and Leigh 1965; Franceschetti 1965; Krachmer et al 1984; Kennedy et al 1986). In some
instances it is hereditary, with a recessive transmission. Keratoconus affects all races, but
Asians have been reported to have a four fold higher incidence, compared to Caucasians
(Pearson et al 1999). There are three stages in the progression of keratoconus - incipient

(Grade 1), moderate (Grade 2) and advanced (Grade 3).

Developmental, degenerative, malnutritional, and endocrine aetiologies have been
proposed as being causative for keratoconus. However, despite extensive investigation, the
aetiology of keratoconus remains unclear (Bron 1990; Rabinowitz 1998). Biochemical
studies have suggested increased collagenase activity (Kao et al 1982; Rehany et al 1982;
Krachmer et al 1984; Thalainen et al 1986), a reduced number of collagen cross-links
(Oxlund and Simonsen 1985), increased levels of proteases and other catabolic enzymes
(Sawaguchi et al 1989) and a loss of keratocytes through apoptosis (e.g. resulting from
eczema, allergies or trauma from contact lenses) (Wilson et al 1996). In addition, increased
lysosomal enzyme levels have also been demonstrated in the comeal epithelium of
keratoconics (Fukuchi et al 1994). Keratoconus has a number of systemic and ocular

associations (e.g. Marfan’s syndrome, Ehlers-Danlos syndrome and Down's syndrome).

Histologically, during the primary stages of keratoconus there is loss of epithelial basement
membrane (Teng 1963; Kato et al 1997), a reaggregation of the irregularly arranged
collagen fibrils of Bowman’s layer and an alteration of the keratocytes into active
fibroblast-like cells (McTigue 1967). In addition, the collagen fibril orientation in the
stroma becomes completely disrupted (Daxer and Fratzl 1997). Clinically, vertical folds
(Vogt’s lines) can be seen in the early stages at the level of the stroma and Descemet’s
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membrane. Thinning ofthe stroma occurs within the apex of keratoconic corneas, due to a
reduction in the number of interlacing collagen lamellae.  This altered collagen
arrangement influences the biochemical properties of the cornea, and may result in further
propagation of the condition, independent of its primary pathogenesis (Radner et al 1996).
Thinning of Descemet's membrane, the stroma and Bowman's membrane may also occur
(Probst 1996) and may be observed using pachometry. The normal CT (approximately
0.530 mm) becomes progressively reduced to 0.523 + 0.037 mm, 0.488 + 0.052 mm and
finally 0.456 + 0.059 mm in stages 1, 2, and 3 respectively (Yamamoto et al 1996). As the
thinning progresses further, the corneal cone can be seen to angulate the lower lid
(Munson's sign), and central striae appear. However, there is some dispute as to whether
this is a characteristic ofthe disease, or a result of RGP lens wear. For instance, Davis et al
(1993) found that in early cases of keratoconus, the striac may be a result of the rigid lens

used to correct the astigmatism.

Clusters of activated keratocytes result in fragmentation and scarring of Bowman's layer,
which may also affect the dermal portion of the cornea. It is thought that this dermal
disturbance causes extensive interference with VA (Radner et al 1996). This theory is
disputed by Kaushansen (1993), who found no correlation between histopathological
findings and loss of VA. Keratoconus also causes significant damage to the endothelium,
with corneas demonstrating endothelial cell pleomorphism, and polymegethism,
endothelial cell degeneration, and evidence of anterior chamber inflammation (Sturbaum et

al 1996).

Clinical signs of keratoconus vary depending on the severity of the disease, and also on the
particular stage of disease progression (Rabinowitz 1998). Keratoconus can essentially be

characterised by four disease processes (Bron 1988), namely, (i) corneal thinning; CT
reduces with duration of disease (Woodward 1980), (ii) corneal stretching; reduction of
tensile strength (Andreassen et al 1980), (iii) increased corneal curvature; irregular
astigmatism and eventually Munsen’s sign (Bron 1988) and (iv) increased comeal surface
area; Fleischer’s ring, fibrillary lines (Bron et al 1975) and endothelial polymegethism
(Laing et al 1979b). In addition, the comeal nerves become increasingly visible and folds
appear in the posterior stroma (Bron 1988). Therefore, in moderate to advanced disease
any one or combination of clinical signs may be detectable (table 8.1).

9



Table 8.1 - Signs ofkeratoconus (Rabinowitz 1998).

External signs Munson's sign
Rizzuti phenomenon
Slit lamp findings Stromal thinning
Posterior stress line (Vogt's striae)
Iron ring (Fleischer ring)
Scarring - epithelial or subepithelial
Retroillumination signs Scissoring on retinoscopy
Oil droplet sign (Charleaux)
Photokeratoscopy signs Compression of mires inferotemporally

Compression of mires inferiorly or centrally

Videokeratography signs Localised increased surface power
Inferior/superior dioptric asymmetry

Relative skewing of the steepest radial axes above and

below the horizontal meridian
In advanced cases of keratoconus, ruptures in Descemet’s membrane may occur. These
ruptures are acute hydrops and result in leakage of aqueous into the comeal stroma and
epithelium, producing a marked increase in CT. The comeal oedema clears, but scarring of
the stroma occurs, which once detrimental to vision, or when the astigmatism is too great,

limits treatment to penetrating keratoplasty.

8.2.1 Effect of keratoconus on visual performance

Keratoconic patients characteristically exhibit progressive myopia and irregular
astigmatism, leading to decreased VA (Krachmer 1984). One of'the first symptoms noted
in keratoconus is impaired vision due to irregular astigmatism, which is often seen in one
eye only, with subsequent progression to the other eye. This change can be clearly seen as
an irregular reflex on retinoscopy, and is confirmed by keratometry and Placido disk.
When acuity decreases and the amount of astigmatism increases, the initial form of
correction is with RGP lenses, which usually provide optimal correction in early
keratoconus and in certain more advanced patients (Smiddy et al 1988). Much has been
claimed for the role of RGP lenses in keratoconus, including retardation, remission, or even
reversal of'the disease. Other studies, however, have suggested that contact lens wear may
induce the condition (Macsai et al 1990). Such studies may be flawed, as they have all

been based upon keratometry, which may be misleading because contact lens wear can
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produce a temporary flattening of the cornea. As keratoconus is essentially a disease of
corneal thinning, it can only be accurately monitored using serial topographical
pachometry. When serial topographical pachometry is performed contact lenses have been

shown not to affect disease progression (Woodward 1991).

Although the clinical signs of keratoconus are well documented (Krachmer 1984), the
visual problems (apart from VA) caused by this abnormality have not been investigated
extensively using modem methods (Mannis et al 1984; Edrington et al 1999). The more
recent studies have either used CS or indirect methods of measuring forward light scatter to
assess the effect of keratoconus on visual performance. No previous studies have

investigated the effect ofkeratoconus on direct measures of scattered light.

8.2.1.1 Effect of keratoconus on glare measurements

Edrington et al (1999) investigated the relationship between baseline comeal scarring with
patient-reported and clinician-assessed variables in 1,206 keratoconics. After statistically
adjusting for age, contact lens wearing time, and disease severity, the multivariate analysis
showed a positive correlation between comeal scarring, VA and patient-reported effects of

glare on their vision. However, the patient-reported glare complaints were not quantified.

Gray and Barrett (1999) investigated the effect of disability glare in 20 keratoconus patients
wearing RGP lenses and normal subjects. Monocular high and low contrast logMar
acuities and Pelli-Robson CS were measured with and without the BAT on the maximum
setting. The study reported no significant differences in high contrast acuity (either with or
without glare) between the two subject groups. In the absence of disability glare, a
significant reduction in low contrast VA and CS was demonstrated by the keratoconic
subjects. The presence of disability glare caused a significant reduction in low contrast VA
(p = 0.0001) and CS (p = 0.0001) in all subjects. However, there was no significant

difference in the effect of disability glare between the two subject groups.

8.2.1.2 Effect of keratoconus on the contrast sensitivity function

Contrast attenuation has been shown to occur in keratoconic eyes before VA loss occurs

(Hess and Camey 1979; Camey 1982a, b; Mannis et al 1984; Zadnik et al 1987). Hess and

Camey (1979) investigated the effect of unilateral (three subjects) and bilateral keratoconus
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(three subjects) on Landolt C and CSF measurements. The subjects were optically
corrected, although the type of correction was not stated. The results from the unilateral
keratoconics revealed no low frequency loss, even when there were gross forms of high
frequency loss. Bilateral keratoconics revealed loss over all spatial frequencies. The
presence of a low frequency abnormality appeared to partially depend on the severity of
medium to high frequency degradation. Opacities were present in more advanced
keratoconic cases, and correlated well with the presence of a low frequency abnormality.
The study suggested that in cases of keratoconus it is the degree of opacification that
determines the spatial frequency at which the loss occurs. Low frequency abnormalities
were found to correlate with opacification, which is known to occur in well-established

keratoconus (Reinke 1975).

Although rigid lens wear improves both VA and CS, residual CS losses are still often
found in keratoconics (Camey 1982a, b). Camey (1982a, b) investigated five bilateral
keratoconics wearing spectacles and RGP lenses. Even though CS improved following
fitting with RGP lenses, there still remained attenuation of low spatial frequencies, and in
general, CS was reduced at all spatial frequencies compared to normal subjects. In
contrast, Mannis et al (1984) reported CS deficits in seven unilateral keratoconics at all but
low spatial frequencies. This was confirmed by Zadnik et al (1987) who investigated 12
keratoconic patients (18 eyes) using the Vistech and Regan multi-contrast charts. The
authors reported a preferential loss of sensitivity at medium and high spatial frequencies. A
later study by Camey and Lembach (1991), investigated six bilateral keratoconus patients
wearing rigid lenses and reported that the CSF was reduced for all spatial frequencies
tested. The severity ofthe CSF loss was not exacerbated by the addition of a glare source.
The study concluded that significantly reduced functional visual performance may exist,
despite only moderate VA losses. Therefore, in cases of keratoconus with reasonably good
Snellen acuity, a reduced CSF is a reliable indicator of visual dysfunction, and may
substantiate the patient’s complaints, thus documenting the indications for surgical

intervention.

8.3 Surgical management of keratoconus
Surgical intervention is required for the visual rehabilitation of contact lens intolerant
keratoconus in 10% of cases. The outcome is usually satisfactory, although RGP contact

12



lenses will be needed by around a half of patients (Buckley 1998). Historically, lamellar or
penetrating keratoplasty have been the surgical procedures of choice. Penetrating
keratoplasty is technically easier than lamellar keratoplasty and it offers a better visual
prognosis (Kaufman 1980; Steinert and Wagoner 1988; Goosey et al 1991). However,
disadvantages of this surgical procedure include graft failure or immune rejection. Radial
keratotomy has also been used in cases of keratoconus (Durand et al 1992). Although
numerous improvements have been made to the procedure, there still exist a number of
disadvantages (e.g. excessive scarring, unplanned over-and undercorrection, glare and
visual fluctuation) (Arrowsmith and Marks 1987; Waring et al 1987). Epikeratophakia
avoids some of the technical difficulties associated with lamellar keratoplasty, and the
procedure also minimises risk of immune rejection and maintains the host endothelium.
When used as an onlay technique to flatten and reinforce the ectatic host cornea, it is
referred to as epikeratoplasty (Waring et al 1991). However, the inevitable interface

opacities cause a loss of visual function (Buckley 1998).

8.3.1 Effect of surgical intervention on visual performance

A number of researchers have attempted to investigate the consequences of surgical
intervention following keratoconus on visual performance (Carney and Kelley 1991;
Hovding and Bertelsen 1992; Wicker et al 1992; Khong et al 1993; Parmley et al 1994;
Waller et al 1995). Most studies have evaluated subjects following either penetrating
keratoplasty, radial keratotomy or epikeratoplasty and used either CS or indirect methods

of measuring forward light scatter to assess visual performance.

8.3.1.1 Effect of surgical intervention on glare measurements

Parmley et al (1994) investigated six cases of penetrating keratoplasty that were performed
for complications of radial keratotomy in advanced keratoconus. Following radial
keratotomy, symptoms of glare were reported in all cases, but quantitative measurements
were not taken. The glare caused by the radial keratotomy was thought to be due to
subepithelial scarring. Hovding and Bertelsen (1992) investigated 16 patients who had
received epikeratoplasty for keratoconus (mean follow up period 27.8 months) and reported
a significant improvement of VA, compared to pre-operative measurements. Fourteen of
the 16 eyes investigated achieved a corrected VA of at least 6/12. Seven of these patients

complained of glare, but unfortunately glare tests were not employed to ascertain the true
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extent oftheir symptoms. Waller et al (1995) also found VA to be substantially improved
following epikeratoplasty for keratoconus five years after surgery. The mean spectacle

acuity improved from 3/30 to 6/9. Again, no glare measurements were taken.

8.3.1.2 Effect of surgical intervention on the contrast sensitivity function

Mannis et al (1987) reported that although optically successful penetrating keratoplasty in
patients with bilateral comeal disease tended to improve CS in the operated eye, CS curves
were abnormal compared to those of normal subjects (except at 0.5 cpd). Wicker et al
(1992) have shown that the amount of CS loss following penetrating keratoplasty for
keratoconus is dependant upon the patient’s optical correction. Seven subjects were
evaluated and the time lapse between testing and surgery was 8-160 months. CS was
significantly higher for middle and high spatial frequencies in patients wearing RGP lenses
than spectacle wearers, even when the Snellen acuity was identical for both forms of
correction. The CS losses observed were associated with subjective assessments of poor
vision. The study suggested that CS losses were produced by mild irregularities in graft

contour.

Khong et al (1993), employed VA, CS and computerised topographical analysis of the
cornea to investigate eight keratoconic patients who had undergone penetrating
keratoplasty. Data were collected pre-operatively and at one week, one month, two
months, three months and six months post-operatively. The CSF was initially depressed
post-operatively, but improved to well above pre-operative values by one month. The CSF
continued to show gradual improvement at six months which paralleled the improvement
in the surface indices and VA. The type of optical correction worn by the subjects was not
stated. The study suggested that topographical analysis provided a good indication of the

rate and optical stabilisation of comeal healing following penetrating keratoplasty.

Carney and Kelley (1991), tested CSF with and without a glare source, in an attempt to

compare the beneficial effects of radial keratotomy following advanced keratoconus (33

months post surgery) with patients who had undergone epikeratoplasty for myopia (28

months post surgery) and bilateral keratoconic (wearing RGP lenses) patients prior to

surgery. Seven patients were tested in each group and each revealed CS loss at the medium

spatial frequencies (4 and 12 cpd). Compared with control groups, the epikeratoplasty and
14



keratoconic patients had statistically significant CS losses. Radial keratotomy patients
exhibited less reduction in CS compared to the other patient groups, a finding that is in

agreement with Carney and Lembach (1991).

8.4 Other corneal abnormalities

Hess and Carney (1979) suggested that comeal abnormalities may be considered in terms
of one or more basic causes of visual degradation, despite the fact that such abnormalities
are highly diverse in appearance and pathophysiological basis. One such classification
might include the distinction between the visual effects resulting from comeal distortion
and comeal scattering. Certain conditions will clearly involve an interaction between both
of'these extreme components of degradation (i.e. in the case of comeal scarring) (Hess and
Carney 1979). As a result, conditions affecting the cornea are difficult to classify. For
brevity, only those conditions which have direct relevance to the subjects tested in the

present study (comeal dystrophies and comeal guttatae) will be discussed presently.

8.4.1 Corneal dystrophies

Most comeal dystrophies are bilateral inherited abnormalities, which tend to develop
slowly from early life onwards. Comeal dystrophies may affect the anterior limiting
membrane, Bowman's layer, the stroma, and/or the posterior limiting membrane, and the

effect on visual function will vary according to the extent and nature ofthe dystrophy.

8.4.2 Corneal guttatae

Comeal guttatae are associated with a number of degenerative comeal diseases, dystrophies
and inflammations. They may also be seen as a secondary condition in keratoconus, iritis,
anterior chamber haemorrhage, and deep comeal inflammation. Comeal guttatae are often

the primary cause of graft failure (Christopoulos and Gamer 1996).

Comeal guttatae specifically affect the endothelium of the cornea and they are defined as
focal excrescences of altered basement membrane material that consist of accumulations of
collagen (Adamis et al 1996). The guttatae are noted in the zone of specular reflection as
round, dark areas located in the normal endothelial mosaic. Most often noted in women
over sixty years of age, the condition may be stable for long periods, however, continued

deterioration results in impairment of the metabolic pump action of the endothelium,
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resulting in epithelial dystrophy. Whilst stable, the corneal guttatae may not result in
decreased VA, but accumulation of melanin pigment on the endothelium, which is often

associated with this condition, will lead to a reduction in VA.

The severity of guttatae is not evenly distributed throughout the cornea (Bluthner et al
1996). In more advanced cases, the guttatac have a 'beaten metal' appearance, and the
endothelial cells overlying the area are attenuated. As a consequence, the abnormal

endothelium exhibits cells of different size and shape, and loss of regular definitions.

8.4.3 Effect of corneal abnormalities on visual performance

Unfortunately, few studies have investigated the affect of comeal irregularities on visual
function, as it is logical that comeal opacities will result in degraded visual performance.
Studies that have investigated subjects with comeal irregularities have reported either an
increase in light scatter (van den Berg 1986), or a reduction in the CSF (Hess and Carney

1979), compared to normal subjects.

8.4.4 Effect of corneal abnormalities on measures of forward light scatter

van den Berg (1986) used the direct compensation technique in conjunction with CS
testing, to investigate seven patients with various types of comeal dystrophy. All subjects
revealed increased levels of light scatter, when compared to normals. One subject suffering
from a crystalline comeal dystrophy revealed a 20-fold increase in scattered light with only
moderate VA loss (0.8 - 6/7.5). The CS loss amounted to a factor of 10 compared to

normal subjects.
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Figure 81 - Relation between decimal acuity (horizontally) and strength of the light scatter
(vertically) over 3.75 and 30 degrees. Data are plotted for 10 comeal dystrophic eyes. Not all eyes

were measured at 3.75 degrees scatter distance (van den Berg 1986).

8.4.5 Effect of corneal abnormalities on the contrast sensitivity function

Hess and Camey (1979) examined the relationship between visual loss from induced
comeal distortion (three subjects wore a tight-fitting haptic lens over which 100% oxygen
was passed), induced comeal oedema (three subjects wore a sealed, tightly fitting haptic
lens filled with distilled water) and comeal pathology (two subjects) using Landolt C
targets and CS testing (computer generated). The results of induced comeal distortion (no
appreciable CT change but irregular topography change) revealed that contrast thresholds
were affected only for a limited band of medium to high frequencies. Induced comeal
oedema (marked CT change, but with minor distortion) produced depression of contrast
thresholds for low as well as high frequency gratings. To support the findings of induced
comeal abnormalities, the same study investigated two subjects with comeal pathology.
One subject had unilateral epithelial pitting, whilst the other suffered from a bilateral
comeal dystrophy. Each patient exhibited a contrast loss only for high to medium spatial
frequencies, mimicking comeal distortion. This was not predictable on the basis of the
experimentally-induced comeal distortion and oedema results, however, this may have
been due to the small number of subjects investigated. The study illustrates the importance

ofindividually assessing the nature of CS loss for diverse types of visual disturbance.
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8.5 Summary of introduction
Patients with keratoconus suffer:-

» degraded visual performance when compared to normal subjects, and patient-reported

effects of glare correlate with comeal scarring (Edrington et al 1999).

+ attenuation of CS with relative sparing of low spatial frequencies, despite normal

Snellen acuity (Mannis et al 1984; Zadnik et al 1987). However, once scarring occurs,
low spatial frequencies also become attenuated (Hess and Carney 1979).
* loss at all spatial frequencies (Camey 1982a, b; Carney and Lembach 1991).
Consequently, CS testing at a number of spatial frequencies is a useful method of following
the progression of keratoconus, although, as discussed in section 3.5, the test is often
subject to other influences (e.g. neuronal interactions). The direct measurement of forward
light scatter used in this study is independent of neuronal interactions and may provide an

explanation for the poor visual function of keratoconics as measured by CS.

Surgical intervention for keratoconus may also have a detrimental affect on visual
performance, with glare problems and CS losses often reported following penetrating
keratoplasty, radial keratotomy and epikeratoplasty (Camey and Kelley 1991; Hovding and
Bertelsen 1992; Wicker et al 1992; Khong et al 1993; Parmley et al 1994; Waller et al
1995).

The effect of comeal abnormalities on visual function has not been studied extensively.

* Hess and Camey (1979) attempted to define the effect of comeal abnormalities by

inducing comeal oedema and distortion and investigating the affect of these on the
CSF. Comeal oedema was shown to reduce performance at all spatial frequencies
whilst comeal distortion only affected a limited band of medium to high frequencies.

* van den Berg (1986) later showed a large increase in light scatter for a subject with a
crystalline comeal dystrophy compared to normal subjects.

These studies have demonstrated that as comeal problems vary in location and severity, the

measurement of forward light scatter is an important tool in evaluating the cause ofreduced

visual function in such cases.
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It is clear that the majority of previous work investigating the effect of comeal
abnormalities has generally concentrated on measures of CS. The P SCAN 100 scatter
apparatus was used in the present study investigating comeal abnormalities in order to
obtain a measure of the full forward scatter function. A further level of investigation is
introduced in the current study by recording the extent of backscatter (grading of the
condition as seen with the slit lamp biomicroscope) caused by keratoconus, in order to
allow a comparison to be made between forward light scatter and backward light scatter.
To summarise, the availability of a researcher who could devote the long periods of time
required to collect and analyse the data generated by the P SCAN 100 scatter apparatus has

allowed the current study to:-

* obtain a direct measure of forward light scatter
* measure k| in addition to » and k£
+ compare measurements of scatter and the CSF over a wide range of spatial frequencies

» compare measurements of backscatter and forward scatter in cases of keratoconus.

8.6 Aims

One ofthe principal aims ofthe thesis is to investigate the light scattering characteristics of
contact lens wearers, in an attempt to elucidate whether comeal changes occur following
long term wear. In order to assess the extent of any changes that may occur in response to
lens wear, it is useful for comparison purposes to determine the amount of forward light
scatter caused by pathological comeal opacitites/changes. Therefore, the aim ofthe studies
described in Chapter Eight was to investigate the effect of comeal abnormalities on

measures of light scatter.

8.7 Subjects

Subjects were recruited from the City University Eye Clinic, or were referred by the
External Eye Disease Department at Moorfields Eye Hospital. Wherever possible, male
subjects were chosen due to the increased variability noted in female subjects in Chapter 6
and 7. However, in order to complete the data set, four females were included but all were
above the age of 40 years. As females are known to have reduced levels of oestrogen

during middle age, the results from these five subjects are unlikely to be as variable as
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those found in younger females in Chapter 7. The keratoconic patients were examined
using the slit lamp biomicroscope and graded according to the severity of the condition.
Although corneal topographical measurements would have provided greater information
regarding the severity ofkeratoconus, lack of instrumentation precluded such measures. As
discussed in section 8.2, any one or a combination ofthe clinical findings can be observed,
depending on the stage of progression of the disease. Depending on the severity of the

clinical observations, the subjects were classified as:-

Table 8.2 - Table to show the grading scheme employed to classify subjects with keratoconus.

Grading Slit-lamp biomicroscopy signs
Grade 1 Increased visibility of corneal nerves
Distortion of keratometry mires
Scissoring on retinoscopy
Grade 2 Vogt’s striac
Fleischer ring
Bowing of comeat+-++
Central / paracentral scarring+
Grade 3 Vogt’s striae
Fleischer ring
Bowing of comeat+-+++
Central / paracentral scarring ++-+++

As the clinical signs of Grade 1 keratoconus do not necessarily constitute a clear diagnosis
of'the disease, only keratoconics with a grading of at least 2 were included in the study. In
total, eleven subjects with keratoconus (eighteen eyes), three subjects who had received
penetrating keratoplasties (three eyes), (of which one was also examined pre-operatively),
one subject who had received Excimer laser treatment and a superficial keratectomy for
keratoconus (one eye), one subject who had received an epikeratophakia for keratoconus

(one eye) and three subjects with corneal abnormalities (six eyes) were examined.

8.8 Methods

Before inclusion in the study, the subject’s VA, corneal integrity and fundus health were
examined to exclude other pathologies. All subjects wore their best refractive correction
and had been examined recently either in the City University Clinic or at Moorfields Eye
Hospital. Measurements were taken in the afternoon to avoid variability caused by the
effects of overnight sleep (as discussed in section 6.13). Both eyes were examined, if VA

permitted, and the subjects were asked about their perceived visual disability. Results were
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excluded if other pathology was detected, or the VA was too low to complete the
investigation. In addition, each subject’s lens was graded using LOCS II in order to
exclude cataract. All subjects underwent scatter and CS testing following the methods

described in section 5.7.

8.9 Results

Tables 8.3, 8.4, 8.5, 8.6 and 8.7 show the mean values of n, k and k' (as defined in chapter
one) in subjects with varying ocular pathology. The k'-k'(age) value was obtained by
subtracting the age-matched k' values from the value obtained from the subject with ocular
abnormality. The mean value from three experimental runs was then calculated. Subjects

reporting symptoms of glare are indicated by * in the tables.

8.9.1 Results for keratoconic subjects

Table 8.3 - Scatter results from 11 keratoconics [Grade 2 (moderate), and 3 (advanced)].

Subject Gender Age Eye n h k' k’—k'(age) s.d. Grading
(years)
NT* Male 46 RE 1.42 31.99 54.68 45.48 2.34 3
LE 1.63 44.19 41.25 32.05 4.90 3
SH* Female 43 RE 1.72 52.81 41.03 32.57 0.58 2
LE 1.69 50.10 43.86 35.40 3.46 3
DA* Male 19 RE 2.02 45.99 20.97 14.46 1.98 2
LE 2.80 289.95 38.63 32.12 0.73 3
GE* Male 47 RE 1.69 35.31 32.74 23.25 4.90 3
AF* Male 42 LE 1.64 30.78 28.15 19.88 5.37 3
BB* Male 45 RE 2.20 73.46 23.79 14.86 4.41 3
LE 1.82 44.77 28.48 19.55 1.09 3
ML* Male 45 RE 2.23 51.03 19.79 10.86 1.03 2
LE 1.62 20.73 15.96 7.03 2.41 3
GO* Male 33 LE 2.07 38.53 15.09 7.97 0.85 2
MP* Male 29 RE 1.79 16.23 11.03 4.17 1.02 3
MR* Male 30 RE 2.52 31.79 9.65 2.74 0.63 2
LE 2.42 67.06 15.24 8.33 0.64 3
AD* Male 25 RE 2.09 25.80 10.07 3.39 1.04 2
LE 1.88 16.34 8.81 2.13 0.42 2

* Subject reporting symptoms o fglare
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Subject NT reveals the greatest increase in light scatter, when compared with age-matched
normals in this group of keratoconic patients. The right eye shows a greater increase in
scatter (k' = 54.68) than the left (k' = 41.25), compared to an age-matched normal (k' =
9.20). Figure 8.2a, b shows the angular distribution of scattered light for this keratoconic
subject who obtained VAs of 6/9. Due to the low n values obtained in the right eye (1.42),
the light scatter has a wider angular distribution than the left (1.63). In both eyes, the CSF

is reduced at all spatial frequencies (figure 8.2¢, d).

Subject SH shows high levels of scatter in both eyes, compared to age-matched normals.
The greatest increase in light scatter is seen for the left eye which also demonstrates a
greater reduction in the CSF (figure 8.3a, b, ¢, d). Due to the low n values obtained (1.72
and 1.69, respectively), both eyes reveal a wide angular distribution of light scatter. The

VA for this eye is slightly better than the right eye (6/9 compared to 6/12-1).

Subject DA exhibits increased levels of light scatter in both eyes compared to age-matched
normals (6.51), with the left eye showing particularly increased levels of scattered light
(38.63), compared to the right eye (20.97) (figure 8.4a, b). Due to the high n values
obtained in the left eye (2.80), most of the scatter is close to the fovea and hence is less
spread than the right eye (2.02). The level of forward light scatter found in both eyes is
accompanied by a reduced CS at all spatial frequencies (figure 8.4c, d) and a reduction in
the level of acuity. A greater reduction in VA and a greater loss of CS is observed in the

left eye, compared with the right eye.

The right eye of subject GE shows high levels of scatter (k' = 32.74) compared to
age-matched normals (k' =9.49). The CSF reveals loss at all spatial frequencies, which is
accompanied by a VA of 6/9+1 (figure 8.5a, b, c, d). No data were recorded for the left
eye, due to the subject’s low VA (3/60). The left eye of subject AF exhibits a similar
increase in light scatter (28.15), compared to age-matched normals (8.27). Again, this is
accompanied by a loss of CSF at all spatial frequencies and a VA of 6/9 (figure 8.6b, d).

The right eye, which has received a penetrating keratoplasty, is discussed in section 8.9.2.

Subject BB reveals increased light scatter in both eyes, with the left eye showing the
greatest increase (k' = 28.48). The right eye reveals higher n values (2.20) than the left
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(1.82), which indicates that the light scatter in the right eye has a narrower distribution of
scattered light than the left. This is reflected in figure 8.7a, b. This is accompanied by a
loss of CS at all spatial frequencies and a reduced level of VA ( figure 8.7¢c, d).

The right eye of subject ML reveals a greater increase in light scatter compared to
age-matched normals than the left eye. The right eye reveals higher n values (2.23) than
the left (1.62), which indicates that this eye has a narrower distribution of scattered light.
This is reflected in figure 8.8a, b. A similar CS loss is observed in both eyes but the right
eye shows a greater reduction in VA (figure 8.8c, d).

Testing subject GO reveals high levels of scatter in the left eye compared to age-matched
normals (15.09 compared to 7.12). The CSF is reduced at all spatial frequencies compared
to age-matched normals (figure 8.9b, d) and the eye has a VA of 6/18-2. The results
obtained from the right eye are discussed in section 8.9.3, as this eye has received a

penetrating keratoplasty following advanced keratoconus.

The right eye of subject MP reveals an increase in light scatter (k'-k'(age) = 4.17) and a
reduction in CS across all spatial frequencies (figure 8.10a, ¢) compared to age-matched
normals. The left eye, which has received a penetrating keratoplasty following advanced

keratoconus is discussed in section 8.9.2.

Subject MR reveals a modest (2.74) increase in scatter in the right eye and a greater (8.33)
loss in the left, which is accompanied by a reduction in CS across all spatial frequencies in
the left eye, with reductions at most spatial frequencies in the right eye (figure 8.11a, b, c,
d). Both eyes reveal high n values, (2.52 and 2.42, respectively), which indicates that the

light scatter has a narrow angular distribution.

The eyes of subject AD exhibit a modest increase in light scatter when compared to
age-matched normals. The CSF is reduced across all spatial frequencies compared to
normal subjects, which is consistent with this subject’s VA (6/9 in both eyes) (figure 8.12a,
b, ¢, d).
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Mean luminance (cd/m2)

sensitivity

Figure & 2 Scatterprofile and contrast sensitivity resultsfor Subject NT

Effective radius (degrees) Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)
(— Age-matched normal scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject NT (keratoconus), male, Asian, 46 years.

Righteye Lefteye
Visual acuity 6/9 6/9
Type ofcontact lens worn PMMA PMMA
Length of contact lens wear 25 years 25 years
External eye Vogt’s striae; paracentral Vogt’s striae; paracentral

scarring-H- scarring-H-



Figure 8.3 Scatterprofile and contrastsensitivity resultsfor Subject SH

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject SH (keratoconus), female, Caucasian, 43 years.

Right eye Left eye
Visual acuity 6/12-1 6/9
Type of contact lehs worn Hydrogel/RGP Hydrogel/RGP
Length ofcontact lens wear 8/8 years 8/8 years
External eye Vogt’s striae; Bowing of comeat; Vogt’s striac: Bowing of

scarring* cotnea++; scarring+-H-



Mean luminance (cd/m2)

Figure 8.4 Scatterprofile and contrast sensitivity resultsfor Subject DA

(a) Right eye scatter (O) (b) Left eye scatter (O)
(----Age-matched normal scatter values)

Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (*) (d) Left eye contrast sensitivity (m)
(O Age-matched normal sensitivity values)

Subject DA (keratoconus), male, Caucasian, 19 years.

Right eye Lefteye
Visual acuity 6/9 6/36
Type ofcontact lens worn RGP RGP
Length ofcontact lens wear 5 years Syears
External eye Vogt’s striac; Bowing of comead-  Partial Fleischerring; Bowing of

cornea mt |



Figure 8.5 Scatterprofile and contrast sensitivity resultsfor Subject GE

(a) Right eye scatter (O) (b) Left eye scatter (O)
(— Age-matched normal scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject GE (keratoconus), male, Caucasian, 47 years.

Right eye Left eye
Visual acuity 6/9+1 .
Type of contact lens worn PMMA/RGP
Length of contact lens wear 1121 years
External eye Vogt’s striae; paracentral

scarring+++



Figure 8.6 Scatterprofile and contrast sensitivity resultsfor SubjectAF

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

1 10
Spatial frequency (cycles/0)

(¢c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject AF (keratoconus, R penetrating keratoplasty), male, Caucasian, 42 years.

Right eye Left eye
Visual acuity 6/9 6/9
Type ofcontact lens worn RGP RGP
Length ofcontact lens wear 2 years 2 years
External eye Opaque cornea Vogt’s striae; paracentral

scarring-H-

100



Figure 8.7 Scatter profile and contrast sensitivity resultsfor Subject BB

(a) Righteye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject BB (keratoconus), male, Asian, 45 years.

Right eye Lefteye
Visual acuity 6/12 6/18
Type ofcontact lens worn PMMA/RGP PMMA/RGP
Length ofcontact lens wear 10/10 years 10/10 years
External eye Vogt’s striae; Bowing ofcomea+t; Vogt’s striae: Bowing ofcomeat;

central scarring-H- central scarring-H-



Figure 8.8 Scatterprofile and contrast sensitivity resultsfor Subject M L

Effective radius (degrees) Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

1 10 100
Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject MEL (keratoconus), male, Caucasian. 45 years.

Right eye Left eye
Visual acuity 6/12-1 6/9
Type of contact lens worn RGP RGP
Length ofcontact lens wear 10 years 10 years
External eye Vogt’s striae; Bowing o f coraea+t; Vogt’s striae: Bowing of

Central scamng+ comeat++; Central scarring+++



Figure &9 Scatter profile and contrast sensitivity resultsfor Subject GO

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

1 10 100 1 A 10 100
Spatial frequency (cycles/0) Spatial frequency (cycles/0)
(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched normal contrast sensitivity values)

Subject GO (keratoconus, RE Excimer laser, superficial keratectomy), male, Caucasian, 33 years.

Right eye Left eye
Visual acuity 0.5/60 6/18-2
Type ofcontact lens worn RGP RGP
Length ofcontact lens wear 5 years 5 years
External eye Central and peripheral scarring++ Vogt’s striae; paracentral

scarringt-
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Figure 8.10 Scatterprofile and contrast sensitivity resultsfor Subject MP
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Effective radius (degrees) Effective radius (degrees)
(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)
Spatial frequency (cycles/0)
(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched normal contrast sensitivity values)

Subject MP (keratoconus, LE penetrating keratoplasty), male, Caucasian, 29 years.

Right eye Left eye
Visual acuity 6/9 6/5+1
Type of contact lens worn RGP RGP
Length ofcontact lens wear 14 years 14 years
External eye Vogt’s striae; Fleischer ring; Prominent sutures

Bowing ofcomeat++



Figure 8.11 Scatterprofile and contrast sensitivity resultsfor Subject MR

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
me (O Age-matched normal contrast sensitivity values)
Subject IMR (keratoconus), male, Caucasian 30 years.
Right eve Left eye

Visual acuity 6/9-1 6/12
Type ofcontact lens worn ‘
Length ofcontact lens wear
External eye Vogt’s striae; Bowing of Vogt’s striae; Fleischerring at

comeat+ base ofcone; Bowing of cornea
-+



Figure 8.12 Scatterprofile and contrast sensitivity resultsfor Subject AD

(a) Right eye scatta-(O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

(c) Righteye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject AD (keratoconus), male, Caucasian, 25 years.

Right eye Left eye
Visual acuity 6/9 6/9
Type of contact lens wormn RGP RGP
Length ofcontact lens wear 2 years 2 years
External eye Vogt’s striae; Bowing of Vogt’s striae: Bowing of

comeat+; comea++



8.9.2 Results for subjects having received penetrating keratoplasties following

keratoconus
Table 8.4 - Scatter results obtained from three subjects having received penetrating keratoplasties

following keratoconus.

Subject Gender Age Eye n k k' k'-k' (age) s.d.
(years)
AF*  Post-op  Male 42 RE 1.84 34.40 22.17 13.90 4.63
CC  Post-op Female 44 LE 2.35 50.18 13.45 4.76 133
MP Pre-op Male 25 LE 2.15 88.00 30.90 24.22 -
Post-op 29 LE 1.67 11.43 10.07 321 1.01

* Subject reporting symptoms ofglare
Pre-op = pre-operative results

Post-op =post-operative results

The right eye of subject AF shows increases in light scatter following penetrating
keratoplasty, compared to an age-matched normal, which is reflected in the loss of CS
across all spatial frequencies (figure 8.6a, c). The results for subject CC reveal an increase
in levels of scatter (k'-k'(age) = 4.76) and a reduced CSF apart from 22 cpd, compared to
age-matched normals (figure 8.13b, d). The right eye was not evaluated as the subject felt
that the test was too difficult to complete. This was due to the subject’s low VA (3/60).
Post-operatively, subject MP reveals a slight increase in light scatter compared to
age-matched normals (k'-k'(age) = 3.21) and the CSF is within the normal range expected
for the subject’s age. In fact, the CSF for spatial frequencies of 1.5, 3 and 5 cpd are better
than expected for the subject’s age of 33 years (figure 8.14b, d). Figure 8.14a, and ¢ show
the results obtained from investigating the same eye three years previously. Although only
one scatter run and a limited number of spatial frequencies were tested, it is clear that
penetrating keratoplasty has resulted in a marked reduction in forward light scatter and an
improvement in visual function. The pre-operative k' value was 30.90 compared to 10.07

post-operatively.
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Figure 8.13 Scatterprofile and contrast sensitivity resultsfor Subject CC

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)
Subject GC (keratoconus, RE Excimer laser, LE penetrating keratoplasty), female, Caucasian, 44

yean.
Righteye Left eye
Visual acuity 3/60 6/9
Type ofcontact lens worn RGP RGP
Length ofcontact lens wear 20 years 20 years

External eye Central striae; central scarring+++ Transparait cornea



Figure 8.14 Scatterprofile and contrast sensitivity resultsfor Subject IAP

(a) Pre -op scatter (O) (b) Post-op scatter (O)
(--—Age-matched normal scatter values)

(c) Pre-op contrast sensitivity (m) (d) Post-op contrast sensitivity (m)
(0 Age-matched normal contrast sensitivity values)
Subject MP iLE penetratine keratoplasty), male, Caucasian.

Left eye-Pre-op Left eye - Post-op
Age 25 years 29 years
Visual acuity 612 6/5+1
Type ofcontact lens worn RGP RGP
Length of contact lens wear 11 years 14 years
External eye Scarring-H- Prominent sutures

Pre-op = Pre-operative
Post-op = Post-operative



8.9.3 Results for a subject receiving Excimer laser treatment and a superficial

keratectomy following keratoconus

Table 8.5 - Scatter results obtained from one subject who had received Excimer laser and a
superficial keratectomy following keratoconus.

Subject Gender Age Eye n k k' k'-k' (age) s.d.
(years)
GO* Male 33 RE 1.80 82.62 55.26 48.14 8.11

* Subject reporting symptoms ofglare

The right eye of subject GO shows a large increase in light scatter (k= 55.26) compared to
age-matched normals (k' = 7.12). This is accompanied by a complete depression of the
CSF. The right eye reveals a much higher level of light scatter than the left eye, despite

treatment to improve visual function (figure 8.9a, c).

8.9.4 Results for a subject with blue dot cataract having received an epikeratophakia

following keratoconus

Table 8.6 - Scatter results obtained from one subject with blue dot cataract having received an
epikeratophakia following keratoconus.

Subject Gender Age Eye n k k' k'-k' (age) s.d. Grading of
(years) keratoconus
Jp* Male 47 RE 223 143.69 43.84 34.35 2.26 -
LE 238 40.11 18.68 9.91 0.64 2

* Subject reporting symptoms ofglare

Subject JP was referred from Moorfields Eye Hospital following epikeratophakia for
advanced keratoconus in the right eye. The subject also suffers from congenital bilateral
blue dot cataract. Each eye reveals elevated levels of scatter with a narrow angular
distribution (due to the low n values obtained) compared to age-matched normals,
particularly in the right eye (43.84 compared to 9.49). The right eye CSF reveals a greater

depression of sensitivity compared to the left eye (figure 8.15a, b, ¢, d).
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Figure 8.1S Scatterprofile and contrast sensitivity resultsfar Subject JP

3 4 5 6 7 8 9

Effective radius (degrees)

(a) Right eye scatter (6) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)
Subject JP (keratoconus, RE epikeratophalda 6 years, congenital bilateral blue dot.cataract), male,
Caucasian, 47 years.

. Right eye Left eye
Visual acuity 3/60 6/9
Type ofcontact lens worn RGP RGP
Length ofcontactlens wear 5 years 5 years
External eye Prominent sutures; Opaque Vogt’s striae; Thinning centrally
cornea; Scarring and creasing of and inferioriy+

epithelium



8.9.5 Results for subjects with other corneal abnormalities

Table 8.7 - Scatter results obtained from three subjects with corneal abnormalities.

Subject  Gender Age Eye n k k' k'-k' (age) s.d.
(years)

AV* Male 46 RE 1.36 16.26 38.20 29.00 7.02

LE 1.56 18.68 21.89 12.69 3.15

JR Female 65 RE 1.42 71.57 21.88 -2.76 1.03

LE 1.62 40.57 27.26 2.62 5.37

ED Female 48 RE 1.79 14.80 10.06 0.24 2.20

LE 2.01 19.45 8.70 -1.12 0.32

Subject reporting symptoms ofglare

Subject AV reveals high levels of scatter in both eyes, (38.20 and 21.89) compared to
age-matched normals (9.20). Figure 8.16a, b shows the angular distribution of light scatter
for subject AV. Both eyes reveal low n values, with the right eye (1.36) showing a wider
distribution than the left (1.56). The increase in light scatter is to be expected, given the
bilateral stromal opacities observed. The CSF is reduced for all spatial frequencies (figure
8.16c, d). The right eye of subject JR reveals slightly less light scatter than one would
expect for this subject’s age, whilst the left eye reveals slightly elevated levels of light
scatter compared to an age-matched normal. This is reflected in figures 8.17a, b. Again,
both eyes reveal low n values, with the right eye (1.42) showing a wider distribution than
the left (1.62). The CSF for the right eye shows a high level of sensitivity, which is in fact
better than age-matched normals, apart from 1.5 cpd. However, the left eye shows slightly
reduced sensitivity at all spatial frequencies apart from 7 cpd. There is a marked reduction
in sensitivity at 16 and 22 cpd. Interestingly, the increase in scatter values and CS loss
observed for this subject occur despite an excellent level of VA (6/4 in both eyes) (figure
8.17c, d). Subject ED did not reveal elevated levels of scatter, when compared to
age-matched normals (10.06 and 8.70 compared with 9.82) (figure 8.18a, b). The CSF
exceeds normal values for the right eye, but is reduced at spatial frequencies of 1.5, 3, 10
and 22 cpd in the left eye (figure 8.18c, d). External eye examination revealed evenly
distributed bilateral plaque anomalies in the peripheral epithelial stroma which do not
appear to greatly affect visual function. As a consequence, the patient does not complain of

glare problems.
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Figure 8.16 Scatterprofile and contrast sensitivity resultsfor Subject AV

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject AV (stromal dystrophy 5 yean), male, Caucasian, 46 yean.
Right eye Lefteye
Visual acuity 6/6-3 6/9
External eye Stromal opadties++ Stromal opadties++



Figure 8.17 Scatterprofile and contrast sensitivity resultsfor SubjectJR

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject JR (corneal guttering 5 years), female, Caucasian, 65 years.

Right eye Left eye
Visual acuity 6/4 6/4
External eye Inferior peripheral comeal Inferior peripheral comeal

guttering”- guttering+



Figure 8.18 Scatterprofile and contrast sensitivity resultsfo r Subject ED

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)
(---- Age-matched normal scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched normal contrast sensitivity values)

Subject ED (epithelial dystrophy), female, Caucasian, 48 years.
Right eye Lefteye
Visual acuity 6/6-3 6/9
External eye Plaque anomalies Plaque anomalies



8.10 Discussion of Chapter 8

8.10.1 Discussion of subjects with keratoconus

8.10.1.1 Measurements of forward light scatter

All subjects with keratoconus exhibited high degrees of intraocular light scatter, with
scatter values elevated above the values of k' found in age-matched normals. The increase
in scatter varied between subjects, as they had varying degrees of keratoconus. The
severity of the keratoconus tested ranged from moderate changes (Grade 2) to advanced
keratoconus (Grade 3). Seven eyes were graded as Grade 2 and had a mean £’ of 17.92
(range 8.81 to 41.03). Eleven eyes were classified as Grade 3 and had a mean £ of 30.35
(range 11.03 to 54.68). Although the mean increase in k' was greater in the Grade 3
keratoconic subjects compared with Grade 2, there was considerable overlap between the
two groups. Statistical analysis did not reveal a significant difference between the &’ values
at the 5% level (two sample t-test p = 0.06, t = -2.02). n was seen to vary greatly between
individuals with keratoconus (as measured by the P. SCAN 100 scatter apparatus) which
confirms that assuming a constant value of 2 for » is inappropriate. All keratoconic
subjects examined complained of glare, which is consistent with the finding of increased
light scatter in these subjects. The findings of this study are in contrast to Edrington et al
(1999), who reported that patient-reported symptoms of glare correlate only with comeal
scarring. However, this study only investigated measures of backscatter. Five of the
patients examined in the present study did not present with comeal scarring, yet still

reported symptoms of glare.

The principal cause of'the increase in light scatter in keratoconic subjects is likely to be the
stromal thinning and conical deformity of the cornea. These comeal changes, combined
with the fragmentation and scarring of Bowman's layer with clusters of activated
keratocytes, have been shown to significantly affect VA (Probst 1996). It should be noted
that most of the keratoconics studied (with the exception of subject MR) wore either
PMMA or RGP lenses in order to maintain visual function. Therefore, it is possible that
contact lens wear may have contributed to the increase in & ’'in these keratoconic subjects.
Indeed, Davis et al (1993) reported spontaneous development of striae after inserting RGP
contact lenses on six patients suspected of having early keratoconus. Subsequently,
Sturbaum (1996) claimed that the primary cause of endothelial polymegethism and
pleomorphism found in keratoconics was the wearing of contact lenses. Whilst some
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reports suggest that rigid lenses induce keratoconus, the wearing of contact lenses is not
thought to influence the progression of the disease (Woodward 1991). Nevertheless, it is
impossible to dissociate the effect of contact lens wear and the effect of keratoconus on the
values of k ’obtained in the present study. However, the effects of increased intraocular

light scatter will be real, whatever the cause.

8.10.1.2 Measurements of contrast sensitivity

A CS loss over all spatial frequencies was observed in keratoconic subjects, even in those
with relatively good VA. This finding is in agreement with other studies (Hess and Carney
1979; Carney 1982a, b; Camey and Lembach 1991). Hess and Carney (1979) suggested
that more advanced keratoconic cases may be strongly associated with the presence of a
low frequency abnormality and that it is the degree of opacification which determines the
spatial frequency of the loss. The present results do not fully support this finding, as
subjects with moderate keratoconus (Grade 2) and no comeal opacities also revealed loss at
all spatial frequencies. Nevertheless, those subjects with greater amounts of light scatter
indeed showed a greater reduction in CS at low spatial frequencies, than those subjects
exhibiting comparatively less scatter. The results do not concur with the findings of
Mannis et al (1984) and Zadnik et al (1987) who reported CS loss restricted to high and

intermediate spatial frequencies in eighteen patients suffering from keratoconus.

Histologically, in keratoconus reaggregation of collagen fibrils occurs in Bowman’s layer,
and there is complete disruption ofthe orientation ofthe stromal collagen fibres (Daxer and
Fratzl 1997; Kato et al 1997). Therefore, it is not unreasonable to assume that these

changes will contribute to a decline in the CSF, despite the absence of comeal scarring.

8.10.2 Discussion of subjects receiving penetrating keratoplasties following
keratoconus

8.10.2.1 Measurements of forward light scatter

Following penetrating keratoplasty due to keratoconus, subjects AF, MP and CC revealed
varying increases in forward light scatter, compared to age-matched normals. The highest
post-operative values of light scatter were recorded for subject AF, who also complained of
symptoms of glare, k' was approximately 50% greater in the left eye of subject AF, which
had received surgical treatment, compared to the fellow eye with advanced keratoconus
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(figure 8.5a, b). Subjects MP and CC did not complain of glare problems, and k' values
were modestly increased, compared to age-matched normals. Subjects such as these, who
are selected for penetrating keratoplasty, often experience a severe reduction in visual
function prior to surgery, and therefore are less likely to complain of symptoms of scattered
light after surgery. Although increased k' values were obtained from this group of subjects,
the scatter values were less than the majority of keratoconic subjects (with the exception of
subject AF). The improvement in visual function following penetrating keratoplasty is
clearly demonstrated by the pre and post-operative results obtained from the left eye of
subject MP. Even though this subject had slightly raised levels of light scatter, the vast
improvement in CS and the decrease in scatter values demonstrates the visual benefits of

surgical intervention.

8.10.2.2 Measurements of contrast sensitivity

Mannis et al (1987) reported that although optically successful keratoplasty in patients with
bilateral comeal disease tended to improve CS in the operated eye, CS curves were
abnormal compared with those of normal subjects (except at 0.5 cpd, a spatial frequency
not tested in the current study). The reduced CS found at all spatial frequencies for CC and
AF (apart from 22 cpd for CC) supports Mannis’ finding. Subject CC had been grafted 8
years previously, but also had to wear a contact lens to improve visual function. Contact
lens wear in an eye with penetrating keratoplasty may be a contributory factor in reducing
the CSF found at all but 22 cpd. Contact lenses may cause a comeal graft to become
opaque over a period of lens wear following a penetrating keratoplasty (Stallard 1973).
Although the graft appeared clear on slit lamp examination, it is possible that subclinical
cellular irregularities had occurred. Subject AF had a similar CSF following penetrating
keratoplasty, compared to the fellow eye with Grade 3 keratoconus. This is to be expected
as the right eye still retained relatively high levels of scattered light. Mild irregularities in

graft contour may be the cause of CS losses in such patents (Wicker et al 1992).

The left eye of subject MP, which had received a penetrating keratoplasty, did not reveal a
reduced CSF and was, in fact, better than expected for the subject’s age at spatial
frequencies of 1.5, 3 and 5 cpd. Even though only a limited range of spatial frequencies
were tested pre-operatively, the CS is markedly reduced compared to normal and
post-operatively. The marked improvement in the CSF for the post-operative eye
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demonstrates the increase in visual function that can be achieved after surgery (the subject

having received surgery 3 years previously).

8.10.3 Discussion of a subject receiving Excimer laser and a superficial keratectomy
following keratoconus

8.10.3.1 Measurements of forward light scatter

Testing the right eye of subject GO revealed high levels of scatter (55.26) compared to both
age-matched normals (7.34) and also compared to the eye with untreated keratoconus
(15.09). VA in the right eye improved to 6/60 with a pinhole and with a contact lens but
unfortunately, the subject found the contact lens too uncomfortable to wear for the duration
of testing. As a consequence, only half the experiments could be completed and although
the & ’is high, the standard errors show that the results should be treated with caution.
Unsurprisingly, the subject complained of symptoms of glare, which is to be expected
following the cellular disruption associated with a superficial keratectomy. The eye had

been operated on four months previously.

8.10.3.2 Measurements of contrast sensitivity

Many studies have reported CS losses following surgical intervention for keratoconus
(Carney and Kelley 1991; Carney and Lembach 1991; Khong et al 1993). Results from
subject GO who had received a superficial keratectomy in addition to Excimer laser are
consistent with the findings of previous studies in showing a much more severe CS loss
than keratoconic subjects. Measurements of CS in the right eye revealed a complete

depression ofthe CSF, as no CS gratings were visible.

8.10.4 Discussion of one subject with blue dot cataract who had received an
epikeratophakia following keratoconus

8.10.4.1 Measurements of forward light scatter

Subject IP revealed elevated light scatter in each eye. The right eye had received an
epikeratophakia due to keratoconus, which produced elevated k' values (43.84), compared
to age-matched normals (9.37). Symptoms of post-operative glare following a similar
procedure (epikeratoplasty) have been reported by a number of studies (e.g. Hovding and
Bertelsen 1992). The fellow eye suffered from a moderate level of keratoconus which

resulted in increased scatter values compared to age-matched normals, however, the value
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of k "was less than that observed in the right eye. The most obvious cause of the increase
in light scatter was the creasing and scarring of the epithelium as a result of the
epikeratophakia. The subject also suffered from blue dot cataract, which may also

contribute to the elevated scatter.

8.10.4.2 Measurements of contrast sensitivity

The CSF was depressed in the right eye across all spatial frequencies, a finding that was
consistent with high levels of light scatter and poor VA. Several studies have shown that
CS is reduced following epikeratoplasty (Camey and Kelley 1991; Camey and Lembach
1991). Although IP’s left eye had a much higher level of acuity, k' was still twice the
normal age-matched value and was accompanied by a reduction in CS at all spatial
frequencies (especially 22 cpd). It is of no surprise that this patient complained of glare as

aresult of increased forward light scatter.

8.10.5 Discussion of subjects with other corneal abnormalities

8.10.5.1 Measurements of forward light scatter

Subjects with corneal abnormalities exhibited extensive variation in the observed level of
intraocular scattered light. Subject AV revealed the greatest level of light scatter in this
group of subjects (k'= 38.20) (table 8.7, figure 8.16). This was to be expected, as the
subject suffered from extensive bilateral comeal guttatae, which resulted in subjective
visual problems. Subject JR suffered from peripheral comeal guttering which resulted in
an increase in light scatter in the left eye, compared to age-matched normals. The scatter
results of the right eye did not reveal a similar increase in light scatter. Slit lamp
examination of subject ED revealed a slight epithelial dystrophy, which appeared to have
little affect on the measures of light scatter. This was consistent with the lack of subjective

visual complaints.

It is inevitable that certain changes in the cornea, perhaps due to oedema, the deposition of
comeal plaques or the formation of guttatae, will result in increased straylight. In the small
number of eyes studied, the extent of'the opacification or abnormality in the cornea visible
by slit lamp biomicroscopy was consistent with the amount of scattered light. The present

study reaffirms Hess and Carney’s (1979) suggestion that the nature of visual loss needs to
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be individually assessed for the diverse types of visual disturbance that result from corneal

abnormalities.

8.10.5.2 Measurements of contrast sensitivity

Subject AV revealed a reduced CS function for all spatial frequencies tested. Subject JR
only revealed loss at 1.5 cpd in the right eye whilst the left eye revealed a depression of CS
at mainly 10, 16 and 22 cpd. Subject ED revealed a normal CSF in the right eye but a
slightly reduced CSF at all spatial frequencies in the left eye, apart from 3, 5 and 16 cpd. It
can be concluded that each subject in this group suffered a different type of CS loss. That
said, the results of subject JR do agree with the findings of Hess and Carney (1979) who
showed a CS loss at high to medium frequencies in patients with comeal disease.
However, comparison is difficult as both studies investigated only a small number of

subjects.

8.11 Conclusions

Keratoconics (prior to and following surgery) and subjects with other comeal abnormalities
experience increased intraocular light scatter, compared with age-matched normals. Each
keratoconic demonstrated increased levels of intraocular light scatter, which were
associated with symptoms of glare and also a reduction in the CSF at all spatial
frequencies. The level of light scatter observed in this group of patients was not related to
the backscatter grading of the condition (two sample t-test p = 0.06, t = -2.02). Following
penetrating keratoplasty, each subject revealed increased levels of forward light scatter,
compared to age-matched normals. However, two out of three subjects revealed reduced
levels of light scatter compared to the majority of keratoconics. All subjects following
penetrating keratoplasty revealed some form of CS loss. Two subjects who had undergone
various other types of surgical management following keratoconus revealed high levels of
light scatter. The raised scatter values were accompanied by severe CS losses at all spatial
frequencies.  Subjects with other comeal abnormalities exhibited wide inter-subject
variability in the amounts of light scatter and CS loss, which was due to the diverse nature
of the conditions examined. However, it is clear that extensive comeal involvement

produced elevated levels of light scatter.
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Direct measures of forward light scatter in subjects with corneal abnormalities (including
keratoconus prior to and following surgery) have, on the whole, revealed increased levels
of light scatter compared to normal age-matched subjects. The finding that patients with
such corneal abnormalities experience high levels of light scatter may account for some or
all of the poor visual function experienced by such subjects. In fact, in order to improve
visual function degraded by light scatter, certain keratoconic subjects examined in this
study subsequently received early surgical intervention as a direct result of the findings of
this study. Therefore, this method of directly assessing intraocular light scatter has
provided the clinician with an improved appreciation of a keratoconic’s visual experience
and the likely effects of the increased light scatter on visual performance as measured by
CS. This demonstrates the clinical value oftesting forward light scatter using the P SCAN
100 scatter apparatus. The findings of this chapter, together with those from Chapter 5,
facilitate comparison of'the magnitude ofthe effects on scatter and CS of long-term contact

lens wear, normals and those with corneal abnormalities.
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CHAPTER 9

The light scattering characteristics of the contact lens-wearing

eye

9.1 Introduction

Contact lenses are an intimate form of vision correction that have been fitted for the past
100 years. Since their advent, contact lenses have passed through the ages of glass,
polymethylmethacrylate (PMMA), hydrogel, rigid gas permeable (RGP) and silicone
elastomer lenses. These developments have led to improvements in physiological
compatibility of materials, however, despite much recent research on the physiological
impact of lenses on the eye, the consequence of long-term contact lens wear has received

only limited attention.

The ability to detect and quantify subtle corneal responses resulting from contact lens wear
is a highly desirable clinical goal. Numerous physiological changes can manifest (e.g.
corneal oedema), not only during the adaptation stage but also after many years of lens
wear (Mandell et al 1970). The most widely used clinical procedure to detect physiological
changes resulting from contact lens wear is slitlamp biomicroscopy. Slitlamp examination
allows a subjective assessment of the light scattered back from the cornea. Although a
number of subjective scoring systems of the amount of visible corneal oedema have been
proposed, truly objective quantitative evaluation is limited. In addition, slitlamp
biomicroscopy provides little useful information regarding the patient's visual function, as
it is known that backward scattered light (as seen using a biomicroscope) does not equal
forward scattered light (Allen and Vos 1967). The most widely used method of testing
visual function in contact lens wearers is Snellen VA, but the disadvantages of this method

are numerous, as discussed in section 1.3.2.1.1.

Knowledge of the light scattering characteristics of a variety of subject groups, namely,
normal subjects of different ages, and those with anterior segment eye conditions,
facilitates the primary aim of this research which is to investigate the light scattering

characteristics of the contact lens-wearing eye, using a novel technique. Although contact
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lenses have been in use for approximately 40 years, little research has been conducted into
the effects of such long-term lens wear. Given the number of physiological responses that
occur during contact lens wear, it is not unreasonable to hypothesise that such changes
manifest as increased intraocular light scatter. Therefore, the author wished to establish
whether long-term contact lens wear causes increased levels of light scatter when compared
to age-matched controls. Furthermore, the author wished to determine whether long-term
contact lens wear results in altered visual performance. Therefore, CS was also employed

to examine the effects of long-term contact lens wear on the CSF.

9.2 Physiological changes in response to contact lens wear

The cornea requires nutrients, principally in the form of glucose, amino acids and oxygen,
to perform its normal metabolic functions (section 6.2). The cornea’s avascular structure
means that the main sources of nutrients are the aqueous humor and the atmosphere via the
tears. The latter provides oxygen, and the former principally glucose and amino acids
(Maurice and Watson 1965; Maurice 1967). Ifthe oxygen supply is deficient, the cornea is
unable maintain aerobic glycolysis. As a result, glycogen stores within the cornea become
depleted, and lactic acid accumulates in the comeal tissue. Other metabolic changes affect
levels of succinic (Hill et al 1974) and lactate dehydrogenase (King et al 1971) and other
enzyme systems (Thoft and Friend 1975). In turn, this leads to the development of
epithelial and stromal oedema due to the additional osmotic burden on these tissues (Klyce
and McCarey 1986). Therefore, comeal transparency is closely connected with the

availability of oxygen (Fatt and Beiber 1982).

Over fifty years ago, Smelser and co-workers demonstrated that oxygen deprivation as a
result of PMMA contact lens wear produced distinct structural and optical changes in the
cornea (Smelser and Ozanics 1953; Smelser and Shen 1955). Hypoxia ofthe cornea is one
of the principal causes of contact lens wear complications. Oxygen consumption of the
individual layers has been reported as 3.83 /fi/hr/cm2 for the epithelium, 3.68 /zl/hr/cm2 for
the stroma, 2.03 /fi/hr/cm2 for the endothelium and 9.54 //1/hr/cm2 for the whole cornea
(Freeman 1972). Maintenance of a satisfactory oxygen supply is dependent on oxygen
levels in the tears, at the aqueous surface fiom the aqueous fluid itself, and also on the
permeability of the tissue to the transfer of oxygen. The oxygen tension profile of the

cornea is clearly affected by the presence of a contact lens. In general, this significantly
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reduces the oxygen tension level to an extent that depends on characteristics ofthe contact
lens material itself. These characteristics include oxygen transmissibility of the material
and whether the lens is made from a relatively immobile hydrogel, or instead from a hard
lens that moves on the comea thus allowing some tear exchange (20% of the tear volume
may be exchanged during each blink). RGP lenses allow oxygen to pass through the lens
and, together with the tear exchange beneath the lens, induce less comeal oedema than
hydrogel lenses of comparable Dk/t. In contrast, well fitted hydrogel lenses allow an
exchange of only 1% per blink. As these lenses cover the whole cornea, little oxygen

passes through to the cornea directly and material transmission is thus important.

9.3 Short-term corneal changes in response to hypoxia caused by contact lens wear

It is generally agreed that comeal oedema occurs during early adaptation to all types of
contact lenses (Mandell et al 1970; Schauer et al 1973). This is primarily caused by
oxygen deprivation of the cornea but may also be due to changes in tear osmolarity.
Although the clinical appearance and location of oedema may differ depending on the type

of lens worn, the basic mechanisms causing the physiological response remain the same.

9.3.1 Epithelial oedema

Comeal oedema is obvious in hard lens wearers using the slit-lamp, because there is a clear
separation between oedematous central and non-oedematous peripheral epithelium (Korb
and Exford 1968). In contrast, oedema from hydrogel lens wear is more difficult to
observe because it is diffuse across the whole epithelium. Increased epithelial light scatter
as a consequence of oedema will result in patients complaining of hazy vision following
lens removal. In addition, superficial punctate keratitis (SPK) may be visible as a
consequence of epithelial oedema, especially after many hours of lens wear (regardless of
lens type). Water moves into the epithelium through the surface breaks and contributes to
light scatter. However, patients may experience hazy vision due to oedema (termed

Sattler’s veil (Finkelstein 1952; Kwon et al 1972)) without signs of SPK.

Finkelstein (1952) was among the first to recognise that Sattler’s veil was an epithelial

diffraction phenomenon as a result of contact lens wear (section 6.4.1). Finkelstein (1952)

measured the half-arc ofthe halo seen by contact lens users and concluded that halos arose

from the basal cell layer. Subsequent work by Lambert and Klyce (1981) used an in vitro
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model of Sattler’s veil to test the basis of halo formation in rabbits. After hypoxia of the
epithelial surface, results showed that light scattering sites formed between epithelial cells.
The sides of the polygonal meshwork of scattered light were more or less randomly
orientated. As a result, the diffraction pattern produced a circle, forming diffuse halos
observed around a point source of light. It was suggested that these scattering sites resulted
from a differential refractive index (RI) between the basal cell cytoplasm and the
extracellular space, which then acted as a large meshwork or diffraction grating.
Theoretically, an associated cell swelling and separation would be predicted, however, a
consistent change in epithelial thickness was not demonstrable, even using the highly
sensitive automatic specular microscope. Similar observations have been reported by
numerous other workers (e.g. Wilson and Fatt (1980) section 6.3.2). The most likely
explanation for the diffraction phenomenon is that hypoxia, by stimulating lactate
production, leads to an increase in lactate concentration between basal cells. Being
osmotically active, lactate draws water out ofthe cells, so increasing the extracellular space
between them. Because this space has very little protein relative to the cells, it has a lower
RI and light will scatter at the interface. In fact, in vitro experiments suggest that lactate
production by the cornea doubles under conditions of hypoxia (Riley 1969). Lambert and
Klyce (1981) concluded that hypoxic changes in the refractive properties of the epithelium
produce a pattern of backscattered light from the extracellular space. This has been

identified as being the source ofthe halo in Sattler's veil.

9.3.2 Stromal oedema in contact lens wear

Stromal oedema usually accompanies the epithelial oedema that occurs as a result of
corneal hypoxia due to contact lens wear. The extent of swelling is inversely related to the
Dk/L of the contact lens material or the oxygen tension of the tears (O’Neal et al 1984).
Stromal oedema will be the consequence of breaks in the epithelial or endothelial barriers,
when there is a reduction in the endothelial pump, and/or when there is increase in osmotic
activity of the stromal component. Klyce and co-workers demonstrated that corneal
swelling can be predicted based on the osmotic activity ofthe lactate that is accumulated in
the stroma during hypoxia (Klyce and Russell 1979; Klyce 1981). The results of other
similar studies (e.g. Rohde and Huff 1986) support the proposed ‘lactate osmotic
hypothesis’ for hypoxic stromal swelling. The consequence of stromal oedema has been
discussed in section 6.4.2.
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9.3.3 Endothelial blebs and corneal pH

Zantos and Holden (1977) noted that small black spots were formed on the endothelial
surface within 20 minutes of inserting a contact lens. The black spots reached a maximum
in number and relative area approximately 30 minutes after insertion. These spots, termed
‘blebs’ (section 6.4.3) were found to occur under three conditions: (i) with contact lens
wear, (ii) with nitrogen gas application through a goggle and (iii) by passing a C02/ 02/ N
(1:2:7) gas mixture over the eye (Holden et al 1984). The latter condition did not lead to
stromal swelling as there was no hypoxia, however, the increased C02 concentration
reduced the comeal pH. Therefore, the appearance of endothelial blebs was caused by

stromal acidosis.

Later, Bonanno and Poise (1987) measured the reduction of stromal pH in subjects during
(1) hypoxia and (ii) during lens wear. It was demonstrated that the drop in stromal pH
during lens wear was caused by hypoxic acidosis and accumulation of C02in the cornea as
a result of contact lens wear. Holden et al (1987) confirmed that C02 can accumulate
during lens wear and that the C02transmissibility of contact lenses is similar to the oxygen
transmissibility (Ang and Efron 1990). The clinical impact of comeal acidosis due to

contact lens wear is not fully understood but the changes are generally accepted as being

detrimental to ocular health (Tomlinson 1992).

9.4 Long-term corneal changes in response to hypoxia caused by contact lens wear

Chronic hypoxia, as experienced during long-term contact lens wear, may have
morphological and functional consequences on all comeal structures. The level of hypoxia
experienced by a patient over a number of years may produce a number of clinical signs

(table 9.1).
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Table 9.1 - The comeal sequelae of contact lens-induced relative anoxia (Tomlinson 1992).

Structure Short-term change Long-term change

Epithelium Erosions Microcysts
Oedema Bullae

Ulceration Vacuoles
Warpage Thinning
Vascularisation
Reduced oxygen
consumption

Increased fragility

Reduced sensitivity
Reduced cell mitosis

Stroma Oedema Thinning
Striae Infiltrates
Vascularisation
Endothelium Bleb Polymegethism
Folds Bedewing
Guttatae

The formation of deep stromal opacities have also been observed in response to long-term
contact lens wear (Pinckers et al 1987). Remeijer et al (1990) investigated 32 patients
following long-term PMMA or hydrogel contact lens wear (up to 19 years) and observed
deep ‘whitish’ opacities directly adjacent to Descemet’s membrane in the central part ofthe
cornea. The lesions were most often found in association with hydrogel lens wear (90.6%)
after prolonged use (8.8 years) but were also observed in PMMA contact lens wearers
(9.4%), although this did not occur until after more prolonged use (18.5 years). The lesions
diminished in all patients after discontinuation of contact lens wear or replacement with
RGP lenses. It was suggested that lesions were either caused by an allergic reaction to
thiomersal (contained in certain contact lens cleaning fluids) or were due to chronic

hypoxia ofthe corneal stroma and endothelium.

Poise et al (1990) proposed a parameter termed ‘hypoxic dose’, that takes into account the
level of hypoxia and the duration of oxygen reduction. The authors investigated
endothelial polymegethism, endothelial cell density and CT in extended contact lens and
PMMA wearers and found that hypoxic exposure was dose-dependent (i.e. the greater the
length of hypoxia, the greater the corneal alterations in response to lens wear). The

hypoxic exposure resulted in altered endothelial morphology which reduced corneal
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function. Individuals who had a significant hypoxic dose had poorer corneal hydration
control, as measured in a corneal stress test, compared to non-lens wearers although no
clinical signs of hypoxia were evident (Poise et al 1990). Therefore, subclinical
morphological and functional comeal alterations may occur in response to long-term

contact lens wear without clinical signs of hypoxia being observed.

As the present study attempts to compare the long-term effects of different types of lenses
(i.e. PMMA, hydrogel and RGP), the following introduction to the effects of lens wear has

been divided according to the type of contact lens.

9.4.1 The effect of long-term hard contact lens wear

More than 200 publications have discussed gross ocular changes produced by PMMA
lenses. Ocular changes include irregular and regular astigmatism, prolonged spectacle blur,
oedema (with or without associated wrinkles or folds in Descemet’s membrane), epithelial
abrasions, stromal infiltrates, vascularisation of the cornea, decreased comeal and eyelid
sensitivity, alterations in blink rate, tarsal follicular and/or papillary formation, and altered

tear chemistry.

PMMA contact lenses have been in use for over 60 years but have gradually been replaced
in popularity by hydrogel and RGP contact lenses. Subjects who continue to wear PMMA
lenses are by way of selection contented with their refractive correction, and the comfort
and convenience of their contact lenses. Consequently, PMMA lenses are still worn by

certain patients, despite the apparent disadvantages of their use.

9.4.1.1 Endothelial response to long-term hard lens wear

Schoessler and Woloschak (1981) photographed with a Nikon endothelial camera the
endothelium of 10 contact lens-wearing patients who had worn PMMA lenses for five
years or more. Results from the veteran lens wearers revealed fewer typical hexagonal
cells and extensive polymegethism, compared to age-matched controls. The preponderance
of pleomorphic cells found in PMMA wearers (especially in the 20-30 year old age group),
suggested that the cells had been altered during the course of contact lens wear. It was

proposed that the altered morphology of endothelial cells may represent altered cell
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function, which may increase the likelihood of corneal problems in later years, especially

following corneal surgery.

Other studies have confirmed the findings of Schoessler and Woloschak (1981). Caldwell
et al (1982), using small field specular microscopy, reported a statistically significant
endothelial cell loss associated with PMMA contact lenses which correlated with the
duration of lens wear. Thirty-two subjects were investigated and the duration of wear
distribution ranged from 10 to 27 years. Prolonged hard lens wear reduced endothelial cell
count by as much as 10% over several decades, although the data are potentially flawed due
to the lack of an adequate control group. In a subsequent study, Caillaud and Cochet
(1983) examined 52 non lens-wearing eyes and 90 eyes of regular contact lens wearers with
a Heyer Schulte specular microscope. The regular wearers had worn either HEMA or
PMMA lenses (or a combination of’both) for periods ranging from 2 to 25 years. The study
reported that endothelial cell density reduced with age without being dramatically altered
by contact lens wear. In contrast, pleomorphism of endothelial cells was significantly
increased in contact lens wearers, compared with control cases. The duration of lens wear
(in years) was stated as a factor which increases pleomorphism in patients who otherwise

tolerate their lenses well.

Hirst et al (1984), using specular photomicrographs, investigated 22 apparently successful
hard contact lenses and 22 controls matched for age, race, gender and refractive error. The
study reported that PMMA contact lens wear correlated with increased pleomorphism and
morphological changes which included deep stromal striae, intra- and extracellular
"blackout" areas and clustering of extremely small and large cells. Subsequently, MacRae
et al (1986) investigated 24 eyes of 12 patients who had worn PMMA contact lenses for
more than 10 years and also 15 former users of PMMA lenses. Subjects were evaluated by
specular microscopy and morphometric analysis of the endothelium. The comeal
endothelium of PMMA hard contact lens wearers revealed polymegethism, pleomorphism
and a greater deviation from a regular hexagonal pattern. Such findings were absent in
non-wearers. Cell density was reported to be within the predicted limits for age-matched
controls. A greater morphometric change was evident when subjects were examined after
five hours of lens wear compared to baseline measurements taken in the morning. In
addition, the PMMA wearers exhibited more profound non-reversible endothelial changes
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than observed in hydrogel lens wearers, which correlated with greater duration of wear.
These endothelial changes were found to be non-reversible. Although there was no
significant loss of cell count in this group of PMMA wearers compared to controls, it was
suggested that polymegethism and pleomorphism are the first stages of a tendency for the

endothelium to lose cells more rapidly.

Endothelial polymegethism and pleomorphism as a result of PMMA lens wear has also
been observed by Schoessler (1991) and was recently confirmed by Setala et al (1998) who
investigated 44 eyes wearing PMMA lenses for at least 10 years. The study reported
extensive pleomorphism and polymegethism compared to non lens-wearing subjects and

also reported a decrease in endothelial cell density.

The aetiologies of polymegethism and reduced endothelial function in response to
long-term PMMA lens wear are unknown. It has been suggested that these changes are due
to chronic hypoxia at the endothelium. However, reports indicating a reduction of oxygen
levels at the endothelium have been equivocal (Kwon et al 1972; Barr and Schoessler
1980). Polymegethism could be caused by chronic reductions in comeal pH as it has been
demonstrated that both stromal (Bonnano and Poise 1987) and aqueous humor pH (Thomas
et al 1990) become reduced during contact lens wear. The mechanism by which pH could

alter endothelial cell morphology remains unclear.

9.4.1.2 The effect of hard lens wear on corneal sensitivity

Hamano (1960) measured comeal sensitivity (Haag Streit pachometer 900) in 91 subjects
wearing hard contact lenses. Certain subjects had worn lenses for no more than one year
and others up to 22 years. Comeal touch threshold (CTT) was shown to be significantly
elevated in subjects wearing lenses for between five and seven years. CTT then became
reduced to a level slightly above the control group. Gould and Inglima (1964) observed
little change in CTT compared to normal subjects after ten week’s wear and one year.
Unfortunately, no reference was made to the number of hours the patients had worn the
lenses on the day of measurement. This information is critical because measurements
made in the morning before lenses are inserted would indeed show no change in CTT due
to the fact that there is usually complete overnight recovery of CTT during the first years of
lens wear (Millodot 1991). Morganroth and Richman (1969) assigned subjects to two
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groups, one with new lens wearers (less than three months) and one with long-term lens
wearers (between five to nine years). Although groups showed CTT higher than control
subjects, the group wearing the lenses for the longer time had a CTT twice that of those

who were new to lens wear.

Millodot (1976) took CTT measurements from a group of nine non lens-wearing subjects
who were then fitted with hard lenses. Measurements were repeated two years later and
the author reported a small difference in CTT compared to baseline measurements. Certain
subjects showed an improvement in CTT, whilst others showed a degradation of sensitivity
following two years of lens wear. Later, the same author carried out an investigation of
patients wearing PMMA lenses for up to 22 years (Millodot 1978). Data obtained in the
morning before lens insertion demonstrated that overnight CTT recovery was more or less
complete in subjects who had worn lenses for up to two to three years. After five years of
wear, there was a significant increase in CTT in the morning, indicating that overnight
recovery had not fully completed. CTT was also found to increase as the duration of lens

wear lengthened (figure 9.1).

1 1., 1. L 1!.. 1 — . N a1
Controls 12 5-7 8-10 1113 14-16 17-22
Length o( wear years

Figure 9.1 - CTT as a function of length of wear of hard contact lenses. Controls indicate

non-contact lens wearers (Millodot 1978).
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Sanaty and Temel (1998) reported similar conclusions in their investigation of 20 subjects
who had worn PMMA lenses for up to 20 years. The reduction of corneal sensitivity was
found to be most prominent centrally and was related with the duration of PMMA contact

lens use.

9.4.1.3 Summary

PMMA lenses stimulate a number of comeal changes principally due to reduced oxygen
levels at the comeal surface. Most investigations into the long-term use of PMMA lenses
have reported:

* Endothelial polymegethism and pleomorphism (Schoessler and Woloschak 1981;

Caldwell 1982; Hirst et al 1984; MacRae et al 1986; Schoessler 1991; Setala et al
1998)

* Decreased comeal sensitivity (Hamano 1960; Morgonroth and Richman 1969; Millodot

1976, 1978; Sanaty and Temel 1998).

9.4.2 Effect of long-term hydrogel contact lens wear

Most hydrogel contact lenses transmit a limited quantity of oxygen to the cornea, but this
alone is not sufficient to prevent comeal oedema (Fatt and St Helen 1971). Therefore,
hydrogel lenses should be fitted so that the tear pump, provided by blinking, is sufficient to
circulate oxygen beneath the lens and thus prevent comeal oedema. A number of
investigators have shown that the oxygen level required to prevent comeal oedema is not
achieved with the hydrogel lenses in common use (Bailey and Carney 1973; Mandell 1971;
Poise et al 1975). For any given hydrogel material the oxygen passing through the contact
lens is inversely proportional to its thickness, therefore, developments in lens design aim to
produce as thin lenses as possible (Fatt 1978). Although attempts have been made to
increase the amount of oxygen received by the cornea, hydrogel lenses are still thought to

produce a certain amount of comeal oedema.

9.4.2.1 The effect of hydrogel lens wear on corneal thickness
In the most extensive study to date into the effects of long-term hydrogel lens wear on
comeal physiology, Holden et al (1985) investigated 27 patients who had worn a high

water content hydrogel lens in only one eye on an extended wear basis for an average of 62
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(= 29) months. The other eye which was either emmetropic or amblyopic, acted as the
control. Epithelial examination revealed a reduction in oxygen consumption in response to
hydrogel contact lens wear, which led to epithelial thinning. Epithelial cysts were also
observed in the lens-wearing eye of most subjects. The results of the study suggested that
the observed changes were due to chronic hypoxia, which led to impaired aerobic
metabolic activity in the epithelium, hindering normal epithelial growth and resulting in
epithelial thinning. Holden et al (1985, 1988) also examined the comeal stroma and
reported that the lens-wearing eye experienced stromal thinning. Immediately on removal
of the lens, stromal thickness was 2.5% greater in the lens-wearing eye relative to the
control eye, but decreased following lens removal, eventually becoming thinner than the
control eye by day 2. Stromal thickness in the eye that had been wearing the lens continued
to decrease until day 7 and remained constant thereafter, being 2.3% thinner than the
control eye. This difference was statistically significant on day 7. The precise mechanism
of stromal thinning in response to hydrogel lens wear is unclear but it is thought that the
cornea experiences chronic oedema during extended lens wear (Lebow and Pishka 1980;
Schoessler and Barr 1980; Holden et al 1983) leading to morphological changes in stromal
keratocytes (Kanai and Kaufman 1973). Since the bulk of the collagen, glycoproteins and
proteoglycans are synthesised by keratocytes in the adult cornea (Hart 1982), it is possible
that chronic lens-induced oedema interferes with the synthesis of stromal tissue, resulting
in gradual stromal thinning. Alternatively, the chronic oedema associated with extended
lens wear may lead to dissolution of stromal tissue due to the action of lactic acid, which
accumulates in the stroma under hypoxic conditions in the stromal mucopolysaccharide
ground substance (Klyce 1981). Stromal thinning was not associated with a change in VA,
nor was there any evidence of stromal scarring or other anomalies on biomicroscopic
examination. Patients were followed for 33 days after cessation of contact lens wear, by
which time the epithelial microcysts had all but disappeared. There was a slight reduction
in polymegethism, but no recovery in CT was detected. The study concluded that the
clinical significance of stromal thinning was unclear. Although Holden (1985, 1988)
concentrated on extended hydrogel lens wearers, it is probable that corneal thinning also
occurs in long-term daily contact lens wear, although no studies to date have confirmed

this.
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9.4.2.2 Endothelial response to long-term hydrogel lens wear

The pleomorphism and polymegethism reported in response to PMMA contact lens wear is
also thought to occur following long-term hydrogel contact lens wear. MacRae et al (1986)
investigated 20 users of daily wear contact lenses who had worn lenses for an average of
6.3 years. The study reported that daily wear soft contact lenses caused endothelial
polymegethism and pleomorphism similar to that caused by PMMA lenses. This finding
was later confirmed by Schoessler (1991) who demonstrated that endothelial cells are
affected by hydrogel contact lens wear in a similar manner to PMMA lens wear, thus

implicating a reduced oxygen supply as being causative.

9.4.2.3 Corneal sensitivity in long-term hydrogel lens wear

There has been little research undertaken to elucidate the changes in corneal sensitivity that
occur in response to long-term hydrogel lens wear. Among the research reported, Larke
and Hirji (1979) monitored subjects wearing Sauflon 85 lenses and Millodot (1984)
monitored subjects wearing X-Ten lenses (both high water content extended wear lenses).

In both studies, comeal sensitivity diminished progressively with the number of weeks of
lens wear. The maximum increase in CTT was shown with the X-Ten lens, which showed

a 50% increase by the 13th week. These data show that even lenses with high oxygen

transmissibility cause some loss of comeal sensitivity.

9.4.2.4 Summary

The wearing of hydrogel contact lenses appears to produce similar comeal changes to those
produced by PMMA lenses:

* Endothelial cell pleomorphism and polymegethism (MacRae et al 1986; Schoessler

1991)
» Decreased comeal sensitivity (Millodot 1984).

Furthermore, epithelial and stromal thinning in response to extended hydrogel lens wear
has been reported by Holden (1985, 1988), indicating that long-term wear of hydrogel

contact lenses may significantly alter the synthesis of comeal tissue.
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9.4.3 Effect oflong-term RGP lens wear

Much research has concentrated on PMMA lens wear as the corneal consequences to an
impermeable oxygen barrier are many. In contrast, RGP lenses have received little
attention due to the fact that they are permeable to oxygen and are therefore thought to
address the problems encountered with PMMA lens wear. In addition, rigid lenses show a
significant amount of movement during blinking which creates a secondary route for
atmospheric oxygen to reach the cornea. This secondary route can supply between 30 to
100% of the oxygen necessary for maintenance of a normal corneal metabolism (Mandell

and Farrell 1980).

9.4.3.1 Endothelial response to RGP lens wear

Nieuwendaal et al (1994) examined comeal hydration control (by a comeal stress test) and
endothelial morphological changes due to long-term low Dk RGP contact lens wear in 21
subjects. There was a significant increase in polymegethism and pleomorphism in the
group wearing contact lenses compared with the control group and a significant
relationship was found between morphological parameters and induced swelling, indicating
that induced swelling decreased as the morphologic alterations increased. The study
concluded that increased endothelial polymegethism and pleomorphism may be

accompanied by a decreased comeal hydration control in people who wear contact lenses.

9.4.3.2 The effect of RGP lens wear on corneal sensitivity

RGP lenses are also thought to cause a certain degree of comeal sensitivity loss. Results
for several types of RGP lenses show that the greater the Dk, the smaller the loss of comeal
sensitivity. Douthwaite and Connelly (1986) fitted a RGP lens and a PMMA lens to each
eye of the same subject. Ofthe two, the PMMA lens induced the greatest loss of comeal
sensitivity. Lydon (1986) compared three types of rigid contact lenses and drew a similar
conclusion, namely, that changes in comeal sensitivity were directly related to epithelial

oxygen levels.

Bergenske and Poise (1988) showed that patients refitted with RGP lenses, having
previously worn PMMA lenses, regained lens awareness. Indeed, in most patients, comeal

sensitivity had returned to almost normal levels six months after refitting.
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9.4.3.3 Summary

There has been little research concentrating on the effect of long-term RGP lens wear.
From the studies conducted to date, low Dk RGP lenses cause similar hypoxic changes to
PMMA and hydrogel lenses, that is:

* Endothelial cell pleomorphism and polymegethism (Nieuwedaal et al 1994)

* Decreased corneal sensitivity (Douthwaite and Connelly 1986; Lydon 1986).

With regards to high Dk RGP lenses, it appears that the greater the Dk ofthe RGP lens, the
smaller the loss of comeal sensitivity. The effect of high Dk RGP lenses on endothelial

cell morphology has not yet been studied.

9.5 Effect of contact lens wear on visual performance

The plethora of changes that occur during long-term contact lens wear may have a
significant impact on visual performance. Common complaints of contact lens wear
include photophobia and poor vision, despite good high contrast VA. Comeal oedema
(Westheimer 1961; Miller et al 1967; Hess and Gamer 1977), contact lens deposits
(McClure et al 1977; Gellatly et al 1988), spherical aberration (Westheimer 1961) and poor
lens centration each contribute to a subject's reduced visual performance with prolonged
lens wear. Other phenomena that may specifically affect visual performance in PMMA or
RGP lens wearers include dazzle from the lens edge, the entrance of unrefracted light into

the eye and multiple reflections from the lens surface.

The most common subjective complaint of contact lens wearers is that their vision is worse
when wearing lenses compared to that with spectacles. This has led to attempts to define
the causative factors. Many of the studies have concentrated on the quality of vision with
hydrogel lenses. Several techniques have been employed in these investigations, including
Variable Contrast Acuity Charts (VCAC), CS devices, and measurements of forward light

scatter.

9.5.1 Effect of contact lens wear on measures of visual acuity
Several factors may be responsible for the reduced VA experienced with different types of
contact lenses. Hydrogel lens wearers may experience such difficulties as a result of

uncorrected refractive cylinder, strain induced with lathe-cut lenses during the
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manufacturing process (Mandell and Kong 1988) and hydrogel lens induced flexure
(Gundel et al 1988). Reduced vision in RGP wearers is commonly the result of
lens-induced flexure (Herman 1983), warpage (Henry et al 1987; Henry et al 1990) and/or
poor surface wettability (Grohe and Caroline 1989).

Millodot (1969) investigated the variation in VA experienced in response to contact lens
wear. VA was measured at various luminances in four myopic contact lens-wearing
subjects who had worn PMMA lenses for one year. Contact lenses generally provided
better acuity at high luminances, but acuity was significantly improved with spectacles as
the luminance was reduced. This finding was attributed to the spherical aberration
produced by the contact lens on the eye (Ivanoff 1956; Jenkins 1963; Bonnet 1964;
Elnasher and Larke 1986). Such spherical aberration was first studied by Westheimer
(1961). When the eye is fitted with a contact lens, the first comeal refractive surface is
replaced by that of'the contact lens. The anterior surface of a contact lens is spherical with
a curvature which is high relative to its aperture. As such, it produces significant spherical

aberration.

Woo and Sivak (1976) concluded that there was actually little difference in the in vivo
value of the eye’s spherical aberration when wearing hard or hydrogel lenses. Bailey
(1971) also came to the same conclusion for hard lenses. The experimentally determined
values of spherical aberration for the eye are substantially better than those calculated from
theoretical considerations (Jenkins 1963). This phenomenon was explained by Bonnet
(1964) who reported that the comeal spherical aberration was of opposite sign to that ofthe
crystalline lens. Therefore, the combination of the crystalline lens and cornea reduce the

amount of spherical aberration in the eye.

The flexible nature of hydrogel contact lenses permits the aspheric nature of the cornea to
resume its role in reducing spherical aberration. Therefore, it is logical to predict that
spherical aberration should be less with hydrogel lenses than with hard lenses. Therefore,
if spherical aberration causes a reduction in CS it should be more pronounced with hard
lenses compared with hydrogel lenses. However, Wechsler (1978), who conducted a study
of VA with spectacles, hard lenses and hydrogel lenses, suggested that spherical aberration
was in fact an important factor in reducing VA in both hard and hydrogel lenses. Seventy
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five hydrophilic lens wearers (B&L soflens) and 75 PMMA hard lens wearers were
investigated. In cases of uncorrected refractive error an over refraction was used. None of
the subjects in the study had worn contact lenses during the year prior to the pre-fitting
examination. Among traditional hard lens-wearing eyes, there was a small decrease in
acuity when comparing best corrected spectacle acuity with the VA achieved with contact
lenses. When the hydrogel contact lenses were applied, there was an appreciable decrease
in VA. Even with the addition of a spherocylindrical over refraction, the acuities did not
reach the same level as the acuity with spectacles alone. The study reported that 25% of
contact lens wearers (hard and hydrogel) exhibited a decrease in measured VA, even with
the refractive error completely corrected, suggesting that spherical aberration was a
possible cause of reduced VA in both types of lens wear. Lens surface deposits were also

partly responsible for the results obtained.

9.5.1.1 Effect of deposits on measures of visual acuity

Poor surface wettability may be due to lens deposits, which occur in all types of contact
lenses. It is estimated that between 50 and 70% of regularly worn hydrophilic lenses have
some form of deposit adhering to them (Randeri 1974; Randeri and Glicksir 1975). In fact
recent studies indicate that these deposits appear on hydrogel lenses after as little as one
minute of wear and that both the amount and type of deposits increase the longer the lenses
are worn (Leahy et al 1990; Lin et al 1991). Rigid lenses are also prone to deposition but
this seems to be less of a problem than with hydrophilic lenses (Fowler et al 1984; Fowler
et al 1987; Walker 1988). The deposits occurring on rigid lenses are similar to those found
on hydrophilic lenses, although the relative proportions may differ (Fowler et al 1984;
Fowler et al 1987). The components of these deposits are derived primarily from the tear
film and their effect is to disrupt the tear film itself (Leahy et al 1990), decreasing lens

comfort and increasing wearer dissatisfaction (Roth 1978).

Clearly, contact lens deposits may have a detrimental effect on VA. McClure et al (1977)
demonstrated that a drop in VA occurred over a period of six months following daily wear
of an RGP contact lens and proposed that the increase in protein deposition and the
reduction in VA observed with wearing time were related. Gellatly et al (1988)
subsequently supported these findings and demonstrated that high contrast VA declines
with increasing lens deposition and with the length oftime a lens is worn.
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9.5.2 Effect of contact lens wear on Variable Contrast Acuity

The use of low contrast letters is a valuable tool in the evaluation of the contact
lens-wearing population, as diffusive blur caused by protein deposition may not
significantly affect measures of high contrast acuity. In fact, Regan and Neima (1983)
reported that diffusive blur caused a larger drop in low contrast VA than refractive blur (Ho
and Bilton 1986; Guillon and Sayer 1988). This finding was disputed by Gellatly et al
(1988) who reported that low contrast letter charts only scored consistently one letter lower
than high contrast letter charts, and hence added no additional information. However, the
extent of lens deposit that was measured in this study may not have been sufficient to

induce enough diffusive blur.

Other studies using VCACs have shown that certain lathe cut daily wear hydrogel lenses
outperform spin cast lenses when tested on the same patients. Similarly, Acuvue
disposable lenses produced by cast moulding directly in their final form outperform spun
cast (Guillon and Schock 1991) and lathe cut lenses (Guillon et al 1993). Worsening lens
wettability with wear has been shown to be associated with visual losses as measured using

VCACs (Doane et al 1990; Guillon et al 1991).

9.5.3 Effect of contact lens wear on the contrast sensitivity function

9.5.3.1 Hydrogel lenses

9.5.3.1.1 Studies investigating newly dispensed hydrogel lenses

An early study by Applegate and Massof (1975) found a decreased sensitivity to
intermediate spatial frequencies (2-4 cpd) in three non-adapted subjects wearing early
series Bausch and Lomb hydrogel lenses compared with spectacles. However, the subjects
tested manifested a residual error when wearing lenses, and when this residual error was
corrected, there was no change in the CSF. Subjects wore the lenses at least two hours

prior to testing.

Bernstein and Broderick (1981) tested the CSF of nine non-contact lens-wearing subjects
wearing a B & L lens (Series B3, B4, N) in one eye and a spectacle correction in the other,
at two hourly intervals over an 18 hour period. No difference in CSF between spectacle
and contact lens correction could be found. In contrast, Mitra and Lamberts (1981)

reported a decrease in CSF at all spatial frequencies in 12 non-contact lens-wearing
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subjects following fitting with the B&L Soflens (Series B3, U3). Measurements were
taken 30 to 60 minutes following contact lens fitting and then repeated approximately two
weeks later. The decrease was attributed to several possible factors, including optical
aberrations from the contact lens and subclinical comeal oedema. Uncorrected residual
error was not cited as a cause of CS loss, as 11 out of 12 subjects with no residual
astigmatism still exhibited significant CS loss. It was hypothesised that the decrease in the

CSF with time was the result of deposit formation.

Grey (1986) reported a gradual loss of CS during the first hour of hydrogel lens wear.
Eighteen non-contact lens wearers were recruited, each of whom had 6/6 acuity and less
than 0.25 DC of astigmatism. Subjects were each fitted with the B & L Soflens. Six were
fitted with B3 series lenses (centre thickness 0.12 mm), 6 with U3 lenses (centre thickness
0.07 mm) and 6 with the 03 series (centre thickness 0.03 mm). Pachometry measurements
were also taken (using a Haag-Streit slitlamp). The author reported a significant drop in
CS at all spatial frequencies tested (0.75, 2, 6 and 16 cpd) which was attributable to comeal
adaptation to the contact lens following one hour of lens wear. The loss in CS increased in
severity with increased hydrogel lens centre thickness. All spatial frequencies were
affected, to differing degrees, and no clear pattern was evident with regard to spatial
frequency. The subjects had little residual refractive error and so this could not be cited as
a cause of the reduced CSF. Local environmental changes were considered as the most
likely cause of the CS reduction. Ford (1974), in a comprehensive investigation into
hydrogel lens parameters, concluded that there were a large number of potential causes of
contact lens changes (e.g. pH, tonicity, temperature, volume of tear production, degree of
hydration) which summate to modify the lens radius, diameter, and/or thickness to give a
significant error of power when the lens was settled on the eye. In fact, the subjects
investigated by Grey (1986) maintained a high level of VA throughout the experiment,
suggesting that power error could not be the cause of the reduced CSF observed in
hydrogel lens wearers. In addition, the CS loss was found to remain following removal of
the lens, indicating that changes in the cornea, rather than changes in the hydrogel lens
itself, were the cause ofthe CS loss. In fact, the reduction in CS paralleled the increase in
comeal oedema as the greatest change in CT caused the greatest change in CS. The study
concluded that the reduction in CS, when wearing hydrogel lenses, was due to comeal
oedema.
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Other studies have shown that uncorrected refractive astigmatism, even in small amounts,
will result in a decrease in CSF, especially at higher spatial frequencies (Gundel et al
1988). Gundel et al (1988) investigated the effect of mild residual astigmatism on the CSF.
Seven astigmatic myopes (cylinder correction less than 1.00 DC) and eight spherical
myopes were investigated. All subjects had worn lenses for three to nine years and were
ophthalmologically normal. = The study concluded that all but the highest spatial
frequencies tested were affected by residual astigmatism and that this decrease was not
solely from the hydrogel lenses (spherical contact lens wearers revealed no loss of CS) or
from the absence of cylinder correction (a spherical equivalent in spectacle form did not
lead to as much loss in CSF). Hydrogel lens-induced flexure was implicated as a possible

cause of a reduced CSF (Gundel et al 1988).

Improvements in experimental technique and more rigorous statistical analysis have led to
the consensus view that hydrogel lenses do not significantly impact on CS (Teitelbaum et
al 1985; Tomlinson and Mann 1985; Nowozyckyj et al 1988). It is now thought that poor
controls and the effects of residual astigmatism, contact lens adaptation, chronic comeal
oedema and lens deposits may all contributed to the decline in CS reported in earlier
experiments. The visual impairment suggested in former studies was negated by tighter
controls, eliminating the effects of residual astigmatism, contact lens adaptation, chronic
comeal oedema and deposits on lenses. Teitelbaum et al (1985) used new lenses in 12
adapted contact lens wearers (duration of contact lens wear was not stated) and controlled
for adaptation and astigmatism. Measurements were taken after 15 minutes. It was
concluded that newly dispensed hydrogel lenses did not alter the CSF and that the CSF was
similar for three polymers of differing water content. Likewise, other clinical studies
investigating non-astigmatic hydrogel lens wearers have found there to be no difference in
CSF between spectacle and hydrogel lens wearers (Tomlinson and Mann 1985;
Nowozyckyj et al 1988). In fact, Tomlinson and Mann (1985) reported a statistically
significant increase in contrast sensitivity using lathe cut lenses. However, the increase in
CS was not clinically significant as defined by a 0.02 log unit difference. Nowozyckyj et al
(1988) investigating 14 non-adapted subjects, fitted two types of hydrogel lenses (38% and
67% water content) and measured CS without glare after 0.5 and six hours of lens wear,
and CS with glare after 1.5 hours and 7.5 hours. Measurements were repeated seven
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weeks later. The study reported no significant differences in CS (with or without glare) for
lens fit, thickness or water content. It must be stressed that these conclusions were drawn

from studies of subjects wearing ‘ideal’ lenses.

9.5.3.1.2 Studies investigating ‘used’ hydrogel lenses

The effect of long-term hydrogel lens wear on CS is uncertain as most studies have not
specifically investigated the variations in performance in established lens wearers. Woo
and Hess (1979) proposed that if a patient suffered from symptoms of visual disturbance
whilst wearing hydrogel contact lenses, there was a large reduction in CS. In contrast, if
the patient was asymptomatic, no reduction in CS occurred. This conclusion was made
after measuring only three hydrogel lens patients (the duration of contact lens wear was not
stated), two of whom were asymptomatic whilst one complained of reduced vision (with
normal acuity). The subject who complained of blurred vision revealed a reduced CSF
which was greatest in the high spatial frequency range. Grey (1987) investigated the CSF
in six patients during the first six months of contact lens wear. Subjects were fitted with
the CLS 40 hydrogel lens and CS, CT and VA measurements were taken at regular
intervals during the six month period. It was reported that a temporary reduction in high
spatial frequency CS (16 cpd) occurred during the first two weeks of wear, subsequently
recovering to baseline levels. CT increased by 4.9% on the first day of lens wear, thereafter
gradually returning to, but never quite attaining, prefitting levels. The study concluded that
there was no evidence to support complaints of poor vision resulting from long-term

contact lens wear.

9.5.3.1.3 Summary

The effect of hydrogel lens wear on the CSF has been assessed in several studies. These
studies vary considerably in their experimental design, choice of subjects and lenses, and
sophistication of data analysis. Most studies have evaluated the effect of a hydrogel lens on
the CSF following relatively short periods of lens wear. Certain studies have used newly
dispensed lenses in non-adapted wearers and reported:-

* Loss at intermediate spatial frequencies after two hours of lens wear (Applegate and

Massof (1975)
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* No difference between lenses and spectacles over an 18 hour period (measurements
taken at two hourly intervals) (Bernstein and Broderick 1981), on the first day of lens
wear (following 0.5 and six hours of lens wear) and following seven weeks of lens wear
(Nowozyckyj et al 1988)

» reduced CS at all spatial frequencies following one hour of lens wear (Grey 1986).

Other studies have used newly dispensed lenses in adapted wearers and reported:

e CS loss at all spatial frequencies following 30 to 60 minutes of lens wear and two

weeks later (Mitra and Lamberts 1981)

* No loss of CS at any spatial frequency after 15 minutes wear (Teitelbaum et al 1985).

The effect of long-term hydrogel wear has not been extensively studied, although:

» ahigh spatial frequency loss was reported by Grey (1987) after two weeks of lens wear,

which subsequently returned to baseline levels following six months wear.

* no reduction in CS was reported by (Gundel et al 1988) following three to nine years

lens wear.
No study to date has investigated the effect of hydrogel lens wear on the CSF following

long-term established lens wear of greater than ten years duration.

9.5.3.2 Rigid lenses

9.5.3.2.1 Studies investigating newly dispensed rigid lenses

There have been few studies ofrigid (PMMA or RGP) contact lenses and their effect on the
CSF. Ofthe few performed, Applegate and Massof (1974) found a decreased sensitivity to
intermediate spatial frequencies (2-4 cpd) in three non-adapted subjects wearing PMMA
lenses compared with spectacles. However, the subjects tested manifested a residual error
when wearing lenses, and when this residual error was corrected, there was no change in
the CSF. Subjects wore the lenses at least two hours prior to testing. Guillon et al (1983)
investigated distance CS (using the Nicolet System 2000) and near CS (using the Arden
gratings) in three groups of 20 subjects. Subjects were spectacle or asymptomatic contact
lens wearers (the duration of lens wear was not stated). Subjects in Group 1 were corrected
by spectacles, Group 2 with RGPs and Group 3 with Hema 38% lenses. Subjects were
fitted with lenses and measurements were taken at two different visits (the time scale
between the visits was not stated). The study reported that both RGPs and hydrogel lenses

induced a decrease in CS for mid spatial frequencies under high illumination levels at
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distance. Under low levels of illumination, the CSF for high frequencies was reduced for
the RGP lens wearers. Even though this study used large diameter optical zones, it was
suggested that the decline in the CSF was due to large pupil size, imperfect lens centration

and possible off-axis aberrations.

Eggink et al (1990) compared VA and CS in RGP lens-wearing subjects following fitting
with Diffrax RGP lenses. The diffractive optics design which, although providing a
multi-focal correction using the simultaneous vision concept, provides an equal, but
reduced amount of light for distance and near vision images. Twenty-five subjects
participated, all of whom had worn RGP lenses for at least one year. The length of
adaptation time to the Diffrax lenses was not stated. Eggink et al (1990) reported that the
CSF was significantly lower with the diffractive lens than with a conventional RGP lens
design. The spatial frequency at which the loss occurred was not stated. Woods (1993)
and Woods et al (1993) investigated the optical (Modulation transfer function (MTF)
measured using a solid state EROS) and visual performance (monitor based CS,
Pelli-Robson, and high-and low-contrast VA) of three types of bifocal lenses (rigid
concentric design refractive bifocals, rigid diffractive and soft diffractive bifocals) in a
small group of experienced subjects. Each contact lens was worn for a maximum of 45
minutes. The MTF of'the rigid type bifocals was investigated by varying the aperture size
and amounts of decentration. Decentration was shown to have a much greater effect on the
MTF of the refractive than on the MTF of the diffractive bifocals. The MTF of the
refractive bifocals was related to the proportion of the aperture covered by the central
optical zone. Furthermore, CS at 8 and 16 cpd and VA were better with the centre-distance
bifocal, but CS at 2 and 4 cpd and Pelli-Robson were better with the centre-near bifocal.
As the central optical zone diameter increased, visual performance improved with the
central optical zone forming the focus and reduced with the peripheral optical zone forming
the focus with both centre-near and centre-distance for CS at 2, 4, 8 and 16 cpd. There was
good agreement between measures of optical and visual performance. For the rigid
diffractive lens, the effect of decentration upon optical performance was shown to vary
with spatial frequency and again, there was good agreement between optical and visual
performance measures. The soft diffractive lens design revealed poor optical quality and
optical measures proved more sensitive to manufacturing differences than visual
performance measures. In fact, reliability of visual performance measures was reported to
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be reduced if the bifocals were decentered compared to previous reports with normal
well-corrected subjects and the test-retest repeatability coefficients increased as the average

visual performance declined.

Tomlinson and Mann (1985) used a short-duration stimulus CSF test to measure temporal
fluctuations in vision after the blink in contact lens wearers. Loss of sensitivity occurs for
short periods (generally up to 50 msec) after the blink. This is caused by changes to the
retinal image during lens movement. Losses were shown for both hydrogel and RGP
lenses, but the magnitude of change was greater with RGP lenses due to their greater

movement following a blink.

9.5.3.2.2 Studies investigating ‘used’ rigid lenses

The effect on CSF of rigid extended wear lenses has also been investigated (Ziel et al
1990). Baseline readings were obtained from 13 PMMA, seven hydrogel and four
spectacle lens wearers (the duration of contact lens wear was not stated) before subjects
were refitted with a rigid extended wear lens (Boston IV). Seventy-seven percent of
subjects completed the study and measurements were taken at prior to the initial fitting and
then following six and 12 months wear. The authors concluded that refitting yielded an
improvement in CSF at all spatial frequencies in each ofthe three groups after one year of

extended RGP lens wear.

9.5.3.2.3 Summary

Few studies into the effect of rigid lens wear on the CSF have been conducted. Again,

those that have vary considerably in their experimental design, choice of subjects and

lenses, and sophistication of data analysis. In summary:-

« PMMA lens wear has been shown to reduce the CSF at 2 - 4 cpd following two hours
wear in non-adapted subjects (Applegate and Massof 1974)

* RGP lenses have been shown to reduce the CSF at mid spatial frequencies at high
luminances, and high spatial frequencies at low luminances, in adapted and

non-adapted wearers (length of wear not stated) (Guillon et al 1983)
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» Diffrax RGP lenses have been shown to reduce the CSF (spatial frequency at which the

loss occurred was not stated) in adapted lens wearers (adaptation time not stated)
(Eggink et al 1990)

» Extended wear RGP lenses have been shown to improve CS at all spatial frequencies in

adapted and non-adapted wearers after 1year (Ziel et al 1990).

In conclusion, RGP lenses are thought to cause less of a reduction in CSF than hydrophilic
contact lenses (Guillon et al 1983; Ziel et al 1990), although they still appear to cause a
reduction in the CSF compared to the equivalent spectacle correction (Guillon et al 1983).
No study to date has investigated the effect of RGP lens wear on the CSF after initial
insertion (following a 30 minute adaptation period) or following long-term established lens

wear of greater than five years duration.

9.5.4 The effect of contact lens wear on glare contrast sensitivity

Glare disability can be a problem associated with contact lens wear (Miller et al 1967,
Applegate and Massof 1975; Remole 1977; Woo and Hess 1979; Harper and Halliday
1989) and is caused by a reduction in contrast of the retinal image due to a veiling
luminance in the eye (Wolf and Gardiner 1965; Abrahamsson and Sjostrand 1986; van den
Berg 1986) (section 1.3.2). Glare disability is generally measured as the difference in VA
or CS in normal conditions compared with that observed when a nearby bright light source
is present (Miller et al 1967; Paulsson and Sjostrand 1980; Abrahamsson and Sjostrand
1986). Most early work on PMMA lenses and glare disability found a reduction in visual
performance due to light scatter, caused by corneal oedema (Miller et al 1967, Remole
1977). Glare disability is thought to be less of a problem with the increased use of RGP
and hydrophilic lens materials (Poise et al 1975; 1989).

One of the first studies to investigate glare CS in the contact lens-wearing population was
conducted by Applegate and Massof (1975). CSFs were measured using a method of
increasing contrast in the presence of a glare source. Baseline measurements were
performed on six spectacle wearing ametropes and then measured again after three patients
were fitted with PMMA lenses and three patients were fitted with hydrogel contact lenses
(Bausch and Lomb [B & L] Soflens). Although statistical analysis of the results was not
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carried out, the CSF curves did show that visual performance was poor whilst wearing
contact lenses. This deterioration was greatest in the hydrophilic lens-wearing group and
was also greater if the residual error of the contact lens prescription was left uncorrected,
thus producing refractive blur. Other studies using CS (without a glare source) provided
similar results (Woo and Hess 1977; Mitra and Lamberts 1981) (section 9.5.3.1.2).
Tardibuono (1987) compared the effect on CSF and glare (the latter using a two-channel
tachistoscope developed by Applegate (Applegate and Massof 1975; Applegate and Jones
1989)) of a tricurve versus a progressive aspheric design, in a flourosilicone/acrylate lens
material. The study reported that the aspheric design performed as well as the spherical

design.

Nowozyckyj et al (1988) investigating 14 non-adapted subjects, fitted two types of
hydrogel lenses (38% and 67% water content) and measured glare CS after 1.5 hours, 7.5
hours and seven weeks. The study reported no significant differences in glare CS for lens

fit, thickness or water content.

9.5.5 The effect of contact lens wear on other glare measurements

One of'the first investigations into the effect of hard lens wear on glare measurements was
conducted by Miller et al (1967). Fifty hard contact lens wearers were investigated using
Landolt rings and a glare source. The study tested glare sensitivity before and after fitting
(three weeks later) with hard contact lenses and reported a statistically significant increase
in glare sensitivity in subjects who developed epithelial oedema whilst wearing their
contact lens. No increase in glare sensitivity was found in subjects who did not develop
epithelial oedema. In addition to epithelial oedema, it was suggested that the edge of the

contact lens not covered by the pupil also contributed to glare sensitivity and photophobia.

Applegate and Wolf (1987), using the two-channel tachistoscope developed by Applegate
(Applegate and Massof 1975; Applegate and Jones 1989), investigated five subjects, all of
whom had a significant increment loss at low background luminance levels in the presence
of a point glare source located one degree nasal to a test disc. Subjects were tested whilst
wearing a hydrogel contact lens correction and then whilst wearing a spherical equivalent
of their contact lens correction in the trial frame. All subjects were content, long-term
wearers (2 to 11 years) of hydrogel lenses. The authors suggested that observed glare
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sensitivity was due to the contact lens material, lens deposits or corneal oedema, however a
subsequent study by Applegate and Jones (1989) found less consistent results. Fifteen
subjects (including the original five subjects who participated in the previous study) were
examined using the same apparatus and similar protocols. All were satisfied long-term (2
to 8 years) hydrogel lens wearers with good VA 6/6 or better, through both their contact
lenses and spherical equivalent trial frame correction. This time, no significant hydrogel
contact lens induced increases in disability glare were found but analysis of individual data
revealed three classes of effects within the population tested. Subjects either demonstrated
a significant glare effect induced by contact lens wear (6 of 15), no increases in disability
glare (7 of 15), or a significant decrease in disability glare (2 of 15). The five subjects
included in the original study (Applegate and Wolf 1987), were not identified.
Extrapolation ofthe results to the total population of hydrogel lens wearers suggested that
at any point in time, approximately 40% of the subjects wearing hydrogel lenses will
experience a significant increase in disability glare, 47% will show no significant increases
in disability glare and 13% will experience significant decreases in disability glare
compared to the disability glare experienced while wearing a spherical equivalent trial
frame correction. This finding is consistent with the clinical impression that subjective
complaints of decreased tolerance to glare are more common among hydrogel contact lens
wearers than among spectacle wearers (Bennett et al 1989). The study concluded that the
extrapolation was only a tentative prediction and suggested that hydrogel contact

lens-induced disability glare may correlate with the quantity and type of lens deposits.

9.6 Effect of contact lens wear on measures of forward light scatter

Elliott et al (1991) and Mitchell and Elliott (1991) conducted a study of contact lens
wearers using the van den Berg straylight meter. Seventeen established hydrophilic contact
lens and 15 RGP contact lens-wearing subjects were investigated (all subjects were
established wearers of least six months), together with 66 normal subjects (age range 19 to
79 years). Light scatter scores with and without the lens were calculated and the effect of
lens deposits, contact lens material and corneal health on light scatter were evaluated. The
study reported that light scatter scores were significantly greater in contact lens wearers
than in age-matched controls. Pearson correlation coefficients were calculated for light
scatter versus estimates of lens deposits, and the results demonstrated that there were no
significant correlations for any combination (p > 0.1). This was an unexpected result, as
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previous studies had indicated that a relationship between visual performance and lens
deposits existed (McClure et al 1977). The findings may be explained by the fact that
significant light scattering may not occur until lens deposits have reached a critical
concentration which was not attained by lenses in the chosen subject population. It was
also suggested that measurement error could explain the contradictory findings. When
light scatter scores with and without the lens were compared, mean straylight values for
RGP lenses were significantly greater (p < 0.001) than for hydrophilic lenses. This was the
basis for the authors’ hypothesis that RGP lenses cause increased light scatter due to the

lens material and design.

The effect of corneal integrity in contact lens wearers on light scatter was assessed by
comparing the light scatter scores approximately 30 seconds after contact lens removal
with age-matched normal data. For small and medium angle scatter, there was a significant
difference between the hydrophilic group and controls but not between the RGP group and
controls. Although none of the hydrophilic contact lens wearers showed clinically visible
signs of corneal oedema, five subjects had straylight scores greater than the 95%
confidence limits of normal. It was suggested that this was due to sub-clinical levels of
corneal oedema. One RGP wearer had clinically visible corneal oedema and had straylight
scores greater than the 95% confidence limits of'the normal data at both small and medium
angles. The study concluded that the corneal oedema produced in RGP wearers is likely to
be stromal and due to the smaller size of the RGP lens, visible with slitlamp
biomicroscopy. Hence, it was suggested that symptoms of disability glare in RGP lens
wearers with normal corneal health are caused by either the rigid lens material, size or fit.
Symptoms of glare disability in wearers of hydrophilic lenses were thought to be due to

sub-clinical levels of oedema (Elliott et al 1991; Mitchell and Elliott 1991).

Corneal light scattering and visual performance were also investigated by Lohmann et al
(1993) in a study of 35 myopic individuals. Subjects were divided into three groups:
Group 1 wore spectacles and occasionally contact lenses (n = 10), Group 2 exclusively
wore contact lenses (n = 15); and Group 3 had undergone excimer laser photorefractive
keratectomy (n =10). In Group 1, contact lenses were typically used only one to two days
per week. In group 2, contact lenses were less than three months old and in daily use.
Within Groups 1 and 2, the subjects were further subdivided on the basis of hard and
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hydrogel lenses. The duration of lens wear was not stated. All subjects underwent VCAC
testing using a pyschophysical method designed by Lohmann et al (1991), traditional
Snellen acuity, backscattered light using a method designed by Lohmann (1992) and
forward scattered light using a method based on the technique of van den Berg (1986). The
results of VCAC testing demonstrated that hydrogel lens wearers and the excimer laser
group had significantly reduced acuity at 5% contrast. Also, most hydrogel lens wearers
revealed higher levels of backscatter than spectacle wearing subjects. When the forward
light scatter values obtained for each group were averaged, the hydrogel contact lens

wearers revealed higher levels of light scatter than all other groups.

Lohmann et al (1993) concluded that there was no correlation between the magnitude of
myopic correction and increased forward light scatter in either contact lens wearers or
excimer laser photorefractive keratectomy patients. When the measurements of backscatter
and forward light scatter were compared, the groups in which both scatter components
were at their highest showed a correlation between these two scatter components. In all
other groups, this relationship did not hold. In particular, virtually no backward light
scatter was measured in certain subjects in the hydrogel contact lens group, but several

individuals had considerable problems with forward light scatter (figure 9.2).
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Figure 9.2 - The relationship between forward-scatter and backscattered light. Each data point

indicates one subject. EX3m indicates excimer subjects at 3 months postoperatively; SCL indicates

hydrogel contact lenses (Lohmann et al 1993).

The study suggested that small changes in hydration levels or in the quality of the tear film
resulted in major changes in hydrogel contact lenses, which in turn effect visual
performance. This suggestion corroborated with the findings of Timberlake et al (1992) in
which a measurable loss of low-contrast VA was identified if the individual being tested
did not blink- over a period of seven seconds. This was an important observation, given
that the investigators measured the average blinking interval in their population at 11 to 12
seconds. Therefore, it may be inferred that a decline in visual performance may result if
subjects do not blink frequently during testing. Lohmann et al (1993) concluded that
spectacles, hard contact lenses and PRK were all superior to hydrogel lenses in terms of

forward light scatter and low-contrast VA.

9.7 Summary

Increased glare disability has been reported in PMMA lens wearers (Miller et al 1967;
Remole 1977). RGP and hydrogel lenses are not thought to cause similar increases in glare
disability (Poise et al 1975; 1989), although Applegate and Massof (1975) reported a

greater deterioration in glare CS in hydrogel wearers when compared to PMMA lens
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wearers. This was confirmed by Applegate and Wolf (1987) using a two channel
tachistoscope. A further study by Applegate and Jones (1989) found less consistent results
and suggested that glare disability was dependent upon the individual's response to contact

lens wear.

Only two studies to date have investigated the effect of contact lens wear on forward light

scatter, and these have produced contradictory results:-

* Long-term (greater than six months) RGP wearers reveal more light scatter than
hydrogel wearers and both groups revealed more light scatter than age-matched controls
(Elliott et al 1991; Mitchell and Elliott 1991)

* Long-term (duration of lens wear not stated) hydrogel wearers reveal more light scatter
than hard (type of lens not stated) lens wearers or spectacle lens wearers (Lohmann et al
1993).

No study to date has investigated the effect of RGP lens wear on measures of light scatter

after initial insertion (following a 30 minute adaptation period) or following long-term

established lens wear (of all types) within defined durations.

9.8 Study 1 - The effect of long-term contact lens wear on the light scattering
characteristics of the eye

9.8.1 Aims

The aim ofthe Study 1 is to investigate whether long-term contact lens-wearers experience
high levels of light scatter as measured by the integrated straylight parameter, &, or suffer
CS loss when clinical tests, such as slit lamp biomicroscopy, reveal no significant comeal

changes.

The availability of the PS CAN 100 equipment and a researcher who could conduct the
thorough investigation of the full scatter function and CS analysis has allowed the current
study to:-

* investigate subjects within a well defined range ofperiods of lens wear
* investigate subjects wearing a range of contact lens materials
+ obtain a direct measure of forward light scatter

e measure k in addition to n and &
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compare measurements of scatter and the CSF over a wide range of spatial frequencies.

9.8.2 Subject selection

The majority of the contact lens-wearing subjects were recruited from a local contact lens
practice or from City University eye clinic. All subjects wearing contact lenses were
receiving regular aftercare and the surface quality of the contact lenses was examined to
exclude those with protein deposits and/or lens abrasions. Each subject was examined
using the slit lamp biomicroscope so that corneal integrity and lens opacification could be
evaluated. All subjects underwent scatter and CS testing using the methodology described
in section 5.7. Measurements were taken in the afternoon to avoid variability caused by the
effects of overnight sleep (as discussed in section 6.13). Wherever possible, male subjects
were chosen due to the increased variability noted in female subjects in Chapter 6 and 7.
However, in order to complete the data set, five females were included but all were above
the age of 40 years. As females are known to have reduced levels of oestrogen during
middle age, the results from these five subjects are unlikely to be as variable as those found
in younger females in Chapter 7. Therefore, subjects were included in the study if:-

+ they had VA ofat least 6/9

+ they were ophthalmologically normal

+ they had no significant lenticular changes (i.e. less than Grade 1 as measured by LOCS
n)

« little/no protein deposits/lens abrasions were evident

+ they were male

+ they were female and over the age of40.

Subjects were excluded from the study if

» they had VA ofworse than 6/9

» they were not ophthalmologically normal

+ they had significant lenticular changes (i.e. more than Grade 1 as measured by LOCS
n)

» extensive protein deposits/lens abrasions were evident

+ they were female and under the age of40.
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In all, 43 subjects were evaluated. However, due to the strict inclusion/exclusion criteria,
only 29 subjects (54 eyes) were included in the analysis. Wherever possible, subjects were

recruited to fit into the following matrix:-

Table 9.2 - The duration oflens wear of subjects included in Study 1.

Period oflens

wear

Type of lens maximum of 5 maximum of maximum of maximum of maximum of maximum of
years lens 10 years lens 15 years lens 20 years lens 25 years lens 30 years lens
wear - No. of wear - No. of wear - No. of wear -No.of wear - No. of wear - No. of
subjects (eyes) subjects (eyes) subjects (eyes) subjects (eyes) subjects (eyes) subjects (eyes)
Hydrogel 4(7) 2(4) 2(4)
RGP 3(6) 3(6) 2(4)
PMMA - - 2(4) - 3(6)
Mixture - - 2(4) 2(3) 2(4) 2(2)

NB - Wherever possible recruited subjects had durations of lens wear close to 5, 10, 15, 20, 25 and 30 years.

From the initial stages of'the study, it became clear that subjects wearing hydrogel or RGP
lenses for periods of 20 years or more would be difficult to recruit. This is understandable,
considering the relatively recent advent of hydrogel and RGP lenses. In addition, most
long-term contact lens patients have experience of more than one lens type. For example, a
patient who began contact lens wear 25 years ago, would normally have been fitted initially
with PMMA lenses. Following the advent of more physiologically compatible lenses, most
of these patients would have been refitted with either hydrogel or RGP lenses. As many
subjects revealed this pattern of contact lens wear, a fourth group was included for
investigation which contains those subjects who have experience of more than one type of
contact lens. Subjects with only 5 or 10 years PMMA lens wear proved equally
problematic to find. Given the range of lenses (which allow a much greater amount of
oxygen through to the cornea compared to PMMA lenses) now available, PMMA is the
least appropriate material to use when fitting potential contact lens wearers. Therefore, it
was not surprising that this category of subjects proved impossible to recruit. Subjects
wearing a mixture of lenses for either 5 or 10 years also proved impossible to recruit. This
reflects clinical practice, as patients will usually develop clinical problems at the initial
stages of contact lens wear (i.e. after a month or two) or following long-term (i.e. 10 years)

contact lens wear (e.g. neovascularisation following long-term hydrogel lens wear).
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9.8.3 Results of long-term contact lens wear

In order to account for the increase in light scatter with age, a modified &' parameter was
calculated, that is k'-(k" age). The values of %' age’ represent the normal k' for a non
lens-wearing subject ofthe same age as the contact lens-wearing subject. The values for (&’
age’ were obtained from the study into the effects of age on light scatter and contrast

sensitivity (section 5.8, figure 5.2).

The results of all long-term contact lens wearers are shown in figure 9.3. The graph shows
the modified k' values plotted against length of contact lens wear. Forty-eight out of the 54
eyes examined reveal increased levels of light scatter compared to age-matched controls.
Six eyes (four subjects) reveal lower levels of light scatter than expected for their age (all
these subjects were above 50 years ofage). In order to evaluate whether long-term contact
lens wearers have increased levels of light scatter when compared to control subjects, a
t-test was conducted using the normal data described in section 5.8. When the results of
long-term contact lens wearers (mean k' = 13.52, range 4.24 to 27.78) are compared to non
lens-wearing subjects (mean £’ = 9.80, range 6.42 to 17.59), statistical analysis reveals that
contact lens-wearing subjects have significantly higher levels of light scatter than non

lens-wearing subjects (two sample t-test p < 0.001, t = 4.78).

One way analysis of variance showed no statistically significant differences between the £’
means for varying durations of lens wear (i.e. between a maximum of 5, 10, 15, 20, 25 and
30 years oflens wear), regardless of the type of lens worn (p = 0.40, F+1.05 Fishers LSD).

These data should be interpreted with caution given the non-independence of data

introduced by the use ofboth eyes of most subjects in the analysis and the small samples.

Table 9.3 shows the mean k'-(k" age) and s.d. obtained from contact lens-wearing subjects
grouped according to age. No statistically significant differences were found, using one
way analysis of variance, between the k'-(k’ age) means for the five age groups (p = 0.13,
F+1.88 Fishers LSD). Again, these data should be interpreted with caution given the
non-independence of data introduced by the use of both eyes of most subjects in the

analysis and the small samples.
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Figure 9.3 Change in modified k 'for contact lens-wearing subjects over time inyears
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Length of wear (in years)

o Modified « ’values obtained from 54 contact lens wearing eyes.



Table 9.3 - Mean k'-(k' age) and s.d. obtained from contact lens-wearing subjects grouped according to age.

Group No. of subjects (eyes) Mean k'-(k'age) Mean s.d.
(Age range in years) (s.d.) (s.d.)
Group 1 7(14) 2.7 0.84
(20-29) (1.31) (0.52)
Group 2 3(6) 3.5 0.74
(30-39) (1.10) (0.66)
Group 3 6(11) 4.26 0.90
(40-49) (3.13) (0.78)
Group 4 12(21) 4.71 1.36
(50-59) (5.45) (1.17)
Group 5 1(2) -2.33 1.3
(60-69) (0.25) (0.10)

The long-term effects of contact lens wear on the CSF appeared to vary markedly between
individuals (section 9.8.3.1 - 12). Although classification is somewhat arbitrary, thirteen
eyes revealed no CS loss, whilst 19 eyes showed loss at all spatial frequencies tested.
Seven eyes revealed loss at high and intermediate frequencies, six at high and low spatial
frequencies, five at low spatial frequencies only and two at intermediate and low spatial
frequencies. One eye revealed loss at intermediate spatial frequencies only and one eye
revealed loss at high spatial frequencies only. Therefore, in general, most contact lens
wearers showed some degree of CS loss, compared to age-matched controls. Although
pre-fitting CS results would have proved useful for comparison purposes, this was clearly

impossible given the long-term contact lens wearing nature ofthe cohort.

In order to fully appreciate the changes in light scatter and CS that occur during long-term
contact lens wear, the subjects have been classified into groups according to duration of
lens wear. The individual scatter and CS results obtained from each subject are shown

(figures 9.4 - 9.32).
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9.8.3.1 Results of subjects wearing hydrogel lenses for a maximum of 5 years

Table 9.4 - Scatter results from four subjects wearing hydrogel lenses for a maximum of 5 years

Subject Gender Age Eye n s.d. k s.d. k' s.d.  k'-k'(age)
(years)
EP Male 29 RE  2.03 020 2829  14.88 11.38 181 4.52
LE 2.5 0.17  28.23 7.41 9.76  0.24 2.90
PG Male 30 RE  2.36 0.03  40.35 4.38 11.15  1.44 4.24
LE 223 0.14  28.06 7.03 8.55  0.40 1.64
BH Male 55 RE 1.60 0.03  14.54 2.22 14.95  1.46 1.70
LE 1.60 0.08 16.60 3.36  17.20 0.34 3.95
WR Male 56 RE 221  0.13  37.60 5.20 12.00 1.01 -1.95

Three of the four subjects (6 out of 7 eyes) who had worn hydrogel lenses for a maximum
of 5 years reveal increased levels of light scatter compared to an age-matched control
(figures 9.4 - 9.7). The exception is subject WR, who had a modest reduction in scatter
compared to an age-matched control. The left eye of subject WR was not tested as the
patient received PRK surgery to correct myopia one year previously. Two out of four
subjects reveal CS loss at all spatial frequencies (i.e. EP and WR). BH reveals a bilateral
CS loss at all spatial frequencies apart from 1.5 cpd (and 3 cpd in the left eye), whilst only

the left eye of subject PG reveals any CS loss, at 10 cpd only.

Subject EP showed the greatest increase in £’ in this group of subjects. Figures 9.4a, b
show higher levels of scatter in the right eye compared to both an age-matched control and
to the left eye. A similar pattern is observed for subject PG (figure 9.5). Subject BH
produced low n values in both eyes and this is reflected in figure 9.6a, b. The low n values

indicate that the light scatter has a wide angular distribution (that is, a large spread).

9.8.3.2 Results of subjects wearing hydrogel lenses for a maximum of 10 years

Table 9.5 - Scatter results from two subjects wearing hydrogel lenses for a maximum of 10 years

Subject Gender Age Eye n s.d. k s.d. k' s.d.  k'-k'(age)
(years)
AH Male 24 RE 2.00 0.21 22.74 7.02 10.06 0.68 3.42
LE 2.06 0.01 21.77 1.04 8.38 0.59 1.74
PB Male 25 RE 212 0.16 27.05 6.63 9.97 0.57 3.29
LE 212 0.08 25.56 2.60 9.44 0.27 2.76
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Figure 9.4 Scatterprofile and contrast sensitivity resultsfor Subject EP
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Subject E p, male, Caucasian, 29 years.

Right eye Left eye
Visual acuity 6/4 6/4
Contact lens type Hydrogel Hydrogel

Length of wear 5 years 5 years



Figure 9.5 Scatterprofile and contrast sensitivity resultsfor Subject PG
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Subject PG, male, Caucasian, 30 years.

Right eye Left eye
Visual acuity 6/5 6/5
Contact lens type Hydrogel Hydrogel

Length ofwear 4 years 4 years



Figure 9.6 Scatterprofile and contrast sensitivity resultsfor Subject BH
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Subject BH, male, Caucasian, 55 years.
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Visual acuity 6/5 6/5
Contact lens type Hydrogel Hydrogel

Length ofwear 2 years 2 years
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Figure 9.7 Scatterprofile and contrast sensitivity resultsfor Subject WR
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Subject WR, male, Caucasian, 56 years.

Right eye Left eye
Visual acuity 6/5 6/5
Contact lens type Hydrogel Hydrogel

Length ofwear 3 years 3 years



Both subjects who had worn hydrogel lenses for 10 years show increased levels of light
scatter compared to age-matched controls. Figures 9.8a, b reveal elevated levels of scatter
for subject AH in both eyes compared to age-matched controls, whilst the CSF reveals a
better CS than would be expected for this subject’s age (figures 9.8c, d). Such variability
in CS measurements is well documented (Virsu et al 1975; Cohen et al 1976; Ginsburg et
al 1984; Arden 1988) and is thought to reflect genuine biological variability. In contrast,
subject PB shows reduced sensitivity at 16 and 22 cpd in both eyes, with the left eye also

showing sensitivity loss at 10 cpd (figures 9.9¢, d).

9.8.3.3 Results of subjects wearing hydrogel lenses for a maximum of 15 years

Table 9.6 - Scatter results from two subjects wearing hydrogel lenses for a maximum of 15 years

Subject Gender Age Eye n s.d. k s.d. k' s.d. kik’(age)
(years)
W Male 30 RE 214 0.23 31.28 1376 10.65 0.53 3.74
LE 2.04 0.06 27.46 2.48 11.67 1.67 4.76
PM Male 60 RE 176 0.33 26.83 5.83 15.08 1.23 -2.50
LE 177 o0.10 27.97 4.82 19.73 1.37 -2.15

Of the subjects who had worn hydrogel lenses for a maximum of 15 years, subject IW
reveals an increase in the level of light scatter compared to an age-matched control (figures
9.10a, b), and the CSF shows reduced sensitivity at all spatial frequencies tested (figures
9.10c, d). Interestingly, subject PM reveals better than expected levels of light scatter for
the subject’s age (figures 9.11a, b) but also reveals a CS loss at all spatial frequencies
tested (figures 9.1 Ic, d). This finding may indicate that the cause ofthe reduction in CS is
due to optical aberrations caused by the contact lens (Mitra and Lamberts 1981; Guillon et
al 1983). Measures of visual performance (such as CS) has been shown to be affected by
aberrations in the absence of increases in scattered light (Chisholm et al 2000; Maeda et al

2000,.
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Figure 9.8 Scatterprofile and contrast sensitivity resultsfor Subject AH
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Subject AH, male, Caucasian, 24 years.
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Visual acuity 6/5 6/5
Contact lens type Hydrogel Hydrogel

Length ofwear 10 years 10 years



Figure 9.9 Scatterprofile and contrast sensitivity resultsfor Subject PB

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)
(- Age-matched control scatter values'»

Spatial frequency (cycles/0)

(c¢) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched control contrast sensitivity values)

Subject PB, male, Caucasian, 25 years.

Right eye Left eye
Visual acuity 6/5 6/5
Contact lens type Hydrogel Hydrogel

Length ofwear 10 years 10 years



Figure 9.10 Scatterprofile and contrast sensitivity resultsfar Subject IW

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(- Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Subject 1w, male, Caucasian, 30 years.

Right eye Left eye
Visual acuity 6/4 6/4
Contact lens type Hydrogel Hydrogel

Length ofwear 15 years 15 years



Figure 9.11 Scatterprofile and contrast sensitivity resultsfor Subject PM

Effective radius (degrees) Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(- Age-matched control scatter values)

(c¢) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Subject PM, male, Caucasian, 60 years.

Right eye Left eye
Visual acuity 6/9 6/6-3
Contact lens type Hydrogel Hydrogel

Length ofwear 15 years 15 years



9.8.3.4 Results of subjects wearing RGP lenses for a maximum of 5 years

Table 9.7 - Scatter results from three subjects wearing hydrogel lenses for a maximum of 5 years

Subject Gender Age Eye n s.d. k s.d. k' s.d. k'-k'(age)
(years)
PC Male 24 RE 1.60 0.29 12.09 7.01 1203  1.59 5.39
LE 191 0.16 1629 4.19 9.84 1.04 3.20
AB Male 30 RE 239 021 4529 1412 1058 0.07 3.67
LE 217 0.10 2932 479 9.84 0.31 293
AR Male 52 RE 213 0.04 26.01 5.60 9.38 1.65 -2.11
LE 241 0.07 3425 281 8.01 0.38 -3.48

Two out of three subjects who had worn RGP lenses for a maximum of 5 years reveal
increased levels of light scatter compared to age-matched controls. The spatial frequency
at which CS loss occurs varies between subjects. Figure 9.12 shows the results from
subject PC who shows the greatest bilateral increase in k| compared to an age-matched
control. Due to the low 7 values obtained from the right eye (1.60), the scatter has a wider
angular distribution than the left eye (1.91). The CSF shows no reduction in CS at any
spatial frequencies tested. This may due to the biological variability inherent in measures
of CS. In contrast, subject AB reveals loss at every spatial frequency tested (figures 9.13c,
d). Whilst subject AR shows reduced light scatter compared with age-matched controls,
the CSF reveals loss at low spatial frequencies in both eyes (figure 9.14c, d). Again, this
may be due to the presence of optical aberrations caused by the contact lens, which have

been shown to reduce visual performance in the absence of increased light scatter.

9.8.3.5 Results of subjects wearing RGP lenses for a maximum of 10 years

Table 9.8 - Scatter results from three subjects wearing RGP lenses for a maximum of 10 years

Subject Gender Age Eye n s.d. k s.d. k' s.d. k'-k'(age)
(years)

SH Female 52 RE 1.60 0.07 22.71 3.50 22.71 0.01 11.37
LE 143 0.04 20.20 4.29 24.51 2.50 13.02

TT Male 25 RE 213 017 25.92 3.30 9.49 1.76 2.81
LE 2.06 0.08 23.58 4.81 9.47 0.91 2.79
MK Male 24 RE 210 036 2421 14.88 8.48 0.40 1.84
LE 188 0.01 13.74 0.87 8.21 0.66 1.57
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Figure 9.12 Scatterprofile and contrast sensitivity resultsfor Subject PC

(a) Right eye scatter (O) (b) Left eye scatter (O)

(- Age-matched control scatter values)

Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(OAge-maiched control contrast sensitivity values)

Subject PC, male, Caucasian, 24 years.

Right eye Left eye
' Visual acuity 6/5 6/5
Contact lens type RGP RGP

Length ofwear 5 years 5 years



Figure 9.13 Scatterprofile and contrast sensitivity resultsfor Subject AB

(a) Right eye scatter (O) (b) Left eye scatter (O)
(-— Age-matched control scatter values)

Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched control contrast sensitivity values)

Subject AB, male, Caucasian, 30 yean.

Right eye Left eye
Visual acuity 6/5 6/5
Contactlens type RGP RGP

Length ofwear 5 years 5 years



Figure 9.14 Scatterprofile and contrast sensitivity resultsfor Subject AR

(a) Righteye scatter (O) (b) Left eye scatter (O)
(- Age-matched control scatter values)

(c¢) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Subject AR, male, Caucasian, 52 years.

Right eye Left eye
Visual acuity 6/5-2 6/6-2
Contact lens type RGP RGP

Length of wear 3 years 3 years



All subjects who had worn RGP lenses for a maximum of 10 years reveal increased levels
of light scatter, compared to age-matched controls. Subject SH reveals the greatest
increase in light scatter for this group of subjects. From figure 9.15, it can be seen that
there are elevated levels of scatter in both eyes, compared to an age-matched control, which
is accompanied by CS loss at all spatial frequencies (apart from 1.5 cpd in the left eye). In
contrast, despite an increase in light scatter, subject TT reveals a better level of CS than
would be expected for the subject’s age (figure 9.16). Again, this may reflect the biological
variability inherent in measures of CS. Subject MK has a bilateral reduction in the CSF at
all spatial frequencies tested but reveals only a modest increase in light scatter (figure
9.17). Again, this may be due to the presence of optical aberrations which may reduce

visual performance in the absence of increased light scatter.

9.8.3.6 Results of subjects wearing RGP lenses for a maximum of 15 years

Table 9.9 - Scatter results from two subjects wearing RGP lenses for a maximum of 15 years

Subject Gender Age Eye n  sd. k s.d. k' sd. k'-k'(age)
(years)
EL Male 47 RE 199 0.39 26.61 17.06 11.36  2.04 1.87

LE 177 0.03 15.04 213 11.15  1.15 1.66
MH Male 55 RE 184 0.12 2448 3.73 15.05 131 1.81
LE 18 015 2533 544 1448 1.04 1.24

Both subjects who had worn RGP lenses for a maximum of 15 years reveal modest
increases in light scatter compared to age-matched controls. Figure 9.18 shows the results
of subject EL who had the greatest bilateral increase in light scatter. Figure 9.18a reflects
the modest increase in light scatter, whilst the low »n value obtained for the left eye (1.77)
causes a wider angular distribution of light scatter when compared to the right eye (1.99)
(figure 9.18b). The CSF shows a better than expected level of sensitivity compared to
age-matched controls, at all spatial frequencies tested. Subject MH reveals CS loss at low

spatial frequencies only (figures 9.19c¢, d).
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Figure 9.1S Scatterprofile and contrast sensitivity resultsfor Subject SH

(a) Right eye scatter (O) (b) Left eye scatter (O)
(G Age-matched control scatter values)

Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(OAge—matched control contrast sensitivity values)

Subject SH, female, Caucasian, 52 years.

Right eye Left eye
Visual acuity 6/6 6/6
Contact lens type RGP RGP

Length ofwear 9 years 9 years



Figure 9.16 Scatterprofile and contrast sensitivity resultsfor Subject TT

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)
(-—— Age-matched control scatter values)

(¢c) Righteye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched control contrast sensitivity values)

SubjeCtTT, male, Caucasian, 25 years.

Right eye Left eye
Visual acuity 6/5 6/5
Contactlens type RGP RGP

Length ofwear 10 years 10 years



Figure 9.17 Scatterprofile and contrast sensitivity resultsfor Subject M K

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(— Age-matched control scatter values)

(c) Righteye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Subject MK, male, Caucasian, 24 years.

Right eye Left eye
Visual acuity 6/5 6/5
Contact lens type RGP RGP

Length o f wear 10 years 10 years



Figure 9.18 Scatterprofile and contrast sensitivity resultsfor Subject EL

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(- Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched control contrast sensitivity values)

Subject EL, male, Caucasian, 47 years.

Right eye Left eye
Visual acuity 6/6 6/6
Contactlens type RGP RGP

Length ofwear 15 years 15 years



Figure 9.19 Scatter profile and contrast sensitivity resultsfo r Subject M H
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(c¢) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched control contrast sensitivity values)

Subject MH, male, Caucasian, 55 years.

Right eye Left eye
Visual acuity 6/6 6/6
Contactlens type RGP RGP

Length ofwear 15 years 15 years



9.8.3.7 Results of subjects wearing PMMA lenses for a maximum of 15 years

Table 9.10 - Scatter results from two subjects wearing RGP lenses for a maximum of 15 years

Subject Gender Age Eye n s.d. k s.d. k' s.d. k’—k’(age)
(years)
MD Female 48 RE 2.49 0.29 67.05 27.39 13.51 0.02 3.69
LE 2.07 0.09 49.33 8.39 19.59 0.39 9.77
JS Female 51 RE 1.64 0.05 21.23 2.78  20.01 0.51 9.00
LE 1.80 0.15 22.93 5.36 15.07 0.89 4.06

Both eyes of subjects who had worn PMMA lenses for 15 years show increased levels of
light scatter compared to age-matched controls and a depression of CS is observed at most
spatial frequencies. Figure 9.20 shows the results of subject MD who exhibited elevated
levels of scatter in both eyes and a reduced CSF at all spatial frequencies tested, apart from
3 and 5 cpd in the right eye. Figure 9.21 shows the results for subject JS. The right eye
reveals a greater angular light scatter distribution than the left eye due to the relatively low
n values obtained (1.64 and 1.80 respectively). The CSF is reduced at all spatial

frequencies apart from 1.5 and 7 cpd in the left eye.

9.8.3.8 Results of subjects wearing PMMA lenses for a maximum of 25 years

Table 9.11 - Scatter results from three subjects wearing PMMA lenses for a maximum of 25 years

Subject Gender Age Eye n s.d. k s.d. k' s.d. k™-k'(age)
(years)
DK Male 53 RE 1.64 0.21 19.82 5.93 18.90 3.27 6.88
LE 1.52 0.25 15.07 7.29 19.46 3.99 7.44
JR Male 53 RE 2.13 0.16 48.12 11.71 15.42 0.63 3.40
LE 2.35 0.14 60.73 14.55 15.28 0.51 3.27
CcG Male 49 RE 2.07 0.05 32.50 3.33 13.08 0.42 291
LE 2.03 0.05 28.33 2.46 12.25 0.71 2.08

All subjects who had worn PMMA lenses for a maximum of 25 years revealed elevated
levels of forward light scatter. Figure 9.22 shows the results of subject DK who showed
the greatest amount of light scatter in both eyes, compared to an age-matched control. The
low n values obtained indicate that both eyes have a wide angular distribution of light
scatter, with the left eye showing a wider distribution than the right. The right CSF shows
reduced sensitivity at low spatial frequencies, whilst the left CSF shows reduced sensitivity
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Figure 9.20 Scatterprofile and contrast sensitivity resultsfor Subject MD

(a) Right eye scatter (O) (b) Left eye scatter (O)

(- Age-matched control scatter values)

Spatial frequency (cycles/0)

(¢) Righteye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched control contrast sensitivity values)

Subject M D, female, Asian, 48 years.

Right eye Left eye
Visual acuity 6/6 6/5-3
Contactlens type PMMA PMMA

Length of wear 15 years 15 years



Figure 9.21 Scatterprofile and contrast sensitivity resultsfor SubjectJS

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(—-- Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Subject JS, female, Caucasian, 51 years.

Right eye Left eye
Visual acuity 6/5 6/5
Contact lens type PMMA PMMA

Length ofwear 15 years 15 years



Figure 9.22 Scatterprofile and contrast sensitivity resultsfor Subject DK

Effective radius (degrees) Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(-— Age-matched control scatter values)

Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control sensitivity values)

Subject p k, male, Caucasian, 53 years.

Right eye Left eye
Visual acuity 6/5 6/4
Contact lens type PMMA PMMA

Length ofwear 22 years 22 years



Figure 9.23 Scatterprofile and contrast sensitivity resultsfor SubjectJR

Effective radius (degrees) Effective radius (degrees)
(a) Right eye scatter (O) (b) Left eye scatter (O)
(- Age-matched control scatter values)
(c¢) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Subject JR, male, Causasian, 53 years.

Right eye Left eye
Visual acuity 6/9+1 6/6
Contact lens type PMMA PMMA

Length ofwear 22 years 22 years



Figure 9.24 Scatterprofile and contrast sensitivity resultsfor Subject CG

Effective radius (degrees)

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(= Age-matched control scatter values)

(c¢) Right eye contrast sensitivity (m) (d) Left eye contrast

(O Age-matched control contrast sensitivity values)

Subject CG, male, Caucasian, 49 years.

Right eye
Visual acuity 6/5
Contact lens type PMMA

Length ofwear 22 years

sensitivity (m)

Left eye
6/5
PMMA
22 years



at low and high spatial frequencies. Subject JR also shows increased light scatter levels
compared to age-matched controls (figures 9.23a, b). The right eye shows CS loss at all
spatial frequencies tested, whilst the left eye reveals loss at 1.5, 7, 10 and 16 cpd (figures
9.23c, d). The results from subject CG reveal elevated levels of scatter in both eyes,
compared to an age-matched control, (figures 9.24a, b) and the CSF shows reduced
sensitivity at all spatial frequencies tested (apart from 1.5 cpd in the right eye) (figures
9.24c, d).

9.8.3.9 Results of subjects wearing a mixture oflens types for a maximum of 15 years

Table 9.12 - Scatter results from two subjects wearing a mixture of lens types for a maximum of 15

years
Subject Gender Age Eye n s.d. k s.d. k' s.d. k'-k '(age)
(years)
GR Male 53 RE 165 035 3146 20.82  27.78 2.18 15.77
LE 195 0.14 44.68 9.48 22.09 1.03 10.08
SL Male 26 RE 199 0.11 16.85 2.55 7.86 0.61 1.15
LE 228 603 2488 1.26 7.16 0.62 0.45

Both subjects who had worn a mixture of lens types for a maximum of 15 years reveal
varying amounts of light scatter compared to an age-matched control. Figure 9.25 shows
the results of subject GR who shows the greatest amount of light scatter in both eyes
compared to an age-matched control. Due to the low n values obtained for this subject
(1.65 and 1.95 respectively), the distribution of light scatter is different in the two eyes,
with the right eye showing a wider angular distribution than the left eye. The CSF shows
reduced sensitivity at all spatial frequencies tested. Figures 9.26a, b reflect the modest
increase in light scatter for subject SL whilst figures 9.26¢, d, reveal CS loss at all spatial
frequencies apart from 5 cpd in the right eye and 3 cpd in the left eye. It should be noted
that there is a large age difference (27 years) between the two subjects. Therefore, the
results of subject GR (aged 53 years) may also reflect ocular changes related to age despite
subtracting the k' values of an age-matched control (k'-k'(age)). The variable rate of ageing
between individuals is well documented (Johnson and Choy 1987; Lachenmayr et al 1994).
In addition, Johnson and Choy (1987) state that because of a large number of factors
conspiring to produce age-related changes in visual function, there is often greater

variability in data obtained from older individuals.
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Figure 9.25 Scatterprofile and contrast sensitivity resultsfor Subject GR

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)
(— Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)
(O Age-matched control contrast sensitivity values)

Subject GR, male, Caucasian, 53 years.

Right eye Left eye
Visual acuity 6/6 6/5
Contact lens type PMMA/RGP PMMA/RGP

Length ofwear 10/5 years 10/5 years



Figure 9.26 Scatterprofile and contrast sensitivity resultsfor Subject SL

(a) Right eye scatter (O) (b) Left eye scatter (O )

(—-- Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(OAge-matched control contrast sensitivity values)

Subject SL, male, Caucasian, 26 years.

Right eye Left eye
Visual acuity 6/5 6/5
Contact lens type Hydrogel/RGP Hydrogel/RGP

Length o fwear 10/5 years 10/5 years



9.8.3.10 Results of subjects wearing a mixture of lens types for a maximum of 20 years

Table 9.13- Scatter results from two subjects wearing a mixture of lens types for a maximum of 20

years
Subject Gender Age Eye n s.d. A s.d. A’ s.d. k'-k'(age)
(years)
RF Male 44 RE 198 0.29 30.14 1631 13.33 0.46 4.87
LE 230 0.20 3353 13.59 11.61 0.03 3.15
ED Male 56 RE 172 027 1873 238 9.69 0.80 -4.26

Figure 9.27 shows the results of subject RF who revealed elevated levels of scatter in both
eyes compared to an age-matched control. Due to the high n value obtained from the left
eye (2.30), the spread of light scatter is less than that obtained from the right eye (1.98).
The CSF shows reduced sensitivity at all spatial frequencies tested (apart from 10 cpd in
both eyes and 5 cpd in the left eye). Subject ED has lower levels of light scatter and a
better CSF compared to an age-matched control (figure 9.28). This finding may reflect the
documented individual response to reduced oxygen levels (Fiolden et al 1984). No data

were recorded for the left eye of ED, which has low visual acuity.

9.8.3.11 Results of subjects wearing a mixture of lens types for a maximum of 25 years
Table 9.14 - Scatter results from two subjects wearing a mixture of lens types for a maximum of 25

years

Subject Gender Age Eye n s.d. A s.d. A’ s.d. A'-A'(age)
(years)
TJ Female 44 RE 1.82 0.09 29.75 3.32  18.89 1.44 10.20
LE 2.03 0.16 35.14 6.57 15.13 2.38 6.44
DE Female 53 RE 1.83 0.10 25.07 6.36 16.25  0.34 4.23
LE 1.56 0.21 12.39 3.33 15.88  3.93 3.87

Figure 9.29 shows the results of subject TJ who experienced the greatest amount of light
scatter in this group of subjects and had worn a mixture of lens types for 25 years. There
are elevated levels of scatter in both eyes, compared to an age-matched control, and the
CSF shows reduced sensitivity at low and high spatial frequencies in the right eye and all
spatial frequencies (apart from 5 and 22 cpd) in the left eye. Figure 9.30 shows the results
of subject DE. Due to the relatively low n value obtained from the left eye (1.56), the

angular distribution of light scatter is wider in the left eye than the right eye (1.83). The
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Figure 9.27 Scatterprofile and contrast sensitivity resultsfor Subject RF

(a) Right eye scatter (O) (b) Left eye scatter (O)

(—— Age-matched control scatter values)

Spatial frequency (cycles/0)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control sensitivity values)

Subject RF, male, Caucasian, 44 years.

Right eye Left eye
Visual acuity 6/4 6/4
Contact lens type Hydrogel/RGP Hydrogel/RGP

Length ofwear 10/8 years 10/8 years



Figure 9.28 Scatterprofile and contrast sensitivity resultsfor Subject ED

(a) Right eye scatter (O) (b) Lefteye scatter (O)
(——-Age-matched control scatter values)

(¢) Righteye contrast sensitivity (*) (d) Left eye contrast sensitivity (m)

(OAge-matched control contrast sensitivity values)

Subject ED, male, Caucasian, 56 years.

Right eye Left eye
Visual acuity 6/5 6/60
Contact lens type PMMA/RGP "

T.«ngthofwear 10/10 years



Figure 9.29 Scatterprofile and contrast sensitivity resultsfor Subject TJ

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)
(- Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Subject TJ, female, Caucasian, 44 years.

Right eye Left eye
Visual acuity 6/6-3 6/6-2
Contact lens type PMMA/RGP PMMA/RGP

Length ofwear 15/10 years 15/10 years



Figure 9.30 Scatterprofile and contrast sensitivity resultsfor Subject DE

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(———Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Su t>ject DE, fem ale, Caucasian, 53 years.

Right eye Left eye
Visual acuity 6/5+2 6/5
Contact lens type PMMA/RGP PMMA/RGP

Length ofwear 20/4 years 20/4 years



CSF shows a better than expected level of CS in both eyes, compared to age-matched

controls.

9.8.3.12 Results of subjects wearing a mixture of lens types for a maximum of 30 years

Table 9.15 - Scatter results from two subjects wearing a mixture of lens types for a maximum of 30

years
Subject Gender Age Eye n s.d. k s.d. k' sd. k’-k'(age)
(years)
CM Male 52 RE 188 029 4282 1371 21.22 0.78 9.73
DL Male 49 RE 166 0.17 1737 1333 10.39 0.90 0.22

Figure 9.31 shows the results of subject CM who yielded an elevated level of scatter
compared to an age-matched control. No data were recorded for the left eye of subject CM
which has low visual acuity. Interestingly, the CSF shows a better CSF than an
age-matched control. Again, this may reflect genuine biological variability. Although DL
does not reveal raised light scatter, the CSF reveals loss at all spatial frequencies tested
(figure 9.32). Again, this may be due to the presence of optical aberrations which may
reduce visual performance in the absence of increased light scatter. No data were recorded
for the left eye of subject CM, due to the presence of excessive deposits/abrasions on the

contact lens.

9.8.4 Discussion

The main conclusion from the results obtained in this study is that most contact lens
wearers (48 out of 54 eyes) suffer from increased levels of intraocular light scatter
compared to age-matched non-lens wearers, regardless ofthe type of lens worn. This result

concurs with the findings ofElliott et al (1991) and Mitchell and Elliott (1991).

Six contact lens wearing eyes (four subjects) out of the 54 eyes investigated exhibited
reduced levels of light scatter compared to age-matched controls (all subjects were above
50 years of age). This finding in these four subjects may have been due to a number of
factors. Firstly, pupil dilation is known to increase light scatter (Barbur et al 1993; Edgar
et al 2000) and therefore the subjects involved in investigating the effect of age on the light

scattering characteristics of the eye were not dilated prior to assessment with LOCS 1L
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Figure 9.31 Scatterprofile and contrast sensitivity resultsfor Subject CM

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)
(— Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(OAge-matched control contrast sensitivity values)

Subject CM, male, Caucasian, 52 years.

Right eye Left eye
Visual acuity 6/6+3 6/60
Contact lens type PMMA/RGP

Length of wear 5/25 years -



Figure 9.32 Scatterprofile and contrast sensitivity resultsfor Subject DL

Effective radius (degrees)

(a) Right eye scatter (O) (b) Left eye scatter (O)

(= Age-matched control scatter values)

(c) Right eye contrast sensitivity (m) (d) Left eye contrast sensitivity (m)

(O Age-matched control contrast sensitivity values)

Subject DL, male, Caucasian, 49 years.

Right eye
Visual acuity 6/6
Contact lens type PMMA/RGP

Length ofwear 20/10 years



Therefore, peripheral lens opacities may have been evident in the older age groups (i.e.
Groups 4 and 5) contributing to the normal database, which may have elevated the
measured k' values in this population. As a result, the crystalline lenses measured in the
older age groups may not have been truly representative of subjects with less than Grade 1
lens changes, as measured by LOCS If In addition, there was a great deal of variability in
this older population, compared to younger normal subjects. Furthermore, the rate and
effects of ageing varies between individuals, as has been reported by many authors (e.g.

Johnson and Choy 1987; Lachenmayr et al 1994).

Eight scatter values (six subjects) recorded in the contact lens-wearing population were
within the range of values obtained from keratoconic wearers who complained of
symptoms of glare (section 8.10.1.1). Despite this, none of the contact lens-wearing
subjects investigated complained of glare symptoms. This may be due to the fact that the
visual and cosmetic advantages of contact lens wear, as opposed to spectacle wear,
outweigh the disadvantage of increased light scatter. As a consequence, contact
lens-wearing subjects may be less likely to complain of glare symptoms. Conversely,
keratoconics are perhaps more visually aware of light scatter changes due to the nature of

their condition and are therefore more likely to complain of increased light scatter.

The long-term effect of contact lens wear on the CSF varied markedly between individuals.
Thirteen eyes revealed no CS loss, whilst 19 eyes showed loss at all spatial frequencies
tested. Seven eyes revealed loss at high and intermediate frequencies, six at high and low
spatial frequencies, five at low spatial frequencies only, and two at intermediate and low
spatial frequencies. One eye revealed loss at intermediate spatial frequencies only and one
eye revealed loss at high spatial frequencies only. Therefore, in general, most contact lens

wearers showed some degree of CS loss, compared to age-matched controls.

Three studies that investigated the effect of contact lens wear on the CSF following
long-term wear reported no CS loss (Grey 1987; Gundel et al 1988; Ziel et al 1990),
although direct comparisons are difficult due to methodological differences. The present
findings are also at odds with the results of Woo and Hess (1979), who stated that contact

lens wearers only suffer from a reduced CSF ifthey suffer symptoms of glare. None ofthe
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subjects tested for this study reported any glare symptoms, despite 41 eyes exhibiting a

certain degree of CS loss.

Three eyes revealed no increase in light scatter but showed CS losses (subjects WR and
AR). The reduction in CS may be due to optical aberrations caused by the contact lens
(Mitra and Lamberts 1981; Guillon et al 1983) as measures of visual performance (such as
CS) have been shown to be affected by optical aberrations in the absence of increased
scattered light (Chisholm et al 2000; Maeda et al 2000). Furthermore, it is possible that
factors such as lens induced flexure or poor surface wettability may influence measures of
CS, without necessarily causing an increase in intraocular light scatter. Thirteen eyes
revealed an increase in light scatter but no reduction in CS (subjects PG, PC, AH, EL, TT,
DE and CM). These subjects had worn a range of lens types for varying durations and it
is, therefore, impossible to state clear causative factors. However, the subjects may simply
reflect the known biological variability inherent in measures of CS. One subject (ED)
revealed lower levels of light scatter and a better CSF compared to an age-matched control.
This subject had worn contact lenses for a total of 20 years (10 years of PMMA wear
followed by 10 years of RGP wear). This finding may reflect the documented individual

response to reduced oxygen levels (Holden et al 1984).

Due to the small numbers of eyes examined within each subgroup, characterised by either
hydrogel, RGP, PMMA or a mixture of lens types worn for either 5, 10, 15, 20, 25 or 30
years, it would be statistically invalid to examine differences in k' using the 12 cells which
contain data in Table 9.2. In addition, the classification of subjects was complicated by the
fact that a patient's contact lens history may involve periods of lens wear with different
types of lenses or different modes of wear. Also, the impact of the lens on the eye may
differ, depending on such factors as average duration of lens wear, the nature ofthe lens fit,
the companion solutions used and other parameters connected with wearing and
maintenance.  Consequently, a contact lens wear history is often complex and

multidimensional (Poise et al 1990).

It is well known that contact lenses provide a barrier to atmospheric oxygen which results

in varying levels of comeal oedema (Smelser and Ozanics 1953; Smelser and Shen 1955;

Korb and Exford 1968; Mandell et al 1970; Schauer et al 1973; O’Neal et al 1984).
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Therefore, a possible cause of elevated light scatter in long-term contact lens-wearing
subjects is corneal hypoxia in response to the contact lens wear. The comeal consequences
of chronic hypoxia in response to contact lens wear are many and varied. Holden et al
(1985) reported epithelial thinning as a result of contact lens wear and suggested that this
was due to chronic hypoxia. Stromal thinning was also observed, and was attributed to
stomal keratocytes undergoing morphological alterations in response to oedema (Kanai and
Kaufman 1973). In addition to the epithelial and stromal thinning that occurs in response
to chronic comeal oedema, endothelial changes may also affect visual performance.
However, even though a number of physiological causes may underlie the increased levels
of light scatter found in the contact lens-wearing population, the most obvious cause of
increased light scatter is the physical presence of the contact lens itself. To investigate the
possibility of increased light scatter caused by the physical presence of a contact lens,
non-lens wearing subjects were recruited and tested before and after fitting with either a

hydrogel or RGP contact lens.

9.9 Study 2 - The effect of contact lens wear on the light scattering characteristics of
non-lens wearing subjects

9.9.1 Aims

The aim of'this study was to investigate whether light scatter increases following insertion
of either a RGP or hydrogel contact lens. The effects of a contact lens on light scatter and
CS were measured in a non-contact lens-wearing population in order to differentiate
between light scatter and CS changes that occur due to the physical presence of a contact
lens and chronic physiological changes that occur in response to long-term contact lens

wear.

Subjects were included in the study ifthey:-
* had VA ofat least 6/9

» were ophthalmologically normal
* had no significant lenticular changes (i.e. less than Grade 1 as measured by LOCS II)
* had no history of contact lens wear

» were female above the age of40 years
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* had a spherical refractive error between +0.50 DS and -0.25 DS and astigmatism of less

than 0.50 DC.

Subjects were excluded from the study ifthey:-
* had VA ofworse than 6/9

» were not ophthalmologically normal

» had significant lenticular changes (i.e. more than Grade 1 as measured by LOCS II)

* had a history of contact lens wear

» were female under the age 0f40 years

* had a spherical refractive error above +0.50 DS and -0.25 DS and astigmatism of more

than 0.50 DC.

9.9.2 Methods

In total, 10 male and four female non-contact lens-wearing subjects were recruited. The
female subjects were above the age of 40 years and so the results from these four subjects
are unlikely to be as variable as those found in younger females in Chapter 7. Each subject
was evaluated using the slit lamp biomicroscope to evaluate corneal integrity and lens
opacification. All subjects underwent scatter and CS testing using the methodology
described in section 5.7. Measurements were taken in the afternoon to avoid the previously

observed variability caused by the effects of overnight sleep (as discussed in section 6.13).

Following scatter and CS baseline measurements in the non lens-wearing population,
keratometry was performed and the subjects were fitted with either a piano hydrogel (B&L
soflens 38.6% water, polymacon material) or a piano RGP (C3 lens diameter 9.80, Boston
ES material) lens. Scatter and CS measurements were then repeated following a period of

adaptation (approximately halfan hour). Wherever possible, three scatter runs were taken.

9.9.3 Results of fitting contact lenses in a non lens-wearing population

The following tables show the results of scatter testing prior to and following fitting with a
hydrogel or a RGP lens in a non lens-wearing population. 1°’ represents the k' values
obtained prior to lens insertion, 2°° represents the k' values following lens insertion.

Figures 9.33 - 9.46 show the results from each individual subject.
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9.9.3.1 Hydrogel lens insertion
9.9.3.1.1 Results

Table 9.16 - Scatter results from seven non-adapted subjects before and after fitting with a hydrogel

lens.
Subject Age Gender Point of n s.d. k s.d. k' s.d. 20-1°
(years) measurement
SW 19 Male I° 1.99 0.15 1743 3.26 8.13 0.73 0.04
2° 210 003 21.32 282 817  0.63
MB 30 Male ° 207 0.10 2023 2.68 807 036 032
2° 203 0.17 1966 5.62 839 022
RT 30 Male ° 220 0.02 2416 0.26 778 024  -0.16
2° e 0.18 2415 6.70 7.62 048
AH 48 Female I° .62 0.19 1918 0.82 11.55 232 1.58
2° 1.85 0.04 13.17 4.07 13.13 242
PT 60 Male I° .76 001 2735 176 19.72 140 -5.02
2 197 038 3091 1560 1470 341
KJ 60 Female I° .16 2.18 1825 11.36 21.68 436  3.26
2 152 028 19.13 10.02 2494 594
TJ 60 Male ° 191 024 3508 1004 1890 294 211
2° 171 031 2524 9.75 2101 5.60

Mean age = 43.7 years (17.17)
Mean k' 1° = 13.69 (6.18)
Mean £'2- 13.99 (6.78)

9.9.3.1.2 Discussion

For this small group of subjects, the presence of a hydrogel lens in the eye does not cause a
statistically significant change in intraocular light scatter (paired t-test, p = 0.77, t = -0.30).
However, there was variability in the effects of lens wear on scattered light. The mean
change in &' produced by hydrogel lens wear in this non lens-wearing population is +0.30
(2.2%). In the three youngest subjects (SW, MB and RT) clinically insignificant changes in
scattered light occurred (figures 9.33, 9.34 and 9.35). All three subjects had low standard
deviations associated with the scatter measurements. Of the four older subjects, three
showed increases in light scatter of 11.2% (AH) (figure 9.36), 13.7% (TJ) (figure 9.39) and
15.0% (KJ) (figure 9.38). One subject (PT) (figure 9.37) showed a 34.2% reduction in

light scatter after lens insertion. The scatter measurements are accompanied by large
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Figure 9.33 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion o fa hydrogel
contact lensfor Subject SW

Effective radius (degrees)

(a) Before insertion (O), after insertion (¢ )

(b) Before insertion (O), after insertion ()

Three measurements were taken from a randomly chosen eye before and after hydrogel
contact lens insertion.



Figure 9.34 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion ofa hydrogel
contact lensfor Subject MB

Effective radius (degrees)

(a) Before insertion (O), after insertion ()

(b) Before insertion (O), after insertion ()

Three measurements were taken from a randomly chosen eye before and after hydrogel
contact lens insertion.



Figure 9.35 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion o fa hydrogel
contact lensfor Subject RT

Effective radius (degrees)

(a) Before insertion (O), after insertion (¢ )

(b) Before insertion (O), after insertion ()

Three measurements were taken from a randomly chosen eye before and after hydrogel
contact lens insertion.



Figure 9.36 Change in (a) lightscatter and (b) contrast sensitivityfollowing insertion o fa hydrogel
contact lensfor Subject AH

Effective radius (degrees)

(a) Before insertion (O), after insertion (4 )

(b) Before insertion (O), after insertion ()

Three measurements were taken from a randomly chosen eye before and after hydrogel
contact lens insertion.



Figure 9.37 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion o fa hydrogel
contact lensfor Subject PT

(a) Before insertion (O), after insertion ()

(b) Before insertion (O), after insertion (4 )

Three measurements were taken from a randomly chosen eye before and after hydrogel
contact lens insertion.



Figure 9.38 Change m (a) light scatter and (b) contrast sensitivityfollowing insertion o fa hydrogel
contact lensfor Subject KJ

Effective radius (degrees)

(a) Before insertion (O), after insertion (¢ )

(b) Before insertion (O), after insertion (¢ )

Three measurements were taken from a randomly chosen eye before and after hydrogel
contact lens insertion.



Figure 9.39 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion o fa hydrogel
contact lensfor Subject TJ

Effective radius (degrees)

(a) Before insertion (O), after insertion (¢ )

(b) Before insertion (O), after insertion (4 )

Three measurements were taken from a randomly chosen eye before and after hydrogel
contact lens insertion.



standard deviations, which may be suggestive of experimental error. In fact, subjects PT
and TJ show an approximate doubling of the standard deviation. This implies that these
subjects, understandably, found the task of completing the test battery twice following a
break of only 30 minutes arduous. In addition to fatigue, other possible causes of error
include learning and an inadequate contact lens adaptation period. However, the change in
light scatter observed as a consequence of hydrogel lens insertion appears to reflect the

documented individual response to reduced oxygen levels (Holden et al 1984).

The CSF following insertion of a hydrogel contact lens was not adversely affected by the
presence ofthe contact lens, with only subject AH revealing loss at 22 cpd, and subject PT
revealing loss at 10 cpd. This finding is in contrast to Applegate and Massof (1975) and
Grey (1986) who reported either CS loss at all or intermediate spatial frequencies following
one or two hours of hydrogel lens wear in non-adapted wearers. However, Bernstein and
Broderick (1981) and Nowozyckyj et al (1988) reported no difference between hydrogel
lens wear and spectacles when measurements were taken after 0.5 and two hours after lens
insertion. Following hydrogel lens insertion, there is an increase in sensitivity at 1.5 cpd in
all subjects tested. Other increases in sensitivity are also evident but the spatial frequency
at which the increase occurs varies between subjects. RT shows an increase at all spatial
frequencies, TJ reveals increases in sensitivity at low, intermediate and high spatial
frequencies, subjects SW and PT show increases at high and low spatial frequencies, AH
and KJ show increases at intermediate and low, whilst subject MB reveals an increase at
1.5 cpd only. Therefore, hydrogel lens wear does not appear to have a detrimental effect on
the CS. In fact, at certain spatial frequencies, sensitivity improves following insertion of a

hydrogel lens. However, learning effects cannot be discounted.
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9.9.3.2 RGP lens insertion
9.9.3.2.1 Results

Table 9.17 - Scatter results from seven non-adapted subjects before and after fitting with a RGP lens.

Subject  Age Gender Time of n s.d. k s.d. k' s.d. 2°.
(years) measurement

MN 20 Male ° 213 0.10 1855 233 6.82 0.57 0.22
2° 198 030 1564 7.52 7.04 0.49

RU 21 Male 1° 1.97 0.04 1340 2.19 6.39 0.78 0.14
2° 203 0.06 1515 273 6.53 1.14

KJ 32 Male 1° 175 0.06 1282 122 9.48 0.50 -0.39
2° .77 0.06 12.89 148 9.09 0.25

JH 50 Male 1° .75 0.18 16.60 7.05 12.19  0.63 -0.23
2° 1.99 0.13 2570 391 11.96  0.56

KH 48 Male 1° 1.77 0.15 1735 2.76 11.94 1.84 1.19
2° 1.76 030 1837 8.49 13.13  2.65

PH 50 Female 1° 2.13  0.14 3448 9.54 1231  0.82 3.08
2° 1.77 041 2396 1828 15.39 1.68

PT 59 Female 1° 1.87 039 29.07 1958 15,55 0.60 -0.93
2° 1.61 027 1517 9.42 14.62 0.14

Mean age = 40.29 years (15.73)
Mean k' 1°= 10.67 (3.29)
Mean V' 2°= 11.09 (3.58)

9.9.3.2.2 Discussion

For this small group of subjects, the presence of a RGP lens in the eye does not cause a
statistically significantly change in intraocular light scatter (paired t-test, p = 0.42, t =
-0.87). However, there was variability in the effects of lens wear on scattered light. The
mean change in k' produced by RGP lens wear in this non lens-wearing population is +0.42
(3.9%). In the three youngest subjects (MN (figure 9.40)), RU (figure 9.41) and KJ (figure
9.42) clinically insignificant changes in scattered light occurred. Ofthe four older subjects,
two showed increases in light scatter of 10.0% (KH (figure 9.44)), 25.0% (PH (figure
9.45)) and two showed a reduction in light scatter (1.9% - JH (figure 9.43), 6.4% - PT
(figure 9.46)) following RGP lens insertion. Possible causes of error again include fatigue,

learning and an inadequate contact lens adaptation period. There is less variability in the
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Figure 9.40 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion
ofa RGP contact lensfor Subject MN

(a) Before insertion (O), after insertion (¢ )

(b) Before insertion (O), after insertion (4 )

Three measurements were taken from a randomly chosen eye before and after RGP contact
lens insertion.



Figure 9.41 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion
ofa RGP contact lensfor Subject RU

Effective radius (degrees)

(a) Before insertion (O), after insertion (4 )

1 10 100
Spatial frequency (cycles/0)

(b) Before insertion (O), after insertion (¢ )

Three measurements were taken from a randomly chosen eye before and after RGP contact
lens insertion.



Figure 9.42 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion
ofa RGP contact lensfor Subject KJ

Effective radius (degrees)

(a) Before insertion (O), after insertion (4 )

(b) Before insertion (O), after insertion (¢ )

Three measurements were taken from a randomly chosen eye before and after RGP contact
lens insertion.



Figure 9.43 Change m (a) light scatter and (b) contrast sensitivityfollowing insertion
ofa RGP contact lensfor Subject JH

Effective radius (degrees)

(a) Before insertion (O), after insertion ()

(b) Before insertion (O), after insertion (4 )

Three measurements were taken from a randomly chosen eye before and after RGP contact
lens insertion.



Figure 9.44 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion
ofa RGP contact lensfor Subject KH

Effective radius (degrees)

(a) Before insertion (O), after insertion (4 )

(b) Before insertion (O), after insertion (¢ )

Three measurements were taken from a randomly chosen eye before and after RGP contact
lens insertion.



Figure 9.45 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion
ofa RGP contact lensfor Subject PH

3 4 5 6 7 8 9

Effective radius (degrees)

(a) Before insertion (O), after insertion (4 )

(b) Before insertion (O), after insertion (4 )

Three measurements were taken from a randomly chosen eye before and after RGP contact
lens insertion.



Figure 9.46 Change in (a) light scatter and (b) contrast sensitivityfollowing insertion
ofa RGP contact lensfor SubjectPT

(a) Before insertion (O), after insertion (¢ )

(b) Before insertion (O), after insertion (¢ )

Three measurements were taken from a randomly chosen eye before and after RGP contact
lens insertion.



older age group when compared to the older hydrogel group (apart from subject KH). This
may have been due to the fact that the hydrogel group contained older subjects than the

RGP group or due to differences in lens design.

The effect of a RGP contact lens on the CSF is more variable both within and between
subjects than for the hydrogel lens group. Following insertion of a RGP lens, two subjects
reveal a loss of CS at most spatial frequencies (MN and RU), whilst two reveal an increase
in sensitivity at most spatial frequencies (KJ and JH). Two subjects reveal CS loss at
certain spatial frequencies and increases in sensitivity at others (PFI and KH). The CSF for
subject PT is unchanged by the presence of a RGP lens. Therefore, no definite trends in CS
emerge from this group. In general, there is much greater variability between 2° and 1°
measurements, when compared with the results obtained from the hydrogel group. It is
difficult to compare these results with other studies investigating the effect of RGP lenses
on the CSF, due to methodological differences. That said, CS losses have been recorded in
non-adapted wearers wearing RGP lenses, although the length of time between insertion

and testing was not stated (Guillon et al 1983).

The differences between the 2°- 1° k' values obtained from fitting non contact lens-wearing
subjects with either a hydrogel or a RGP lens reveal no significant differences between the

means (two sample t-test p = 0.14, t = 1.73).

9.10 Discussion of Chapter 9

Fitting non-adapted lens wearers with hydrogel or RGP lenses produced small increases or
reductions in light scatter compared with those previously recorded in adapted wearers.
When compared with age-matched controls the average increase in light scatter in the
adapted contact lens-wearing group from Study 1 was 3.70 (3.99) whilst the average
increase in the non-adapted wearers from Study 2 was 0.30 (2.65) when fitted with
hydrogel lenses and 0.44 (1.33) when fitted with RGPs. Therefore, the presence of a
contact lens in a non lens-wearing population did not cause a similar statistically or
clinically significant increase in light scatter. Therefore, the elevated scatter observed in
adapted lens-wearing subjects was unlikely to be due to the physical presence of the lens
and is thus a physiological consequence of long-term lens-wear. However, it must be noted
that different lenses were used than those worn by the adapted wearers and they were new
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piano lenses with less imperfections. Although the contact lens wearers included in Study
1 exhibited only minimal protein deposits, it is likely that frequently worn lenses had more
deposits than recently inserted new lenses (as used in Study 2) (Randeri 1974; Randeri and
Glicksir 1975; Leahy et al 1990; Lin et al 1991). That said, Elliott et al (1993) reported no
significant correlation between lens deposits and increased forward light scatter.
Therefore, lens deposits (if minimal) are unlikely to be responsible for the elevated scatter
values observed in Study 1. In addition, the adapted group all had significant refractive
error which required correction (i.e. contact lenses), whilst the non-adapted group
contained only those with minimal refractive error. Due to the number of physiological
changes that occur in association with refractive error (particularly myopia), it is possible
that these changes may cause an increase in light scatter. However, Lohmann et al (1993)
reported no significant correlation between the magnitude of myopic correction and

increased forward light scatter in contact lens wearers.

Nine subjects in the non lens-wearing population exhibited an increase in light scatter
following contact lens insertion (mean 1.33 (1.27)), whilst five exhibited a decrease (mean
-1.35 (2.08)). The observed increase in light scatter is perhaps not suprising, due to the
number of ocular changes that may occur as a result of contact lens adaptation (e.g.
epithelial oedema, stromal oedema, endothelial blebs) and the intra-subject variability of
the scatter data, especially with a test battery performed with only a 30 minute gap between
sessions. In addition, changes in tear osmolarity and osmotic stress may each produce
demonstrable effects in the ocular environment (Mandell and Harris 1968; Mandell and
Poise 1970). Nevertheless, the differences between non-adapted and adapted wearers
indicate that the effects on light scatter are due to the long-term impact of contact lenses on
the eye, rather than the physical presence of the contact lens itself. The finding that
long-term contact lens wear induces physiological comeal changes is in agreement with
Hamano (1960), Morgonroth and Richman (1969), Millodot (1976, 1978), Schoessler and
Woloschak (1981), Caldwell (1982), Hirst et al (1984), Millodot (1984), Holden (1985,
1988), Douthwaite (1986), Lydon (1986), MacRae et al (1986), Schoessler (1991),
Nieuwedaal et al (1994), Sanaty and Temel (1998), and Setala et al (1998).

The most likely cause of elevated light scatter in long-term contact lens-wearing subjects is
comeal hypoxia in response to the contact lens wear. Contact lenses provide a barrier to
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atmospheric oxygen which results in varying levels of corneal oedema (Smelser and
Ozanics 1953; Smelser and Shen 1955; Korb and Exford 1968; Mandell et al 1970;
Schauer et al 1973; O’Neal et al 1984). All commercially available contact lenses induce
some degree of hypoxia (Mandell et al 1970; Schauer et al 1973). Several of the RGP
lenses have Dk/L values low enough to cause some degree of oxygen deprivation (Sarver et
al 1977; O’Neal and Poise 1984) and even mild hypoxia is thought to suppress aerobic
epithelial metabolism, such that oedema results. The presence of oedema is classically
evaluated using the slit lamp biomicroscope but this method only allows measurement of
backward light scatter (section 1.2). As discussed in Chapter 6, epithelial oedema may
cause an increase in forward light scatter without affecting backward light scatter.
Furthermore, backward light scatter does not equal forward light scatter (Feuk and
McQueen 1971). Therefore, although all wearers investigated in the present study were
classified as clinically normal using the backscatter method, this does not preclude the
presence of subclinical oedema (Elliott et al 1993). Epithelial oedema is well known to
occur in response to contact lens wear (Finkelstein 1952; Mandell et al 1970; Kwon et al
1972; Schauer et al 1973; O’Neal et al 1984; Poise et al 1990). Scatter testing may thus aid

diagnosis of otherwise unidentified sub-clinical levels of comeal oedema.

The comeal consequences of chronic hypoxia in response to contact lens wear are many
and varied. Holden et al (1985) reported epithelial thinning as a result of contact lens wear
and suggested that this was due to chronic hypoxia. Stromal thinning was also observed,
and was attributed to stomal keratocytes undergoing morphological alterations in response
to oedema (Kanai and Kaufman 1973). It has been well documented that stromal
keratocytes produce the haze experienced by patients who have undergone refractive
surgery (Lohmann et al 1991). Therefore it is possible that if there is a disruption to the
stromal keratocytes, as a result of chronic hypoxia due to contact lens wear, then an
increase in forward light scatter, despite no apparent changes in VA, scarring or other

abnormalities on biomicroscopic examination, may be expected (Holden et al 1985).

In addition to the epithelial and stromal thinning that occurs in response to chronic comeal

oedema, endothelial changes may also affect visual performance. Numerous researchers

have reported endothelial cell loss, polymegethism and pleomorphism in response to

long-term contact lens wear (e.g. Caldwell et al 1982; Caillard and Cochet 1983). The
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disruption of the normal hexagonal endothelium layer, as a result of contact lens wear, may
in turn result in increased forward light scatter. It has been shown that long-term contact
lens wear results in altered endothelial morphology and reduced comeal function (Poise et
al 1990). Therefore, it is possible that such an alteration in endothelial cell morphology
and function, as a consequence of long-term contact lens wear, causes the observed

increase in light scatter.

Reductions in the CSF were evident in the adapted contact lens-wearing group but the
spatial frequency at which the CS loss occurred varied markedly. Although classification is
somewhat arbitrary, thirteen eyes revealed no CS loss, whilst 19 eyes showed loss at all
spatial frequencies tested. Seven eyes revealed loss at high and intermediate frequencies,
six at high and low spatial frequencies, five at low spatial frequencies only, and two at
intermediate and low spatial frequencies. One eye revealed loss at intermediate spatial
frequencies only and one eye revealed loss at high spatial frequencies only. Three eyes
revealed no increase in light scatter but showed CS losses (subjects WR and AR). The
reduction in CS may be due to optical aberrations caused by the contact lens (Mitra and
Lamberts 1981; Guillon et al 1983) as measures of visual performance (such as CS) have
been shown to be affected by optical aberrations in the absence of increased scattered light
(Chisholm et al 2000; Maeda et al 2000). Thirteen eyes revealed an increase in light scatter
but no reduction in CS (subjects PG, PC, AH, EL, TT, DE and CM). These subjects have
worn a range of lens types for varying durations and it is, therefore, impossible to state
clear causative factors. However, these subjects’ results may simply reflect the known
biological variability inherent in measures of CS. Therefore, in general, most contact lens
wearers showed some degree of CS loss, compared to age-matched controls. In contrast,
studies investigating the effect of contact lens wear on the CSF following long-term wear
reported no CS loss (Grey 1987; Gundel et al 1988; Ziel et al 1990), although direct
comparisons with the findings of other studies are difficult due to methodological

differences.

The CSF following insertion of a contact lens in non-lens wearing subjects produced
variable effects. A hydrogel contact lens did not adversely affect CS with only two
subjects showing any loss of sensitivity (at only one spatial frequency). In fact, at certain
spatial frequencies, sensitivity improved following insertion of a hydrogel lens. This
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finding is in contrast to Applegate and Massof (1975) and Grey (1986) who reported either
CS loss at all or intermediate spatial frequencies following one or two hours of hydrogel
lens wear in non-adapted wearers. However, Bernstein and Broderick (1981) and
Nowozyckyj et al (1988) reported no difference between hydrogel lens wear and spectacles
when measurements were taken after 0.5 and two hours after lens insertion. The effect of a
RGP contact lens on the CSF appeared to vary between individuals and there was much
greater variability between 2° and 1° measurements, when compared with the results
obtained from the hydrogel group. CS losses have been recorded in non-adapted wearers
wearing RGP lenses, although the length of time between insertion and testing was not
stated (Guillon et al 1983). In conclusion, no clear pattern of CS loss was identified in the
non-adapted contact lens-wearing group. This may have been to the physical impact of the
lens on the eye, fatigue, learning, an inadequate adaptation time, or simple differences in
lens design. In fact, only nine out of the 19 long-term contact lens-wearing subjects who
revealed loss at all spatial frequencies were rigid lens wearers (PMMA or RGP) which
indicates that rigid lens design is unlikely to have caused the observed reduction in CS in
non-adapted and adapted wearers. However, differences in lens design cannot be ignored
in reducing CS or increasing light scatter, in either the adapted or the unadapted group, as
such variations have been identified as causing reduced VA. For hydrogel lenses, factors
include strain induced with lathe-cut lenses during the manufacturing process (Mandell
1988) and hydrogel lens induced flexure (Gundel et al 1988). For RGP wearers, loss of
VA is commonly the result of lens warpage (Henry et al 1987; Henry et al 1990) and/or
poor surface wettability (Grohe and Caroline 1989). Although all subjects examined in the
present study had a VA of at least 6/9, this does not preclude such changes causing the
observed reduction in CS or indeed increased light scatter. However, given that 19 eyes of
long-term contact lens wearers showed a reduction in sensitivity at all spatial frequencies
tested and only two non-adapted wearers showed a similar pattern of loss (MN and RU),
the observed reduction in the CSF in long-term wearers is most likely to be due to the same
corneal changes that cause the increase in light scatter, such as comeal oedema,

epithelial/stromal thinning and/or endothelial changes.

9.11 Conclusions
Long-term contact lens wear causes an increase in light scatter as measured by k' the
integrated straylight parameter. Forty eight out of 54 contact lens-wearing eyes were seen
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to have significantly greater levels of light scatter than non lens-wearing subjects of the
same age (two sample t-test, p < 0.001, t = 4.78). Fitting non lens-wearing subjects with
either a hydrogel or RGP contact lens had a variable effect on measures of light scatter -
nine subjects showed an increase in k' whilst five revealed a decrease. The presence of a
hydrogel or RGP lens in the eye did not cause a statistically significant change in
intraocular light scatter (paired t-test, p = 0.77, t = -0.30, p = 0.42, t = -0.87, respectively).
In all cases, the increases in light scatter found in the non lens-wearing population fitted

with lenses were less than the average increase in &’ found in adapted lens wearers.

The CSF was reduced in 41 of'the 54 eyes of adapted contact lens wearers, compared to
age-matched controls. The spatial frequencies at which the CS loss occurred varied
between individuals. Fitting non lens-wearing subjects with either a hydrogel or RGP
contact lens had a variable effect on measures of CSF - only two hydrogel lens subjects
showed a reduced CS following insertion. CS was shown to be more variable following
RGP lens insertion than following hydrogel lens insertion but no definite trend emerged
from this group. Therefore, the increase in light scatter observed in the contact
lens-wearing population is unlikely to be due to the physical presence of the contact lens,
instead it is likely to be due to the number of physiological changes that are known to occur
in response to contact lens wear. These changes include chronic corneal oedema resulting

in epithelial and stromal thinning, and altered endothelial cell morphology and function.
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CHAPTER 10

Conclusions and future work

10.1 Conclusions

This thesis is the first to investigate the full intraocular light scatter function in normal
subjects, in those with anterior segment eye disease and in long-term contact lens wearers.
Previous studies investigating forward light scatter have assumed that n (the scatter index,
which describes the angular distribution of scattered light) has a constant value of two. In
the present study, values of n were measured and varied between normal individuals. Also,
n decreased with age, implying that light scatter becomes more widely distributed with age.
In the studies presented in this thesis, the angular dependence of scatter is not assumed to
be invariant, and k| the integral of the scatter function was determined, k&’ showed no
significant change up to about 45 years of age. However, a rapid increase in scatter
occurred above 45 years ofage. For subjects less than 45 years of'age, k 'ranged from 4.85
to 8.13 (mean - 6.75, s.d. - 0.91). For older subjects, k ’ranged from 10.69 to 19.71 (mean
= 14.92, s.d. = 3.28). Older subjects had decreased sensitivity at all spatial frequencies
apart from 22 cpd, when compared to younger subjects. The largest reduction in CS was
found at low to medium spatial frequencies. As the subjects used in the present study had
excellent VA, and apparently no pathology, this pattern of results is likely to be accounted
for by advancing age. These changes may originate from any ocular structure, but the most
likely cause is the crystalline lens. Even though all subjects were investigated using LOCS
n, it has been demonstrated in the literature that backward light scatter (as seen with the slit
lamp), does not equal forward light scatter. Measures of forward light scatter using the
P SCAN 100 apparatus reveal that, firstly it is incorrect to assume a constant value of n
and secondly that measures of backscatter do not adequately reflect measures of forward

light scatter.

There have been no previous reports of a diurnal variation in light scatter. In the present
study, the level of light scatter in the eye changed during the course of a day. Results from
testing one subject revealed a diurnal variation in & } which showed an early morning peak.
The value of & ’then fell on each occasion to reach a steady value. When pachometry

measurements were taken, CT increased following overnight sleep and also following
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patching. The level of comeal oedema produced by different subjects showed individual
variations in comeal hydration control. Increases in k! and its subsequent reduction, may
be related to changes in CT. This finding has important implications for future studies

investigating light scatter.

When longitudinal measurements were taken at approximately the same time of day,
female subjects revealed a greater fluctuation in light scatter compared to male subjects.
Initially, results were obtained from one female, and a possible cyclical trend was noted
during cycles 1 and 2, which was attributed to changes in response to the menstrual cycle.
In cycle 1, k£ "was seen to fall from a maximal level on day 1 of the first cycle and then
increase to day 17, whereupon there was a decrease from this second peak towards the end
of'the cycle. Cycle 2 revealed more variability than cycle 1, although a similar pattern was
maintained. Testing a further two menstrual cycles (cycles 3 and 4) also revealed large
variability in scatter, with little sign of a cyclical trend. These results may have been the

consequence of hormonal effects resulting from concomitant corticosteroid administration.

A double-blind masked study on three subjects revealed that female subjects experience
large variability in intraocular light scatter when measurements were taken longitudinally.
Again, the most likely cause is the menstrual cycle. However, statistical analysis showed
that precise cyclical trends were unclear, other than consistent falls in scatter levels during
the first five days of menses. A variation in CCT and pupil diameter was also found during
the menstrual cycle, however, this appeared to be unrelated to the changes in light scatter.
The administration of acetylcysteine 5% reduced the amount of light scatter in one eye of
one subject during menses, suggesting that changes in mucus levels in the tear film
(possibly in response to reduced oestrogen levels) may be a contributory factor. Male
subjects revealed less day-to-day variability in light scatter, with relatively constant values
of £’ This may be due to the absence of hormone-related changes in ocular structures in
these subjects. This finding should be taken into consideration in longitudinal studies
involving pre-menopausal women. Furthermore, it is likely that any light scatter
investigation taken with a study sample containing pre-menopausal women will be affected

by such changes in light scatter.
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Although studies have reported CS losses and increased glare susceptibility in subjects with
keratoconus, the full intraocular scatter function in such subjects has not been measured. In
the present study, subjects with keratoconus exhibited raised intraocular scatter compared
to age-matched normals, which was associated with symptoms of glare and a reduction in
the CSF at all spatial frequencies. The level of light scatter observed in this group of
patients did not correlate with the backscatter grading of the condition. Subjects with
corneal abnormalities revealed wide variability in the amount of scatter and similarly
variable CS loss. The variability may be attributed to the diversity of the conditions

examined. Extensive comeal involvement produced higher levels of light scatter.

Therefore, this method of directly assessing intraocular light scatter may provide clinicians
with a useful means of quantifying a keratoconic’s visual experience and the likely effects
of'the increased light scatter on visual function. In fact, in order to improve visual function
degraded by light scatter, certain keratoconic subjects examined in this study subsequently
received early surgical intervention as a direct result of ophthalmological review of their
scatter results. These findings demonstrate the clinical value oftesting forward light scatter

using the PSCAN 100 scatter apparatus.

To date, the effects of long-term contact lens wear (i.e. up to 30 years of lens wear) on
measures of forward light scatter or CS have not been investigated. Nor has there been a
comparison ofthe results of such measures from long-term wearers with non-lens wearers
who have been fitted with contact lenses. The methodology employed in the present study
enabled a comparison between the physiological effects of contact lens wear and those that
are a consequence of the physical presence ofthe contact lens. The finding that long-term
contact lens wear caused an increase in the amount of light scatter measured by the
P SCAN 100 scatter apparatus is of great clinical interest. Contact lens wearers had
significantly greater levels of light scatter than non lens-wearing subjects of the same age
and the CSF was also reduced in most adapted contact lens wearers, compared to
age-matched controls. When 14 non lens-wearing subjects were fitted with either a
hydrogel or RGP contact lens, neither lens type caused a statistically significant change in
light scatter. In general, the increases in light scatter found in the non lens-wearing
population fitted with lenses were less than those found in adapted lens wearers.
Therefore, the increase in light scatter observed in the contact lens-wearing population is
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unlikely to be due to the physical presence of the contact lens and instead, is likely to be
due to the number of physiological changes that are known to occur in response to contact
lens wear. These changes include chronic comeal oedema resulting in epithelial and

stromal thinning, and altered endothelial function.

10.2 Future work

Although the light scattering characteristics of the normal eye were determined in a wide
range of age groups, it would be useful to expand the data set to include those above 60
years to determine whether, as predicted from studies investigating backscatter from the
crystalline lens, forward light scatter continues to increase with age. However, it is
acknowledged that it is difficult to separate biological changes due to old age, from those

that are due to disease processes (Ludwig and Smoke 1980).

Increases in CT in this small subject sample were accompanied by increases in forward
light scatter, as measured by the P SCAN 100 apparatus. The level of comeal oedema
produced by different subjects showed individual variations in comeal hydration control.
Furthermore, the literature relating to diurnal and overnight variations in CT have proved
controversial. A further study, using the P SCAN 100 scatter apparatus, would allow
further investigation of changes that occur throughout the day (e.g. with measurements
taken every two hours over consecutive days) which would lead to a better understanding
of the physiological changes that occur normally following overnight sleep and as a result

of diurnal variations.

The results of the time-series analysis were indicative of a possible relationship between
light scatter and the menstrual cycle. The lack of fluctuation in control (male) subjects
supported this finding. However, larger subject groups are needed to confirm these
findings, and these should be followed over several consecutive menstrual cycles. Of
particular interest would be a major study on different subject groups, comprising a more
representative sample of the female population. These subjects might include older
menopausal and pregnant women. Other groups of women with different hormonal
fluctuations, e.g. women taking hormone replacement therapies or those taking oral
contraceptives, would also provide scope for further study. Future work in this area might
also include direct measurement of hormone levels, not only to allow accurate detection of
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ovulation, but also to allow further research into the relationship between visual
performance and hormonal fluctuations across the cycle. The results of acetylcysteine
instillation in a single subject indicate that changing mucus levels at menses may be
responsible for the increase in light scatter. This poses an interesting research question that
could be investigated over several menstrual cycles. It may prove useful to take
conjunctival smears and monitor tear changes to further characterise the hormone-sensitive

structures.

Measurements taken with the P SCAN 100 scatter apparatus showed that, in general,
subjects with anterior segment eye disease exhibit high levels of scatter. In fact, in order to
improve visual function degraded by light scatter, certain keratoconic subjects received
early surgical intervention as a direct result of the findings of this study. Therefore, this
method of directly assessing intraocular light scatter has provided the clinician with an
improved appreciation of a keratoconic’s visual experience and the likely effects of the
increased light scatter on visual function. It would, therefore, be useful to investigate other
ocular abnormalities that increase light scatter, such as cataract. Cataract has principally
been investigated using CS. Measures of light scatter may be more appropriate than

measures of CS, because ofreduced subject variability with light scatter measurement.

Long-term contact lens wear was shown to increase light scatter in the eye. A further study
documenting CT and endothelial cell morphology in established long-term wearers would
be valuable to determine the cause of increase light scatter in long-term contact lens
wearers.  Ideally, a longitudinal study should measure baseline CT, endothelial cell
morphology and light scatter measurements. This would enable the clinician to evaluate
comeal changes due to contact lens wear at an earlier stage, thus avoiding detrimental

physiological adaptations/alterations and the associated decline in visual performance.
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