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ABSTRACT.

A prospective investigation was designed to determine the factors 
that influence corneal endothelial cell losses during and after cataract 
surgery.

An unselected cohort of patients due for routine cataract surgery 
were examined, by a single observer, one day prior to surgery and during 
the early (day 1 to 5) and late (week 10 to 30) postoperative period. 
Clinical assessment and endothelial specular photomicroscopy was 
performed for both the study eye and the partner eye; estimates of 
central corneal endothelial cell density being derived from the specular 
photomicrographs by a second, independent, observer.

Two hundred and seventy patients were enrolled and 236 (84 male,
152 female) completed the study.

The reproducibility of some clinical measurements was assessed by 
several tests, including variance analysis for repeated measurements in 
the partner (unoperated) eyes. The variability for estimates of central 
corneal thickness, anterior chamber depth and endothelial cell density 
were within accepted limits for these methods and a minor drift of some 
instrumental measurements was insufficient to impair subsequent results 
of investigation.

Analysis of data by both paired comparisons and by multivariate 
variance analysis shows dense sclerosis of the lens nucleus to greatly 
increase cell losses after extracapsular surgery, or after intracapsular 
surgery with capsular rupture; this being the factor most influential in 
determining cell losses. The presence of diabetes further increases cell 
losses during extracapsular extraction of such cataracts.

A peripheral corneal section used during extracapsular cataract 
surgery is associated with reduced cell losses, as would appear to be 
the absence of corneal guttata. The preoperative presence of a shallow 
anterior chamber or the loss of vitreous humour, however, both increase 
cell losses after intracapsular surgery.

Mathematical functions characterizing the recovery of corneal 
thickness in the early and late postoperative period are proposed and 
formulae for the prediction of endothelial cell losses presented.
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INTRODUCTION.

Cataract is the term used to describe a reduction of the clarity of 
the crystalline lens in the eye, this often being part of the ageing 
process. Although clinically detectable changes of lens clarity 
frequently occur from the third decade, the opacities almost always 
remain asymptomatic until the sixth decade or later in life. Some 
cataracts are present at birth (congenital), others can arise as a 
result of systemic biochemical abnormalities (such as infantile 
cataracts of galactosaemia or the cataracts of diabetes mellitus or 
renal failure) and other lens opacities can arise following ocular 
trauma (including ophthalmic surgery) or inflammation. Those cataracts 
without known predisposition are termed "senile" or "idiopathic" and 
there is some epidemiological evidence suggesting that, amongst other 
factors, extreme dehydration - particularly several episodes - might 
contribute to their onset (Harding & van Reyningen 1987).

As an increased understanding of lens metabolism and cataract 
formation is gained, so there is an increasing possibility for drug 
therapy to prevent lens opacification (Bron et al. 1987).

Because cataract can be part of an ageing of ocular structures, the 
condition occurs world-wide. Moreover, the prevalence is particularly 
high in the poor countries of the "third-world", perhaps because 
dehydration, due to severe diarrhoeas, is such a frequent occurrence in 
these countries. The number of people with visually disabling cataract 
is almost impossible to estimate, not only because of the varying 
prevalence in different races and climates, but also because the term 
"visually disabling" will assume markedly different values, dependent on 
the extremely diverse visual requirements of different cultures and 
ages. Despite this difficulty of definition, the number of people 
affected by cataract is almost certainly several hundred million.

Within the long-term epidemiological health study at Framingham 
(Massachusetts, U.S.A.), the prevalence of clinically detectable lens 
opacities or aphakia rose from 42% in the sixth decade to over 90% by 
the ninth decade (Table 1.1), whilst the prevalence of visually 
symptomatic cataract or aphakia was lower, being 4.5% and 46% in the 
corresponding decades (Chylack & Cheng 1985). Similarly, the National 
Health and Nutrition Examination Survey for 1983 shows not only that the 
prevalence of cataract rises with age and is greater in women, but also 
that it is the second most common cause of blindness; in the U.S.A. at
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Table 1.1

Prevalence of lens changes as found in the Health study from Framingham, 
Massachusetts, U.S.A. (Derived from Chylack & Cheng 1985).

3Senile Lens Changes 

Men 

Women 

Total

Senile Cataract^

Men

Women

Total

Age Range (years)

52-64 65-74 75-85

37.9% 68.1% 88.2%

44.7% 76.7% 93.0%

41.7% 73.2% 91.1%

4.3% 16.0% 40.9%

4.7% 19.3% 48.9%

4.5% 18.0% 45.9%

£
represents aphakia or any lens changes 

k represents aphakia or lens changes reducing 
visual acuity to at or below Snellen 6/9
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least 43000 persons are registered blind with this condition (Chylack & 
Cheng 1985).

Cataract being such a common condition must surely have contributed 
to the development of cataract surgery as the earliest of ophthalmic 
surgical procedures: For centuries, physicians have attempted to either 
displace the cataract backwards in the eye (termed "couching"), thereby 
clearing the visual axis of opacity, or to disperse the opacified lens 
matter by rupturing the lens capsule - both procedures being executed by 
the passage of a needle into the anterior chamber of the eye. In the 
mid-eighteenth century, Daviel described a method for the extraction of 
cataract, this proposing, for the first time, the actual removal of the 
lens from the eye. During the next two centuries methods gradually 
altered and modern microsurgical techniques, developed over the last 
three decades and detailed in Chapter 4 (p. 66), continue to become more 
refined in an effort to minimize operative ocular trauma.

With the exception of some phakic eyes with extreme myopia, the 
eye, when rendered aphakic by cataract extraction, requires optical 
correction for best visual outcome.

Until the advent of contact lenses, the only method of correction 
for aphakia was by spectacles. Contact lenses provide a solution to 
aphakia that is both optically better and cosmetically more acceptable 
than spectacles.

Although the use of acrylic intraocular lenses was first reported 
by Harold Ridley (Ridley 1951), the work written by the famous Giacomo 
Casanova, "Geschichte meines Lebens", proves to be a fascinating 
historical document (Fechner & Fechner 1979) -

Casanova records that he met an Italian Oculist, named 
Tadini, in Warsaw in 1766. Tadini showed a box of highly- 
polished tiny crystal lenses which, he claimed, he could 
insert under the cornea to replace the natural lens of the 
eye. Being ridiculed at the time by a German professor,
Tadini left the city.

Two years later, whilst a prisoner in the citadel at 
Barcelona, Casanova again met Tadini, a warder at that 
time. Tadini, still convinced of the efficacy of his 
lenticuli, had not tried to reintroduce them to the 
medical community. Although advertizing demonstrations 
of his operative methods in Lubeck and Ghent in 1788,
1789, 1791 and 1792, there is no definite record that 
Tadini ever implanted his glass lenticuli.

The first glass intraocular lenses were implanted 
by an Italian, Casamata, in Dresden - probably deriving 
the idea from Tadini by way of Casanova.

Following the pioneering work of Ridley, numerous designs of

16



the mid-1960s to mid-1970s, two principal classes of intraocular lens, 
the iris-supported and the anterior chamber angle-supported, were 
refined from a plethora of designs.

As the designs were rationalized and intraocular lens Implantation 
became accepted practice, it became apparent that this theoretically 
ideal solution to aphakia, the implanted lens, was associated with 
certain serious problems, some not occurring or presenting until several 
years after surgery. One such cause of visual failure was corneal 
opacification due to a failure of the corneal endothelium to maintain 
clarity (termed "aphakic or pseudophakic corneal oedema", "bullous 
keratopathy" or "corneal decompensation").

For many years corneal decompensation had been recognized after 
cataract surgery (Fuchs 1910; Leahey 1951; Boruchoff 1975), but 
awareness of the unusually high incidence following intraocular lens 
implantation increased only after about two decades of such surgery 
(Dallas 1970; Nordlohne 1974; Pearce 1972). This high incidence of 
bullous keratopathy, being such as to become the commonest reason for 
performing corneal grafting in the U.S.A., stimulated extensive 
investigation of the corneal endothelium. With the advent of clinical 
endothelial specular photomicroscopy (Laing et al. 1975), there appeared 
a flood of clinical reports detailing the effect of cataract surgery and 
intraocular lens implantation on the endothelium In vivo; these studies 
are critically reviewed in Chapters 5 and 6 (pp. 85 and 105).

Concurrently with these clinical reports, non-clinical investigators 
examined the interaction between in vitro corneal endothelium and the 
materials used in lens manufacture, particularly polymethyl methacrylate 
("PMMA", "Perspex CQ"), polypropylene and various metals. These 
laboratory investigations are reviewed in Chapter 3 (p. 40). Other 
laboratory research was directed towards examining the effects of 
intraocular irrigation fluids, the protection of the endothelium during 
surgery and the mechanisms of healing of the corneal endothelium 
(Chapters 3, 7 and 3; pp. 40, 149 and 40, respectively).

Over the last decade, despite a reduction of endothelial damage 
occurring at the time of cataract surgery, due to improved microsurgical 
techniques, improved lens design and the availability of agents 
protective to the endothelium, endothelial decompensation still remains 
a significant cause of long-term failure of cataract surgery. This is 
particularly relevant if greater numbers of young persons, with their 
longer life-expectancy, receive intraocular lens implants.
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surgery leaves many problems unresolved (Steele 1986). It Is the aim of 
the present work to further investigate a number of these unresolved 
problems, since it is only by a greater understanding of the mechanisms 
of endothelial damage that improved surgical techniques can be developed.
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THE NORMAL CORNEAL ENDOTHELIUM.

The cornea, forming the anterior one-eighth of the surface of the 
human globe, not only provides a structural continuity of the strong 
scleral coat, but also forms, because of its clarity and curvature, the 
principal refracting surface of the eye.

The clarity of the diseased cornea may be reduced by epithelial or 
stromal opacity. Thus, epithelial keratinization (such as occurs in 
exposure keratopathy) or stromal opacities (such as those of the corneal 
dystrophies or those after herpes keratitis) are frequently associated 
with reduced visual function.

For health, however, the correct function of an intact corneal 
endothelial cell layer is essential; reduction of this function results 
in corneal stromal oedema, which, in turn, causes scattering of light 
and diminished transparency.

Useful reviews of the embryology, anatomy and physiology of corneal 
endothelium are presented by Waring and colleagues (1982) and Bahn and 
Sugar (1981).

2.1 CORNEAL ENDOTHELIAL ANATOMY.

The adult corneal endothelium, originally thought to develop from 
first-wave mesodermal migration (Wulle 1972) but now considered to be 
derived by forty days iri utero from neural crest tissues (Bahn et al. 
1984), is a single layer of hexagonal cells supported on its basement 
(or Descemet's) membrane in contact with the corneal stroma. The 
peripheral limit of the corneal endothelium is defined clinically by 
Schwalbe's line.

The hexagonal endothelial cells, each about 5-6jim in height and 
about 20pm in width, are connected at their apices (the surface bathed 
in aqueous humour) by junctional complexes that include maculae 
occludentes, possibly zonulae occludentes and, more rarely, desmosomes. 
The junctional complexes, with 3nm interspaces, do not behave as 
physiological "tight" junctions, but rather form a leaky barrier that 
permits movement of small molecules, ions and water from the aqueous to 
the corneal stroma. With the exception of the peripheral 1-1.2mm zone of 
corneal endothelium, the endothelial cells demonstrate a remarkable 
uniformity that decreases slightly with ageing (Capella 1971; Kaufman et 
al. 1966; Laing et al. 1979b; Mishima 1982a, 1982b; Svedburgh & Bill 
1972). The peripheral endothelium neighbouring Schwalbe's line, divided
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on the grounds of morphological characteristics, by Svedburgh and Bill 
(1972), into three zones, is of less clinical importance, since it is 
not directly involved in the maintenance of central corneal clarity.

The corneal endothelial cell is notable for having large numbers of 
mitochondria, being exceeded in density, amongst the cells of the eye, 
only by the photoreceptors.

Descemet's membrane, the basement membrane secreted by the corneal 
endothelium, increases from a thickness of 3jim at birth to about 8-12^m 
in the elderly. Its principal components are collagens - predominantly 
type IV, but probably also types I, V and VIII - and glycoproteins. That 
portion of Descemet's membrane secreted during foetal life, the anterior 
banded zone, shows a prominent periodicity of collagen organization 
whereas that secreted after birth, the posterior non-banded zone, does 
not show this banding.

Guttata, excrescences that develop on the endothelial surface of 
Descemet's membrane, occur frequently and appear to be related to ageing 
of the endothelium. Thus, Kaufman, Capella and Robbins (1966) examined 
182 corneas at post-mortem and found no guttate endothelia under the age 
of fifty years and an increasing incidence thereafter.

2.2 CORNEAL ENDOTHELIAL PHYSIOLOGY.

The function of the endothelium, to reduce (and maintain) stromal 
hydration to an optimum level of about 78% of maximum, is performed both 
by an active pumping of Ions and fluid from the stroma into the aqueous 
humour and by providing a partial barrier to the passive movement of 
fluid from aqueous humour to stroma (Maurice 1979).

In rabbit cornea, cooling increases corneal thickness by inhibiting 
endothelial pump metabolism, an effect reversible by rewarming of the 
tissue (Harris & Nordquist 1955). Inhibition of pump function by the use 
of ouabain, an inhibitor of sodium/potassium adenosine triphosphatase 
(Na/K ATPase), also results in an increase of corneal thickness (Kaye & 
Donn 1965). In contrast to the 0.040 mm/hour increase of thickness with 
ouabain, destruction of the endothelial barrier function by calcium-free 
perfusion media causes a more rapid (up to 0.218 mm/hour) increase In 
thickness (Kaye et al. 1973).

Na/K ATPase appears to be essential for endothelial pump function, 
but active transport of bicarbonate ion from stroma to aqueous humour 
appears to be the motive force for fluid transport. The importance of 
bicarbonate ion transport is suggested by the magnitude of the trans- 
endothelial potential difference, by the effect of bicarbonate-free media
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Both the endothelium and the epithelium resist the passive movement 
of ions and water into the corneal stroma, this resistance being greater 
in the epithelium (Mishima & Hedbys 1967). With intact epithelium, corneal 
clarity is largely dependent on the balance between endothelial barrier 
function (hydraulic resistance) and endothelial pump function. Since, if 
barrier function is poor, allowing the passage of more ions and fluid 
into the stroma, then pump function must be good to overcome the greater 
ingress of fluid and thereby maintain corneal clarity. The converse also 
holds true.

2.2.1 Barrier Function of the Corneal Endothelium.

The primary requirement for effective barrier function is for the 
endothelial monolayer to form a continuous mosaic. The practical conse
quences of breaks in the mosaic are well known to the ophthalmologist: 
Manifest corneal stromal oedema next to breaks in Descemet's membrane 
and the endothelium, as is seen occasionally after ocular trauma or as 
acute hydrops in keratoconus, and the stromal oedema neighbouring areas 
of endothelial loss, such as occurs after damage from surgical abrasion 
of the endothelium or stripping of Descemet's membrane.

Within the laboratory, a measure of barrier function to ionic 
movements across the endothelium is provided by the measurement of the 
electrical conductivity of the tissue (Hodson & Wigham 1983). Such 
measurements in the isolated endothelia of man and other mammals forms 
the basis of modern knowledge of the effects of age and of storage time 
on the endothelial barrier function of donor corneas (Wigham & Hodson 
1987). Other studies that would be expected to provide clinically useful 
information include examination of the effect of low endothelial cell 
densities on barrier function, the deterioration of barrier function 
associated with solutions and drugs used within the eye during surgery 
and the influence of inflammatory cells or chemical mediators, such as 
kinins, thromboxanes or prostaglandins, on the status of the endothelial 
barrier.

In the living eye, a measure of endothelial barrier function is 
provided by the assessment of diffusion of fluorescein across the 
tissue. In most cases topical sodium fluorescein is applied to the eye 
under test and fluorophotometric techniques are used to assess its 
passage into the stroma, across the endothelium and into the aqueous 
humour (Mishima 1982a, 1982b). Such experiments have shown a decrease in 
barrier function after ocular surgery or injury, this decrease resolving
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al. 1984) and an increased permeability (decreased barrier function) in 
diabetics (Lass et al. 1985) or those patients with naturally occurring 
(Burns et al. 1981) or surgically-induced (Waltman & Kaufman 1970) 
corneal guttata.

In contradiction to the results of a previous investigation (Burns 
et al. 1981), which the authors consider to be less accurate, a further 
investigation by the same authors (Watson et al. 1988) showed corneal 
endothelial barrier function to fluorescein to be similar in eyes with 
guttata and normal eyes.

2.2.2 Pump Function of the Corneal Endothelium.

The methods for investigation of endothelial pump function are 
either physiological, in which the capacity of the ion pump is estimated 
(in vitro) or anatomical, in which the number and position of pump sites 
is ascertained by pharmacological methods.

If an electrical "bypass" is created between the two surfaces of a 
corneal endothelial mosaic, then the tissue will continue to pump ions 
in an effort to re-establish the normal ionic gradient (potential 
difference) across the tissue. The measured rate of ion movement is 
assumed to be representative of the maximum capacity for the tissue, 
this "short-circuit current" providing an iii vitro estimate of pump 
capacity (Wigham & Hodson 1987).

Studies based on the use of human endothelium have shown pump 
capacity to decline exponentially with age, the capacity halving every 
seventy-two years (Wigham & Hodson 1987). In the same work, however, 
pump capacity was shown not to deteriorate with up to one week of 
storage at 4°c. The observation that endothelial pump capacity is 
reduced in patients taking systemic diuretics, especially frusemide, is 
of particular Interest (Wigham & Hodson 1987).

A pharmacological and anatomical approach has been adopted by 
Geroski and associates (1985). These authors examined and quantified the 
pump sites on human donor endothelium by utilizing a tritium-labelled 
ouabain tracer; this drug binding with high affinity to the membrane- 
bound Na/K ATPase of the pump sites. With this method it is assumed that 
the number of ouabain binding sites is proportional to, or even equates 
to, the number of physiologically active endothelial pump sites. The 
number of binding (pump) sites per unit of endothelial area was found to 
be independent of age in twenty normal eyes, despite a significant 
decrease of endothelial cell density with age. However, the density of
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al. 1985). The increased pump-site density reported by Geroski contrasts a 
low density (about one-eighth of normal) in the endothelia of patients 
with decompensated Fuchs' dystrophy or aphakic or pseudophakic bullous 
keratopathy (McCartney et al. 1987). It is possible that the eyes 
examined by Geroski displayed a compensatory response early in the 
condition, whereas those of McCartney had far-advanced disease.

Based upon investigations of barrier function in patients with 
Fuchs' dystrophy, Bourne and colleagues suggest that pump function must 
be either less than (Wilson et al. 1988) or similar to (Burns et al.
1981) that of normal corneas; the authors favouring the former 
conclusion.

More research is needed into the relationship between age, cell 
density, endothelial barrier function and the density of pump sites, 
into the changes with Fuchs' endothelial dystrophy and the compensatory 
changes of pump site density with cell losses due to ophthalmic disease 
or surgery. It would also be invaluable to investigate the changes of 
pump site density in patients with chronic eye disease, those on long
term ocular medication or those on systemic drugs, such as diuretics.

There is no reliable method for the direct assessment of pump 
capacity in vivo, although an estimate can be made.

2.3 THE CLINICAL ASSESSMENT OF ENDOTHELIAL FUNCTION.

As discussed in Section 2.2, the normal function of the corneal 
endothelium in the regulation of stromal deturgescence is dependent on 
the appropriate balance of barrier function and pump function: Because 
only one of these two factors Is measurable in vivo, they cannot be 
expected to provide practical measures of endothelial function in the 
clinical context - neither the active function nor that in excess of 
normal requirements ("reserve" function); throughout the present work the 
terms "active" and "reserve" functions will be used thus. Despite their 
complexity, these methods of assessment will remain useful research 
techniques to examine the effect of age, drugs and surgery on the 
corneal endothelium.

For the ophthalmologist, indices of endothelial function and 
reserve must, of necessity, be measures of corneal stromal hydration, 
since the degree of stromal hydration is related to the balance between 
pump and barrier functions.
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hydration of the cornea are -

(i) Corneal opacification by oedema.
The density and extent of corneal epithelial or stromal 

oedema can provide an index of endothelial dysfunction 
and cell loss (Percival 1981). Corneal opacification by 
oedema can be established from clinical case-notes or by 
the use of anterior segment photography.

This index has been used in some studies of corneal 
function after cataract surgery (Cheng et al. 1977a,
1977b, 1977c).

(ii) Extent of striate keratopathy.
An increase of corneal thickness causes a buckling of 

the concave inner surface (Cogan 1951), this being termed 
"striate keratopathy" or "folds of Descemet's membrane".
The extent of keratopathy is probably very much dependent 
on factors other than endothelial function, such as the 
degree of corneal deformation during surgery and the 
intraocular pressure.

The degree of folding of Descemet^s membrane has 
been quantified in two reports of cataract surgery (Kraff 
& Sanders 1982; Yank & Kline 1983) and has been recorded 
as being greater after more complex surgery (Stark et al. 
1977).

Binkhorst (1973) states,
"Every striate keratitis is a warning signal. It means 
endothelial decompensation to some degree. The surgeon 
should not be happy with his work, even though it may 
subside later. It may be initiating direct corneal 
dystrophy or be the cause of later corneal dystrophy ...."

(iii) Increase of corneal thickness.
An approximate assessment of corneal thickness can 

be made by slit-lamp biomicroscopic examination.
Pachymetry provides a more objective measure of 

corneal thickness, this method having been used 
extensively in studies of corneal endothelium and 
cataract surgery (see Chapters 5 and 6, pp. 85 and 105).
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Corneal thickness measurements provide a useful index of corneal 
endothelial function at the time of measurement: An unstressed cornea of 
normal thickness implies adequate endothelial function, but fails as a 
measure of the quantity of unused endothelial function available should 
this tissue suffer added stresses (the reserve capacity).

If in the presence of added stresses, such as surgical manipulation 
or inflammatory insult, the cornea remains of normal thickness, then, by 
implication, there must have been considerable functional capacity 
available in reserve when the cornea was unstressed. With increased 
corneal thickness, the functional capacity of the endothelium has been 
exceeded; be it in an "unstressed” cornea (such as the cornea with 
advanced Fuchs' dystrophy) or a "stressed" cornea (such as a corneal 
graft suffering endothelial rejection). In the former example there can 
be no reserve capacity, whereas in the latter case the limited reserve 
capacity of the pre-morbid endothelium, if present at all, has been more 
than exceeded by the stresses placed on the endothelium.

Some investigators have exploited the changes of corneal thickness 
as a method of assessing either the degree of functional damage to the 
endothelium or the functional capacity of in. vitro corneal endothelium.
For example, the slower rate of swelling of rabbit cornea after inhibition 
of pump function contrasts with the faster swelling after damaging the 
barrier function with calcium-free perfusion media (Kaye et al. 1973). 
Similarly, Sherrard (1976) utilized the "temperature reversal" effect to 
verify the functional capacity of rabbit endothelium after exposure of 
the whole eye to solutions of glycerol.

It is well recognized that the endothelial cell density, a factor 
which would be expected to reflect closely on pump capacity and barrier 
integrity of this tissue, does not bear a significant relationship to 
corneal thickness (Bourne & Kaufman 1976a; Mishima 1982a, 1982b; Olsen 
1980c; Yee et al. 1985c): When a cell density is within the normal range, 
there is generally ample function to maintain corneal clarity and also 
excess, unused, functional capacity - the reserve capacity. As the cell 
density is reduced to pathologically low levels, so the reserve capacity 
is drawn upon and the normal corneal thickness is maintained (Mishima 
1982a, 1982b). It is only when the cell density declines to less than 
about 400-500 cells/sq.mm. that stromal oedema becomes frequent and 
corneal thickness increases (Bates et al. 1986; Hoffer 1979a; Jacobs et 
al. 1982; Kaufman 1980).

In clinical practice, therefore, a thickened oedematous cornea
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or normal cell density in the presence of some deleterious influence, 
such as surgical trauma or inflammation (Olsen 1981a). A thin, clear 
cornea implies adequate endothelial function, but fails to indicate 
reserve capacity. It is this reserve capacity, the degree of surgical or 
inflammatory damage for which the cornea can compensate, that is of 
greatest interest to the ophthalmic surgeon. The assessment of reserve 
capacity cannot, therefore, be based on corneal thickness measurements 
(unless initially abnormal, when the reserve must be zero), but rather 
should depend on the measurement of endothelial cell density and 
possibly on other morphometric parameters of the endothelial mosaic.

2.4 THE CLINICAL ASSESSMENT OF THE ENDOTHELIAL CELL MOSAIC.

With adequate magnification it is possible to examine the endothelial 
mosaic during slit-lamp biomicroscopic examination of the eye. The method, 
endothelial specular microscopy, is dependent on breaks in the uniform 
(specular) reflection of light at the interface between the endothelium 
and the aqueous humour; the breaks being caused by the irregular (diffuse) 
reflection of light scattered by the cell boundaries. During endothelial 
specular microscopy, therefore, cell boundaries appear as dark lines on 
a light background, as originally described by Vogt (1919).

To provide a permanent record, the principle was adapted to photo
microscopy by Maurice (1968) and then modified for use in man (Bourne et 
al. 1976; Laing et al. 1975).

Photomicroscopes are either "non-contact" instruments or "contact", 
the latter applanating the corneal surface. Further refinements include 
wide-field photomicroscopy (such as that of Pocklington), scanning photo
microscopy (Koester et al. 1980) and the video-recording of wide-field 
specular microscopy (Hartmann & Koditz 1984/85; Roberts & Koester 1981). 
Several reviews of the subject are available (Laing et al. 1979a;
Sherrard & Buckley 1981, 1984; Sugar 1979).

From the specular microscopic image, either photographic or at the 
slit-lamp biomicroscope, it is possible to assess several characteristics 
of the mosaic -

(i) The number of cells per unit area; that is, cell density.

(ii) The uniformity of cell morphology.

(iii) The presence of abnormal events, such as dark areas within 
the mosaic, these areas appearing to be cell-free.
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2.4.1 Endothelial Cell Density.

At slit-lamp biomicroscopy, cell density may be assessed easily at 
either extreme. Other biomicroscopic techniques have been described, 
these being the McIntyre CEB reticule (a graticule mounted within the 
eye-piece of the microscope; McIntyre 1979), the use of a hand-held 
comparison chart with mosaics of various sizes drawn on it (Karickhoff 
1980) or by the use of fields of illumination of known size, produced by 
a slit-lamp biomicroscope (Holladay et al. 1983).

The interposition of a polarizing filter between the eye of the 
patient and that of the observer has been shown, by reducing the intense 
epithelial reflection (Peli 1985), to improve the optical quality of the 
endothelial image, but this procedure has not been widely adopted.
Eisner and colleagues (1985) have described a lens that magnifies and 
improves the quality of the image of the endothelium at slit-lamp 
biomicroscopy.

The present writer has devised a readily applicable method of cell 
density estimation at the slit-lamp biomicroscope (Rose 1986). This 
technique will be discussed in Chapter 16 (p. 322).

Photomicrographs provide a permanent record of a considerably 
larger area than can be viewed by slit-lamp biomicroscopy. In addition, 
photographic records allow a more accurate quantitative assessment of 
cell density; such density estimates provide evidence of the effects of 
ophthalmic diseases, surgery and drugs on the endothelial cell population.

Cell density estimates for the corneal endothelium may be drawn 
from photomicrographs by several techniques -

(i) Fixed Frame Analysis.
The number of cells within a defined area of film is 

evaluated, following certain conventions with respect to 
the edges of the counting frame (Bourne et al. 1976).

This is the most commonly used method.

(ii) Variable Frame Analysis.
The area occupied by a known number of cells is 

measured by a planimetric method (Laing et al. 1976), 
this being a method used by several authors.

Schutten and Schultz (1980) propose a variation of 
variable frame analysis, whereby the outline boundary of a 
number of cells is traced onto a high-quality paper and 
then carefully cut out from the sheet; the weight of this
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piece of paper is then assessed in relation to a reference 
datum.

(iii) Linear Intercept Analysis.
By counting the number of cells on a line of known 

length, randomly orientated in the plane of the mosaic, 
it is possible to estimate the cell density.

Although the method is simple and analogous to that 
described by Holladay and colleagues (1983), it is of 
questionable accuracy and has not apparently been used by 
other investigators since first described by Davanger & 
Olsen (1984).

(iv) Cell Size Comparison Grids.
By comparing the photomicrograph with cell size 

grids, a rapid estimate of cell density can be made
(Waring et al. 1980; Yee et al. 1985). This technique is
similar to the CEB reticule and hand-held comparison
chart used at slit-lamp biomicroscopy.

A comparison of several of these techniques of assessment is made 
in a work by Waring and associates (1980): It was found that estimates 
of endothelial cell density using fixed frame analysis, a mechanical 
planimeter or an electronic planimeter (the last two modes assessing 
cell areas) were of approximately equal accuracy, whereas the use of 
cell-size comparison charts provided a faster, but less accurate,
estimate. The authors suggest that fixed frame analysis "is the method
of choice for clinical purposes" but that the electronic planimeter, 
showing the least variable results, is perhaps the best method for
research purposes (Waring et al. 1980).

In an ingenious study, Olsen (1981c) showed that fixed frame 
analysis of endothelial mosaics was more accurate than variable frame 
analysis, especially if only small areas were available for assessment. 
Similarly, Cheng and associates (1985) demonstrated that cell density 
estimation by fixed frame analysis was reliable, with the variance 
attributable to "between subject" or "between sides" variation being 
significantly greater than that attributable to "between observer" 
variation; "between assessments" variation was significant only when 
endothelial cell density was low.

Problems of this nature have been widely investigated in several
branches of science, for example, in metallurgy, and some of these
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metnoas, togecner wiin cneir vanaoiucy ana sources or error, are 
discussed in Chapter 11 (p. 222).

The results of cross-sectional (population) studies suggest that 
endothelial cell density declines significantly with age (see Footnote). 
However, Hoffer and Kraff (1980) and OCTET (1986) do not report this 
decrease in density, although the range of density increases with age. 
Cheng and others (1985) provide a long-term (sequential) examination of 
cell density in normal subjects and report a significant average loss of 
2% of cells in 103 subjects over a two-year period. Similarly, McGill 
and Liakos (1985) record a 0.6% decrease in the endothelial cell density 
of 200 eyes over two years of follow-up.

Schultz and associates (1984) report the reduction of cell density 
with age as being significantly greater for insulin-dependent diabetics 
than that for non-diabetic subjects. In another study, although this 
decline was greater in diabetics, this was not significantly so (Busted 
et al. 1981).

With few notable exceptions, a linear relationship for this process 
is implied or presented. The present writer would contend that a non
linear decline with age, such as the sigmoid relationship suggested by 
Mishima (1982a, 1982b) and Stefansson (1982), is more probable.

2.4.2 Endothelial Morphometric Analysis.

Mitosis is extremely rare in human corneal endothelium, cell losses 
being replaced almost exclusively by an enlargement and migration of 
neighbouring cells. Degradation and ageing of the endothelium, with a 
concomitant reduction of reserve capacity, should, therefore, be 
associated with an increase in the irregularity of endothelial cell 
shapes. Although it is generally accepted that the cell shape character
istics become less homogeneous with ageing (Kaufman et al. 1966; Laing 
et al. 1976, 1979b; Mishima 1982a, 1982b; Stefansson et al. 1982; Yee et 
al. 1985c) or with endothelial repair (Mishima 1982a, 1982b; Olsen 
1979c; Rao et al. 1980), there is evidence that this is not universal; 
indeed, some young endothelia show marked heterogeneity and some elderly 
mosaics retain a homogeneous pattern.

Footnote: Bahn et al. 1984; Bourne & Kaufman 1976a; Capella 1971;
Geroski et al. 1985; Laing et al. 1976; Laule et al. 1978; McCarey 
1979; Olsen 1979b, 1979c; Price & Barbour 1981; Sherrard et al. 
1987; Sperling 1978a; Stefansson et al. 1982; Sturrock et al. 1978; 
Wilson & Roper-Hall 1982.
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Many morphometric parameters have been described, their assessment 
having been facilitated by the advent of computer-assisted image analysis 
systems. These parameters include -

(i) Cell Area Distribution.
Analysis of the areas of single cells has shown that 

the cell size (area) distribution assumes a shift towards 
larger cells with age (Jacobi & Strobel 1981; Laing et 
al. 1976, 1979b; Mishima 1982a, 1982b; Sawa & Tanishima 
1979; Stefansson et al. 1982; Yee et al. 1985c) and after 
intraocular surgery in man (Jacobi & Strobel 1981; Matsuda 
et al. 1984; Mishima 1982a, 1982b) or in cats (Galin et 
al. 1979a).

Laing and associates (1983) propose that certain 
specific changes of cellular areas suggest endothelial 
cellular fusion, although this contention remains 
unconfirmed.

The coefficient of variation of cell area increases 
significantly with age (Sawa & Tanishima 1979; Yee et 
al. 1985c) or after surgery (Bourne et al. 1979; Glasser 
et al. 1985a, 1985b), returning to normal in the late 
postoperative period (Schultz et al. 1986). In addition, 
Schultz (1984) report this coefficient to be significantly 
greater in diabetics (both insulin-dependent and non 
insulin-dependent) than that in age-matched control 
subjects, although another, similarly age-matched, 
comparison (but of in vitro donor corneas) did not 
demonstrate such a difference (Shetlar et al. 1989).

It has been proposed that the increased coefficient 
of variation with age might result from the cumulative 
effect of endothelial hypoxia during sleep (Schoessler & 
Orsborn 1987) or exposure to ultraviolet irradiation 
(Good & Schoessler 1988).

(ii) Cell Boundary Analysis.
Individual cell perimeters would be expected to 

increase with age (Jacobi & Strobel 1981; Yee et al.
1985c) and after surgery (Jacobi & Strobel 1981), a 
manifestation of increased cell areas.

There do not, however, appear to have been any 
studies of the relationship between total cell boundary
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length and endothelial barrier function. Recognizing 
that passive endothelial ionic conductivity is almost 
exclusively through the intercellular spaces, the present 
writer would submit that the slow decline of tissue 
conductivity with age (Wigham & Hodson 1987) might match 
a decline in total boundary lengths.

(iii) Polygonality of Cells.
The neonatal corneal endothelial mosaic displays a 

striking uniformity, with a regular array of hexagonal 
cells (Kaufman et al. 1966), one of the "natural" packing 
arrays for a planar surface. As cells are lost, the 
neighbouring cells spread to close the deficit, thereby 
altering shape (Laing et al. 1979b, 1984; Sherrard 1976; 
Sperling 1978b).

The proportion of 4,5,6,7 or 8-sided (or greater) 
polygons in the endothelial mosaic changes with age (Rao 
et al. 1982; Yee et al. 1985c) and after intraocular 
surgery or disease (Glasser et al. 1985a, 1985b; Jacobi & 
Strobel 1981; Matsuda et al. 1984; Olsen 1979c; Olsen & 
Sperling 1980; Schultz et al. 1986; Yee et al. 1985a).

In general, the frequency of hexagons declines with 
age (Olsen 1979c; Yee et al. 1985c) and with increasing 
variability of cell area (Rao et al. 1982; Yee et al.
1985c). In contrast, the proportion of heptagons increases 
with increased cell size variation (Rao et al. 1982; Yee 
et al. 1985c), whereas the proportion of pentagons has 
been reported to decrease (Yee et al. 1985c) or be unrelated 
to cell sizes (Rao et al. 1982). Octagons and figures with 
greater than 8 sides are rare (less than 5% of cells in 
all ages - Rao et al. 1982; approximately 1-2% of cells - 
Olsen 1979c; Yee et al. 1985c).

The proportion of 5, 6 or 7-sided cells were similar 
in donor corneas from diabetics and from non-diabetics 
matched for age (Shetlar et al. 1989).

(iv) Length of Cell Sides.
Variation in the length of the sides of cells 

increases as the cells become more irregular in shape 
(Laing et al. 1979b).
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Irregularity of the endothelial mosaic and an 
increased variation in the number of sides to endothelial 
cells would be expected to cause an increased range of 
internal angles between adjacent cell sides; there is, 
however, no report of such an investigation.

In practice, the internal angles remain near to 60° 
at all ages (Laing et al. 1979b; Rao et al. 1982); Laing 
and associates (1979b) suggest that angles markedly 
different from 60° represent an unstable configuration 
and an abnormal mosaic.

(vi) Maximum and Other Cell "Diameters".
In a manner similar to side-lengths, the maximum 

"diameters" of the cells (that is, the longest linear 
intercept taken across the cells) must increase with the 
larger, more variable cells of the ageing endothelium 
(Shaw et al. 1978). Furthermore, elongation of endothelial 
cells towards the apex of keratoconus has been recorded 
(Laing et al. 1979b).

(vii) Axis of Orientation of Maximum Cell "Diameter".
The bulk migration of endothelium towards one zone 

of extensive loss, for example, towards the surgical 
incision after cataract surgery, would be expected to 
cause an elongation of cells towards this area. This 
elongation should cause a bias in the orientation of the 
axis of maximum cell diameters towards the area of cell 
loss. In contrast, the normal, approximately regular and 
hexagonal, mosaic should tend towards the three principal 
axes of a regular hexagon.

This measure has only recently been described 
(Lester et al. 1981) and its full potential has not been 
utilized (Glasser et al. 1985b); these latter authors 
record a bias of axis towards the surgical section in 
6/13 eyes after cataract surgery.

In addition to these basic measurements, several derived quantities 
have been described, including -

(i) Area *f*Boundary Length (Jacobi & Strobel 1981)

(ii) Maximum ~Minimum "Diameter" ratio (Shaw et al. 1978)
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Perimeter rr x maximum length)
or Perimeter 7 - (2 x maximum length) (Shaw et al. 1978)

Projected length 7 - maximum length
or Maximum length -7* Feret's diameter (Shaw et al. 1978)

"Shape factor", equal to (4*<tf*area •jr perimeter^)
2 •or "Figure coefficient" equal to (perimeter -7“area).

The former assumes a value of 1 for a circle, 0.907 
for a hexagon and lower values for more irregular shapes.

These coefficients are unrelated to age (Yee et al. 
1985c), but change markedly during recovery from injury 
to the endothelium (Ling et al 1988).

In relation to ophthalmology, the excessive number of cellular 
morphological characteristics, both basic and derived, would appear to 
be a product of the use of microprocessor technology; in other branches 
of science these characteristics have been used for many years.

The large variety of factors have, almost without exception, failed 
to provide a useful index of either the active or the reserve function of 
corneal endothelium. They may, however, be indicative of an endothelium 
that has undergone or is actively undergoing morphological reorganization 
(Olsen & Sperling 1980, Schultz et al. 1986; Yee et al. 1985c).

The only measure that would appear to add to information provided 
by estimates of cell density is the degree of variability of cell size, 
often expressed as the coefficient of variation of cell area (C. of V., 
equivalent to standard deviation of cell areas 7 - mean cell area).

Despite limitations in the design and analysis of their studies, Rao 
and associates have suggested (Shaw et al. 1978; reduplicated data Rao et 
al. 1979a) that those endothelia with a large C. of V. for cell size (so- 
called "polymegethous" corneas) possibly tolerate intra-ocular surgery 
less well than those with a small value for the C. of V., the more uniform 
"homomegethous" corneas. However, the inadequate detail of the reports 
published by this group (discussed in Section 2.6, p. 36) provide 
insufficient support for their conclusions. Sweeney and coworkers (1985) 
demonstrated that corneas with high values for the C. of V. of endothelial 
cell area fared worse and recovered more slowly after corneal hypoxia.

In contradistinction, Bourne and colleagues (1980) were unable to 
demonstrate a relationship between variability of cell size, either 
preoperative or postoperative, and the degree of cell loss after cataract 
surgery. Likewise, Bates and Cheng (1988) found shape characteristics of

(iii)

(iv)

(v)
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eyes with large (34%) losses but without bullous keratopathy and in eyes 
with large (32%) losses in which corneal decompensation occurred; this 
similarity of morphology was present in the preoperative cornea and in 
that at one month after surgery.

In a critical editorial, Hirst and associates (1980) also suggest 
that there is no precise relationship between preoperative characteristics 
of the endothelial mosaic and the likelihood of postoperative corneal 
decompensation.

The many other estimators of cell morphology tend only to reflect 
variation of cell size and probably add nothing further.

It is evident that two morphometric measurements have not, however, 
been adequately investigated: The first is the relationship between the 
total cell boundary length and the conductivity (barrier function) of 
the endothelium as measured in vitro or in vivo: On theoretical grounds 
a close relationship between the two would be expected. The second 
variable is that of the orientation of maximum cellular "diameters".
One study (Glasser et al. 1985b) has shown that the axes of the cells 
realign following surgery. Such a realignment could provide a useful 
index as to whether the endothelial cell loss after surgery is mainly 
focal, perhaps occurring at the surgical section, or mainly diffuse, for 
example that due to intracameral drugs or solutions.

For a discussion of allied topics, the reader is referred to 
Section 11.1 (p. 222).

2.4.3 Abnormal Endothelial Phenomena.

Dark posterior corneal rings disrupt the specular microscopic image 
of human corneal endothelium when the cornea is applanated. These occur 
with all human corneas and also with some other mammalian species 
(Sherrard & Buckley 1981, 1984), being thought to be due to microscopic 
wrinkling in the region of Descemet's membrane.

The most frequent pathological disturbance of the endothelial 
specular microscopic image is that caused by corneal guttata, these 
being excrescences on Descemet's membrane. Because bronzed guttata occur 
in large numbers in Fuchs' endothelial dystrophy and were linked with 
the premature corneal decompensation of this disease, ophthalmologists 
have regarded the non-bronzed guttata that tend to occur in ageing 
corneas as similar precursors of corneal decompensation, or as 
indicative of a reduced corneal endothelial reserve capacity. Evidence
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been reported as being the same in corneas with and without evidence of 
guttata on specular microscopy (Olsen 1980c) and the density of guttata 
has been recorded as being unrelated to cell density (Percival & Gillam 
1980); this latter observation being opposite to the findings of the 
present study (Section 10.2.2, p. 204).

Several other phenomena have been described, the work of Sherrard 
being particularly comprehensive (Sherrard 1976, 1984; Sherrard & Buckley 
1984). To the ophthalmologist, the reversible dark "pseudoguttata" that 
appear with acute anterior uveitis (Olsen 1981a; Sherrard & Buckley 1984) 
are important, as are the apparently cell-free dark lines crossing the 
cornea after intraocular surgery, caused by large folds of Descemet's 
membrane (striate keratopathy).

"Snail-tracks" of the endothelium may be observed in the first 2 or 
3 days following cataract surgery (Alfonso et al. 1986) and the areas 
were thought, on the basis of scanning electron micrographs of cadaver 
corneas, to be free of cells or contain damaged cells; no specular 
photomicrography was presented to provide in vivo evidence for this 
claim. The present writer would suggest that the cell loss observed by 
Alfonso was a post-mortem change occurring in the area of clinical 
"snail-tracks", it having been shown in vivo, on the first day after 
surgery, that the majority of these lines are covered by an almost 
continuous endothelial mosaic with only small areas of cell loss, these 
areas showing occasional reformation figures (Laganowski et al. 1987).

Although "snail-tracks" might be allied to the lines of injured 
endothelial cells described by Norn (1973) after vital staining of 
corneal endothelium during cataract surgery, they probably represent 
disruption of the specular reflection by folds of Descemet's membrane 
much finer than those of striate keratopathy, rather than frank loss of 
endothelial cells. Furthermore, the present writer submits that the 
occurrence of "snail-tracks" as early as the time of anterior capsulotomy 
would favour a microscopic folding of Descemet's membrane, brought about 
by the reduction of intraocular pressure upon entering the eye, rather 
than a direct endothelial damage.

The interpretation of several other phenomena, readily visible only 
on photomicroscopy, has been elucidated by the examination of scanning 
electron micrographs of the matching areas of endothelium (Sherrard 
1984). Although not of practical value to clinical practice, such 
studies increase the understanding of the endothelial response to trauma 
and also the mechanisms of formation of the specular reflections.
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Laing and colleagues (1979b) illustrate and critically discuss 
several optical changes shown on photomicroscopy. Of particular interest 
are some photomicrographs that show apparently multiple boundaries to 
cells, these possibly being due to optical aberrations. Histological 
study of these phenomena was not possible, as they are photomicrographs 
of the corneas of living human subjects (Laing et al. 1979b).

An alternative method of photomicroscopy using an applanating 
camera has been described by Sherrard and Buckley (1982): The "relief 
mode", for which the optics are poorly understood, can provide 
considerable detail about the three-dimensional topography of the 
posterior corneal surface.

2.5 SUMMARY.

The corneal endothelium forms a continuous monolayer of cells 
resting on Descemet's membrane, which is the basement membrane secreted 
by the cells. The cohesion of the cellular mosaic is maintained by 
junctional complexes at the apices of the cells.

The function of the corneal endothelium, to maintain corneal clarity 
by a relative dehydration of the stroma, is dependent at any instant on 
the balance between endothelial pump function and barrier function. Whilst 
both of these functions are assessable in vitro, only one of the two is 
measurable in the clinical context.

Clinical measurements of corneal endothelial function are dependent 
on the assessment of corneal stromal hydration, either by visual record 
or by corneal thickness measurements (pachymetry).

The prediction of corneal endothelial reserve capacity, the amount 
of spare endothelial capacity available to maintain corneal clarity in 
the face of deleterious forces, is difficult. The single most useful 
criterion is that of endothelial cell density; it being known that 
corneal decompensation occurs at low cell densities, whereas corneas 
with high cell densities generally have a large reserve capacity. 
Recognizing certain limitations in the existing studies, increased 
variability of endothelial cell areas might also help indicate a reduced 
reserve capacity. Other potentially useful morphometric parameters, such 
as the total endothelial cell boundary length or the orientations of 
cell axes, have not been adequately investigated.

2.6 APPENDIX.

Rao, Aquavella and others have published several papers concerning 
endothelial cell morphology, claiming that an irregular endothelial mosaic
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(for which they use the term "polymegethous") has a lower functional 
capacity than that of a more regular ("homomegethous") endothelium (Rao 
et al. 1979a; similar detail in Shaw et al. 1978). This conclusion is 
presented, by these authors, because postoperative corneal thickness was 
greater in a group of 23 eyes chosen subjectively, according to the degree 
of "polymegethism", from 46 eyes. The data provided by Rao and colleagues 
is often inadequate and this, together with the doubtful validity of 
certain aspects of analysis, leaves many of their conclusions open to 
debate. There is, however, some evidence that eyes with polymegethous 
corneas suffer more impairment of function during, and recover more 
slowly after, a corneal hypoxia stress test (Sweeney et al. 1985).

Thus, although the authors fail to state whether the choice was 
before or after the results of surgery were known, it is of interest 
that exactly one-half of the 46 patients were sorted into each category. 
The authors discuss neither the limits for the subjective judgement nor 
rules for classification of mosaics with intermediate degrees of 
irregularity. Moreover, in the face of the subjective nature of this 
judgement, which plays a crucial role in the investigation, the authors 
fail to either test the reproducibility of their choices or assess the 
significance of the quantitative differences between the two chosen 
groups. Instead, a further unjustified subjective choice of mosaics is 
made to provide two small groups for comparison; the choice of mosaics 
is indicated to be biased (Rao et al. 1979a). To augment the bias, 
corneas with clinically-detectable guttata were excluded from the study.

The present writer considers the use of unjustified subjective 
choices during an investigation to markedly devalue the study. In a 
detailed report, Stefansson, Muller and Sundmacher (1982) similarly 
express this view when discussing a work by Blatt, Rao and Aquavella 
(1979), in which a similar subjective judgement was made. Stefansson and 
colleagues demonstrate results in contradiction to those of Blatt.

Rao and associates (1979a) present data for the changes of corneal 
thickness within their two groups of eyes. Using methods of analysis 
developed later in this work (Section 17.3.2, p. 342), the present 
writer would suggest that the mathematical functions characterizing the 
recovery of corneal thickness in the Rao paper are as follows:

For the "homomegethous" group,

log (I) = 2.63 - 0.361og (t) e e
and for the "polymegethous" group,
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loge(I) = 3.95 - 0.321oge(t)

where "I" denotes the change of corneal thickness, expressed 
as a percentage of preoperative thickness 

and "t" denotes the postoperative interval (days).

The gradients of these two lines are not significantly different 
("Student" t = 0.98, 2 degrees of freedom; P>0.40) and an estimate of 
the common gradient is -0.34, this having a variance of 0.0004.
Analysis of covariance demonstrates the intercepts to be significantly 
different ("Student" t = 20.0, 3 degrees of freedom; P<0.001).

This situation would, therefore, appear analogous to the comparison 
of intracapsular cataract surgery and phacoemulsification discussed in 
Chapter 17 (Section 17.4.3, p. 357): In contradistinction to the views 
of Rao and colleagues, that the functional behaviour of the two types of 
endothelia are markedly different, here there is evidence that the post
operative behaviours, assessed by mathematical parameters for the changes 
of corneal thickness, are actually fairly similar. The significant 
difference would appear to be in the degree of initial impairment of 
endothelial function, that is, in the initial increase of corneal 
thickness. It remains unanswered whether this difference is attributable 
to the "polymegethous" endothelium being less able to withstand surgery 
or to a more traumatic surgery. As with phacoemulsification, implantation 
of Medallion lenses tends to cause considerable cell loss (Section 6.4, 
p. 1 2 2) and, hence, this might favour the latter mechanism.

Considering now the recovery parameters of the "homomegethous" 
endothelium after Medallion lens implantation in comparison to those of 
four other reports of corneal thickness recovery after iris-supported 
lens implantation (Cheng et al. 1977a; Jacob 1985; Miller & Stegmann 
1981; Reshmi & Kondrot 1976):

For the "homomegethous" group,

log (I) = 2.63 - 0.361og (t) e e
and for the four reports after iris-supported lens implantation,

log (I) = 4.16 - 0.89 log (t) e e

The parameters in the two functions for recovery of corneal thickness 
are not significantly different: The difference between the gradients is 
not significant at a 5% Type I error ("Student" t = 1.81, 15 degrees of 
freedom; P>0.05); the estimated common gradient being -0.90 and variance
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at a 5% Type I error (t = 1.72, 16 degrees of freedom; P>0.10). This 
would, again, imply that the recovery of endothelial function in the two 
groups is not significantly different; that is, the recovery of function 
in the so-called "homomegethous" group of Rao is similar to that in the 
unselected groups of Cheng, Jacob, Miller or Reshmi, from which 
"polymegethous" endothelia were not excluded.

Similarly, the gradients for the recovery of corneal thickness in 
the "polymegethous" corneas of Rao and those for the other reports in 
the literature are not significantly different ("Student" t = 1.95, 15 
degrees of freedom; P>0.05).

Stefansson and associates (1982) record the coefficient of variation 
(C. of V.) of cell areas to increase significantly with age. Aquavella 
and co-workers, however, suggest that the C. of V. (which they term 
"polymegethism quotient") does not change with age (Rao et al. 1979b; 
similar data in Rao et al. 1980); it is uncertain, however, whether or 
not the stated choice of "normal" corneas was based on endothelial 
morphology.

In a series of 118 eyes assessed at least five years after Medallion 
lens implantation, Rao and colleagues (1984) demonstrated the preoperative 
C. of V. of cell area to be significantly greater in 40 postoperative eyes 
with partial or complete corneal oedema, as compared to 78 eyes without 
oedema; preoperative cell densities were, however, the same. The present 
writer would suggest that a greater C. of V. might indicate an endothelium 
less capable of cellular reorganization (Olsen & Sperling 1980; Schultz 
et al. 1986) and hence less able to readjust after surgery, particularly 
when cell losses are considerable (over 40% in both groups). In a similar 
study by Bates and Cheng (1988), however, preoperative characteristics 
did not differ between eyes developing bullous keratopathy amd those not 
developing this complication.
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CHAPTER 3

EFFECT OF SURGERY ON THE CORNEAL ENDOTHELIUM-

The proximity of the crystalline lens and the corneal endothelium 
would lead one to expect that cataract extraction would affect the 
latter structure.

Bron and colleagues (1978) assessed, from video-tapes, the corneal 
manipulation during intracapsular cataract surgery and found that the 
cornea was handled surgically for about 65% of the procedure. With lens 
implantation, loss of vitreous humour or extracapsular cataract surgery, 
the handling times were even longer. It is, thus, understandable why the 
cornea can suffer damage during cataract surgery.

(I) MECHANISMS OF CORNEAL ENDOTHELIAL DAMAGE.

During and after anterior segment surgery, damage to the 
endothelium occurs by one or more of several mechanisms -

(i) Direct damage to endothelial cells by the passage of
the surgical section or paracentesis tracts across 
the endothelium, that is, anterior to Schwalbe's line.

(ii) Direct endothelial damage by contact with instruments or 
rigid materials placed within the anterior chamber.

(iii) Endothelial damage due to contact with other anterior 
chamber structures.

(iv) Damage due to the presence of irrigation fluids, 
visco-elastic materials or drugs within the 
anterior chamber of the eye.

(v) Endothelial damage due to corneal warping and distortion.

(vi) Endothelial damage due to alteration of anterior chamber
temperature, fluid movement in the anterior chamber, with 
or without particulate attrition, or that due to the 
presence of intracameral air.

(vii) Postoperative inflammatory damage or that due to 
raised intraocular pressure.

A comprehensive review of the corneal endothelium in health and 
disease, together with the response to surgery, is presented by Waring, 
Bourne, Edelhauser and Kenyon (1982).
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At the site of breaches of Descemet's membrane, as in a trans- 
corneal surgical section, there is some loss of endothelium; either that 
destroyed directly or that damaged irrecoverably. This loss of cells, 
inevitable with surgery performed through a corneal section, is rapidly 
repaired by a sliding and enlargement of neighbouring cells across the 
breach and the synthesis of new Descemet's membrane (see Section 3.4.3, 
p. 56).

Based on results of vital staining of the corneal endothelium 
during intracapsular cataract extraction, Norn (1973) suggests that cell 
loss is related particularly to the surgical section and to sites of 
corneal folding. Endothelial cell losses after surgical incisions of 3mm 
or 11mm in the periphery of feline corneas were significantly greater, 
in both peripheral and central cornea, with the longer incision: The 
11mm incision caused 27% cell loss peripherally and 10% loss centrally, 
whereas the 3mm incision caused cell losses of 15% and 5%, respectively 
(Galin et al. 1979a); a formal test of significance is not presented.

The damage at the line of surgical section is probably increased by 
the repeated passage of instruments into the eye, as occurs during 
cataract surgery. Although repeated instrumentation, fluid escape from 
the anterior chamber via the section and the passage of the lens or lens 
nucleus through the section doubtless increases endothelial attrition, 
there is no direct evidence to support this contention. Indirect support 
is, however, provided by the fact that postoperative corneal oedema 
appears greatest and persists the longest time near the line of incision 
and that, after cataract surgery, there is a persistent gradient of 
endothelial cell densities down the vertical meridian of the cornea:
This vertical gradient is characterized by lowest cell densities at the 
superior part of the cornea, nearest to the surgical incision (see 
Section 3.6, p. 60).

Destruction of endothelium remote from the surgical section is to 
be expected whenever accidental contact between intraocular instruments 
and the endothelium occurs. The extent and severity of such damage, 
caused by contact with steel, has been shown in laboratory studies of in 
vitro corneal endothelium (Galin et al. 1979a; Kaufman et al. 1977).

It is of interest that Leber demonstrated, more than a century ago, 
that direct mechanical damage to the corneal endothelium of a rabbit, by 
passage of a hook into the eye and scraping of the posterior corneal 
surface, caused stromal oedema within fifteen minutes of injury, this 
oedema clearing after about three days (Leber 1873).
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the manufacture of intraocular lenses, has been demonstrated to cause 
severe endothelial damage if it touches this sensitive tissue.

3.1.1 Polymethyl Methacrylate Damage to the Corneal Endothelium.

Kaufman and Katz (1976) report 60 seconds of gentle static contact 
between dry PMMA and rabbit endothelium to cause extensive damage to 30-35% 
of cells; one second of contact caused only slightly less damage. Gentle 
rubbing of the PMMA for the same contact time caused a slight increase 
in the damage (Katz et al. 1977), a finding similar to that of Thorburn 
& Levenson (1980). Using 90 seconds of gentle static contact between 
PMMA and rabbit endothelium in vitro, Kirk, Burde and Waltman (1977) 
demonstrated extensive endothelial cell damage with dry PMMA (mean cell 
loss 43% in twelve eyes), this being reduced somewhat when the PMMA was 
"moistened" with TC199 (21% loss) or saline (24% loss); this latter 
figure is much less than a 62% loss recorded in a similar investigation 
(Barrett & Constable 1984). Barrett and Constable (1984) contrast this 
extensive damage with a 4% cell damage after contact between a hydroxy- 
ethyl methacrylate intraocular lens and the test endothelium.

Polymethyl methacrylate or commercially available intraocular 
lenses have been shown to cause similar damage to human endothelium in 
vitro (Katz et al. 1977; Kaufman & Katz 1976; Kaufman et al. 1977). In 
contrast, the crystalline lens of rabbit or man does not damage the in 
vitro endothelium of the same species (Katz et al. 1977; Kaufman & Katz 
1976; Kaufman et al. 1977).

In a study of meticulous design, Sherrard examined the effect of 
various materials, including PMMA intraocular lenses, on the iii vitro 
endothelium of rabbits (Sherrard 1983). The study improved on preceding 
investigations by the use of an accurately controlled placement of the 
test material onto the endothelium, rather than the manual placement 
used in studies by other authors, and by the use of a better tissue 
perfusion medium, namely glutathione-bicarbonate-Ringer's solution. In 
addition, tests for the toxicity of the various materials used in the 
construction of the apparatus were included in the design of the study. 
Using this careful experimental procedure, Sherrard showed considerably 
less damage with PMMA than that described by other authors and almost no 
damage when contacted by glass intraocular lenses. This latter finding 
contrasts with the results of Kaufman and colleagues (1977), who found 
marked damage after contact between glass and the corneal endothelium.

Olson and Slappey (1979) appear to be the only other investigators
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who compare the extensive damage caused by dynamic contact between PMMA 
and rabbit endothelium and the minimal injury caused by static contact.

The results of these several studies suggest that even the finest 
of sliding movements, avoided only by the experimental design of 
Sherrard (1983), might lead to endothelial damage; this damage being 
greater in the presence of detectable dynamic contact. Moreover, it is 
possible that tissue perfusates other than glutathione-bicarbonate- 
Ringer's solution might exacerbate this tissue damage.

Several reports, often illustrated by excellent photomicrographs, 
record the nature of the damage to the endothelium caused by PMMA.

Cells damaged by contact with PMMA in vitro characteristically show 
loss of their apical surface membranes with exposure of the underlying 
nuclei and cytoplasm, the stripped membranes having been shown to be 
adherent to the PMMA (Katz et al. 1977; Kaufman & Katz 1976, 1977;
Kaufman et al. 1977). It is possible that endothelial cells adhere to 
the PMMA of lenses during implantation. Thus, Sugar, Burnett and Forstot 
(1978b) demonstrated, by scanning electron microscopy, that endothelial 
cells were present on the surface of two intraocular lenses removed at 
the time of corneal grafting, some of these cells having undergone a 
fibroblastic metaplasia.

By comparing specular photomicrographs of rabbit corneal endothelium 
with scanning electron photomicrographs of the same areas, Sherrard (1984) 
provides interpretation at a subcellular scale of some of the features 
observed on specular photomicroscopy. In addition, Sherrard demonstrated 
that some of the microstructural changes of endothelium after insult with 
glass, PMMA or polyamide (such as excessive surface microvilli or minor 
damage to the posterior membranes of the cells) were reversible, whereas 
other changes, for example, the cellular fragmentation or loss, were 
irreversible.

Thorburn and Levenson (1980) report that Intraocular lenses removed 
from the eyes of patients cause less damage to rabbit test endothelia 
than do new PMMA lenses. The authors suggest that the lenses, which were 
removed between three weeks and four years after implantation, might 
have gained a coating of protein whilst in the eye, thereby reducing 
endothelial damage; such a concept Is compatible with the extensive 
fibro-cellular membranes that have been demonstrated on lens implants 
(Leonard et al. 1983; Wolter 1982, 1985). The comparison of "new" and 
"explanted" lenses by Thorburn and Levenson, although interesting, is 
open to unintentional bias in the degree and nature of the contact 
between the various lenses and the test endothelia.
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cells, Galin found neither the methyl methacrylate monomers (Galin et 
al. 1976) nor the polymers (Galin et al. 1975) to be cytotoxic. There do 
not appear to be any reports of intraocular lens materials being tested 
for cytotoxicity on cultures of corneal endothelial cells.

No investigations into the effects of electrostatic charge carried 
on the surface of PMMA have been recorded in the literature. Charge on 
the hydrophobic surface of dry PMMA might be contributory to the greater 
endothelial damage that occurs when this tissue is touched by dry PMMA 
(Kirk, Burde & Waltman 1977).

3.2 INDIRECT DAMAGE TO THE CORNEAL ENDOTHELIUM.

Indirect damage to the endothelium may usefully be considered to 
include all those injurious influences that, during surgery, do not 
result from direct abrasive contact with this tissue layer. Thus, 
indirect damage Includes that due to intracameral fluids or drugs and 
the characteristics of these fluids, namely reaction (pH), osmolality, 
temperature, bulk flow and turbulence.

3.2.1 Intraocular Perfusion Solutions and the Corneal Endothelium.

There has been considerable investigation of the effect of 
perfusion of the corneal endothelium with various crystalloid solutions 
used during cataract surgery.

Damage to In vitro test endothelia, from rabbits, monkeys or man, 
has been assessed by endothelial specular photomicroscopy or by scanning 
or transmission electron microscopy. Simple solutions, such as normal 
saline (Edelhauser et al. 1975; McCarey et al. 1976), Plasmalyte 148 
(Edelhauser et al. 1975; McCarey et al. 1976) or Tis-U-Sol (McCarey et 
al. 1976), cause severe damage to endothelium after one to two hours of 
perfusion; with extensive separation and degeneration of endothelial 
cells. Amongst other factors, this damage is probably attributable to 
the calcium-free nature of the solutions; calcium ions being necessary 
for the maintenance of cell junctions (Kaye et al. 1973).

Lactated Ringer's solution and Balanced Salt Solution (BSS) caused 
less cell damage and lesser rates of increase of corneal thickness 
(Edelhauser et al. 1975), but only with a modified Ringer's solution, 
with added glutathione, glucose, bicarbonate and adenosine, was 
endothelial structure and function well maintained (Edelhauser et al. 
1975, 1976; McCarey et al. 1973). Glutathione is important in the 
function of cell membranes and junctional complexes and the importance
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In contrast to more prolonged perfusion of in vitro tissues, in 
vivo perfusion of feline endothelium with normal saline for 30 minutes 
did not cause changes detectable on endothelial specular photomicroscopy 
(Leibowitz et al. 1974).

Investigation of the effects of Plasmalyte 148 on in vivo rabbit 
endothelium, by McCarey, Polack and Marshall (1976), showed patchy areas 
of endothelial damage, but interpretation of this damage is almost 
impossible:

In one part of the study the authors passed 125 millilitres of fluid 
per minute through the anterior chambers of the eyes under study, whilst 
subjecting this fluid to high energy ultrasonification. This volume of 
fluid is very large in connection with passage through the anterior 
chamber. Another experiment involved phacoemulsification with an 
irrigation time of between 20 and 30 minutes. The damage could, thus, be 
due to the chemical composition of Plasmalyte 148, to the bulk movement 
of infusion fluids, to the ultrasonification energy, to lens fragments, 
or, most likely, due to a combination of several of these factors.

Another study, by Glasser and colleagues (1985a), based on in vivo 
perfusion of feline corneal endothelium, allows a more satisfactory 
separation of the effects of different variables to be made. These 
workers demonstrate that, during the week following perfusion of the 
anterior chamber of cats' eyes at the reasonable flow rate of 1 00ml every 
15 minutes, there is a greater disturbance of endothelial morphology and 
corneal thickness after perfusion with BSS than after BSS-Plus. These 
disturbances, present in eyes perfused for 15, 30, 60 or 120 minutes, 
are undetectable at one month after surgery. BSS-Plus is formulated as 
BSS, but with the addition of glutathione, glucose and a bicarbonate 
buffer system. In contrast to the morphological changes observed in 
feline endothelium after treatment with BSS and, to a lesser degree, 
BSS-Plus, the net flux of sodium or bicarbonate ion across rabbit 
endothelium in vitro and the permeability to dextran or inulin remain 
unchanged after 3 hours of perfusion with these solutions (Hull et al. 
1986). It is possible, therefore, that changes of endothelial morphology 
do not necessarily indicate severe functional damage; changes of corneal 
thickness may be a more sensitive index of functional disturbance than 
the ionic fluxes across the tissue.

Binder and others (1979) examined, by scanning electron microscopy, 
feline endothelium at several times up to two weeks after cataract 
surgery. Extracapsular cataract extraction was associated with patchy
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endothelial cells and oedema observed soon after phacoemulsification.
The authors recognize, however, their relative inexperience with the 
latter technique; having used an average of 9 minutes ultrasonification,
30 minutes operative time and between 500 and 750ml of intraocular 
irrigation. Fifteen minutes of anterior chamber irrigation, without lens 
extraction, resulted in a diffuse staining of the endothelium, with 
cellular oedema and disrupted cells; this damage probably resulted from 
the use of Plasmalyte 148 or normal-saline infusions.

The endothelium of human or rabbit corneas has been shown to 
tolerate quite marked extremes of osmolarity when exposed to modified 
BSS (rabbit corneas) or modified BSS-Plus (human corneas). Thus,
Edelhauser and colleagues (1981) measured increases of central corneal 
thickness with hypotonic solutions (to 200 mOsm) and decreases with 
hypertonic solutions (to 500 mOsm), there being, as assessed by scanning 
and transmission electron microscopy, little or no cellular damage after 
90 minutes of such exposure. In addition, these thickness changes were 
reversible when the perfusate was returned to normal osmolarity (298 mOsm).

Araie (1986) used a tracer molecule, carboxyfluorescein, to assess 
the permeability of the intercellular pathways of the in vitro rabbit 
endothelium and showed leakage of this tracer to be greater after forty- 
five minutes perfusion with SMA2 (a citrate/acetate buffered solution) 
than after glutathione-bicarbonate-Ringer's solution or BSS-Plus perfusion; 
the relatively good maintenance of the integrity of the endothelium with 
BSS-Plus accords with the lack of changes of ion flux or endothelial 
permeability in the study by Hull and associates (1986). The increased 
damage to cellular junctional complexes was attributed to the low 
calcium ion content and the absence of glutathione in the SMA2 solution.

3.2.2 Air and the Corneal Endothelium.

Air retained within the anterior chamber of the eye almost 
certainly causes increased endothelial cell damage in animals (Olson
1980) or in man (Eiferman & Wilkins 1981).

Examining the central corneal endothelium of cats at two months 
after anterior chamber paracentesis with the instillation of either 
0.7ml of air or 0.7ml of Balanced Salt Solution, Olson (1980) showed 
that the endothelial cell density ratios (postoperative/preoperative 
counts) were significantly different in the two groups. The air-treated 
eyes, in which an air bubble initially almost filled the anterior chamber 
and cleared over three or four days after instillation, had lower cell
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Solution treated group (mean 102% of preoperative densities). In a 
similar study in which the anterior chambers of cats" eyes were refilled 
with either Balanced Salt Solution or air after creating 8mm incisions 
(positions undefined) into the globes, cell densities were similar at 
various times up to one year after surgery (Galin et al. 1979a). This 
failure to demonstrate a difference might be a result of an inadequate 
numbers of eyes (illdefined, but at least three) in each group.

Comparing cell densities at 5 weeks postoperatively in age-matched 
groups of patients undergoing intracapsular cataract extraction, Eiferman 
and Wilkins (1981) record an average cell loss of 8.5% in 10 eyes when 
the anterior chamber was reformed with Balanced Salt Solution and 18.5% 
loss in 16 eyes when reformed with a large air bubble at the end of the 
procedure, this air being reabsorbed over a few days. This difference is 
highly significant.

Van Horn and associates (1972) present histological evidence, from 
light and electron microscopy, that within one day of exposure to intra- 
cameral gases the rabbit endothelium replicates, with reduplication of 
Descemet's membrane. The original endothelial cells die and degenerate 
from the third day, with fusion of the new and the original Descemet"s 
membrane. The authors state that this proliferation was not demonstrable 
in the endothelium of monkeys and that there is no evidence for these 
processes occurring in human corneal endothelium.

Short-term intracameral air, or other gases, cause changes in the 
endothelial specular reflection, but there is no evidence that this tissue 
suffers permanent damage: Eiferman and Wilkins (1981) describe a reversible 
"peau d"orange" appearance of the superior or central areas of endothelium 
in some of the patients with intracameral air, this almost certainly being 
allied to the "pseudoguttata" described by van Horn and colleagues (1972) 
when in vivo rabbit corneal endothelium was exposed to either air or 
sulphur hexafluoride; in all cases these changes disappeared as the gas 
was reabsorbed.

Similarly, Leibowitz, Laing and Sandstrom (1974) report extensive 
alterations in the specular reflections from cell membranes and dark 
defects in the endothelial mosaic, at points normally occupied by cells, 
when they examined rabbit endothelia in vitro after 30 minutes exposure 
to air within the anterior chamber. In contrast, changes were very few 
in eyes receiving only anterior chamber paracentesis or in eyes after 30 
minutes of saline perfusion. It is of interest that, in these experiments, 
there was almost no detectable damage after In vivo saline perfusion for
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30 minutes, in contrast to the histological damage reported after more 
prolonged perfusion in vitro (Edelhauser et al. 1975; McCarey et al.
1976). It is unfortunate that Leibowitz and co-workers did not report 
changes of corneal thickness during these experiments, since such 
observations would have completed an interesting picture of the process 
of endothelial regeneration.

Kerr Muir and associates (1987) examined endothelial cell losses in 
patients undergoing extracapsular cataract extraction with posterior 
chamber lens implantation. Using either intracameral air, 2% hydroxypropyl 
methylcellulose or 1% sodium hyaluronate from the time of capsulectomy, 
it was found that a greater number of eyes suffered significant cell 
losses when air was present, and that the overall mean cell loss was 
greater in this case. Because two eyes with known mechanical damage to 
the endothelium were excluded, these authors considered that differences 
in cell losses were attributable to the effect of the intracameral agent, 
rather than to the surgical technique - by implication, short-term air 
being toxic to the endothelium. This interpretation is questionable, 
however, and is discussed further in Section 7.1.3 (p. 155).

3.2.3 Intracameral Drugs and the Corneal Endothelium.

As a general principle, preservative-free solutions should be used 
because the majority of drug preservatives are surface-active agents 
and, therefore, liable to interfere with membrane function; in this 
case, that of the corneal endothelium (MacRae & Edelhauser 1983). This is 
supported by Hull and colleagues (1975), who present electron microscopic 
evidence of damage to rabbit or monkey endothelium in vitro caused by 
sodium bisulphite, a preservative used in some drug preparations.

Abnormal osmolarity, together with the absence of certain ions, 
such as calcium or magnesium, has been proposed as the mechanism of 
endothelial damage by some drugs (Edelhauser et al. 1981).

Thus, Jay and MacDonald (1978) showed a 1% pilocarpine solution to 
cause severe destruction of cultured bovine corneal endothelial cells; 
this extensive damage being attributed by the authors to the extreme 
hypotonicity (83 mOsm) and calcium-free nature of the solution. When 
rendered isotonic and calcium-containing, neither the 1% solution of 
active drug, pilocarpine, nor its low pH affected the endothelium. A 1% 
solution of acetyl choline in 5% mannitol ("Miochol"; a miotic used 
within the eye during ophthalmic surgery), was found to affect this 
endothelial preparation, possibly because of its hypertonicity (430 
mOsm), although it had no detectable effect on rabbit endothelium ̂ n
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1980b). Exposure of rabbit endothelium to an isotonic solution of 
carbachol, another miotic for intraocular use, for 15 minutes failed to 
cause permanent changes visible on electron microscopy (Birnbaum et al.
1987, Vaughan et al. 1978).

Commercial preparations of adrenaline at 1:1000 concentration rapidly
caused damage to the in. vitro endothelium of rabbits, this being related
to the preservative in the solution; at a five-fold dilution, this drug
did not cause damage after three hours (Hull et al. 1975). These results
are in contrast to the lack of significant effect of adrenaline solutions
containing preservatives on the in vivo endothelial cell density of cats
(Olson et al. 1980b). Solutions with adrenaline at very low concentrations 

—7 — 6(for example, 2x10 or 1x10 ) are sometimes used as intracameral
infusions during the irrigation and aspiration of soft lens matter in 
extracapsular surgery.

Sodium hyaluronate as a 1% solution and 2% hydroxypropyl methyl- 
cellulose (HPMC) are isosmotic and of a pH within the physiological range 
for the aqueous humour, whereas a 2 0% solution of chondroitin sulphate is 
markedly hyperosmolar (656 mOsm or 1052m0sm, according to the vehicle used). 
Neither 0.4% methyl cellulose (the term used for HPMC by some authors) nor 
hyaluronate (0.3% or 1% solutions) caused any marked functional change in 
the endothelium, but chondroitin caused a delayed and transient increase in 
corneal thickness after being in contact with rabbit endothelium in vitro 
for 60 to 90 minutes (MacRae et al. 1983) or with feline endothelium in vivo 
for 30 minutes (Glasser et al. 1986). Likewise, 1% hyaluronate instilled 
into rabbit eyes in vivo did not change corneal thickness or endothelial 
morphology on scanning electron or specular microscopy (Graue et al. 1980).

3.2.4 Properties of Intracameral Fluids and their Effects on 
Corneal Endothelium.

The osmotic extremes to which the in vitro corneal endothelium of 
rabbits has been shown to survive have already been discussed. Any changes 
occurring in the short-term would appear to be reversible with osmolarities 
from 200 to 500 mOsmolar (Edelhauser et al. 1981) and clinical experience 
of 2 0% solutions of chondroitin would suggest that human endothelium can 
withstand hyperosmolarity to about 650 mOsmolar for short periods (MacRae 
& Edelhauser 1983).

Although the pH tolerance of endothelium is quoted as being between 
6.8 and 8.2 (MacRae & Edelhauser 1983), the lack of damage with calcium- 
containing isosmolar pilocarpine solutions would suggest that a lower pH
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For many years it has been recognized that cooling of endothelium 
causes a reduction of pump function and corneal oedema, this being 
reversible with rewarming, the "temperature reversal" effect (Section 
2.2, p. 20). Although not studied formally, clinical experience with 
this and other mammalian tissues would suggest that increasing the 
temperature to any great degree (above about 42°C) or slow freezing of 
the corneal endothelium would be associated with denaturing of protein 
and cellular destruction.

The high velocity motion of fluids relative to the endothelium 
would be expected to increase cell losses, particularly if cellular 
junctions have been weakened by exposure to calcium-free solutions or 
solutions with extremes of osmolarity.

The evidence most suggestive that fluid motion contributes to cell 
loss is provided by experimental work in cats. Thus, Galin demonstrated 
repeated refilling of the anterior chamber with Balanced Salt Solution 
through a 3mm incision to be associated with both a prolonged and a 
greater cell loss for up to six months after surgery (Galin et al.
1979a). Moreover, with both five and twenty refills of the anterior 
chamber this cell loss appeared to occur uniformly over the endothelial 
area, rather than the predominantly peripheral cell losses that occurred 
with surgical section alone. Thus -

Peripheral cornea: Section alone 16% loss, 5 refills 22%, 20 refills 30%.
Central cornea: Section alone 5% loss, 5 refills 20%, 20 refills 25%.

As discussed earlier (p. 45), rapid fluid movement due to the 
excessive rate of intracameral perfusion (125 ml/minute) of rabbit eyes 
might have been the prime cause of the cell losses recorded by McCarey 
and colleagues (1976); this being compounded by simultaneous high energy 
ultrasonification. In a similar study of cat and rabbit endothelia,
Polack and Sugar (1976) showed intracameral ultrasonification to 
increase endothelial damage as compared with that due to anterior 
chamber perfusion alone. Olson, Marshall, Rice and Andrew (1978a, 1978b) 
report ultrasound without lens fragmentation, in rabbit or human eyes, 
to cause diffuse endothelial damage and increased corneal thickness; 
this latter being related to the ultrasound time whilst corneal guttata 
appeared to act as foci for the loss of endothelial cells.

This exacerbation of endothelial damage with ultrasonification 
would be expected as the high energy probably contributes to disruption 
of the protective effect of a boundary layer of fluid next to the corneal
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cleaning techniques are based on the principles of disruption of the 
boundary layer and surface adherence.

3.3 OTHER FACTORS AFFECTING THE INJURY TO THE CORNEAL ENDOTHELIUM.

Corneal distortion would appear to affect the corneal endothelium 
rather variably.

Thus, Norn (1973) suggests that endothelial changes during intra- 
capsular cataract extraction in man were related particularly to sites 
of corneal bending. Galin and associates (1979a) compared endothelial 
cell losses in the presence or absence of corneal bending after creating 
11mm incisions in the peripheral part of the cornea of cats and, although 
bending the cornea up to forty times caused an increase of striate 
keratopathy and rather more rapid initial cell losses, the final cell 
losses, whether assessed in the central or the peripheral areas, were 
very similar to those of corneas that were not distorted.

In a well detailed investigation, Bahn and associates (1986) report 
that stretching forces, applied across feline corneal discs iji vitro, 
caused damage to 2-3% of endothelial cells for each stretch; similar 
lines of endothelial damage were shown to radiate at the sites of 
sutures in penetrating keratoplasty buttons from cats or baboons.

Contact between the crystalline lens and the endothelium appears to 
be inoffensive. Repeated non-abrasive contact between the crystalline 
lens and the endothelium (thirty contacts, each of one second) in cats 
produced no reduction in cell density as compared to a group of control 
eyes (Galin et al 1979a) and abrasive contact in vitro damaged less than 
2% of cells with 25 rubs and less than 6% with 100 rubs (Bahn et al. 1986). 
These findings are mirrored by an absence of endothelial damage after 
contact between in vitro human lens and endothelium or rabbit lens and 
endothelium (Kaufman & Katz 1976; Katz et al. 1977; Kaufman et al. 1977).

In contrast, very high intraocular pressure damages the corneal 
endothelium. Thus, after acute glaucoma of unspecified duration, reported 
cell losses are from 14% (Markowitz & Morin 1984) to 23% (Olsen 1980b); 
these being lower than a 33% loss recorded in 20 eyes with attacks 
lasting between 5 and 192 hours (Bigar & Witmer 1982). Bigar and Witmer 
(1982) report that cell loss was related to the duration of raised 
intraocular pressure; four eyes in which the pressure was elevated for 
greater than four days had an average cell loss of 77%. Setala (1979b) 
demonstrated that cell density was reduced significantly when the attack 
lasted for 3 days or more, whereas eyes with shorter attacks had normal
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endothelia.
Mild uveitis, although associated with increased corneal thickness 

during active disease (Olsen 1981a), only rarely caused a reduction of 
endothelial cell density (Olsen 1980a, 1981a; Setala 1979a). In contrast, 
five out of seven patients with chronic, severe uveitis and large keratic 
precipitates showed a significant reduction of endothelial cell density 
(Setala 1979a). Intense inflammation within rabbit eyes, induced by 
intravitreal injection of bovine serum albumin, causes increased corneal 
thickness by ten days after injection, this being related to increased 
endothelial permeability and reduced pump site density (MacDonald et al. 
1986).

Rice, Tuberville and Wood (1985/86) describe three eyes with 
persistent uveitis after lens implantation, in which a line, similar to 
that during corneal graft rejection, progressed across the endothelium. 
The authors propose various immunological mechanisms for the endothelial 
failure, but it remains uncertain whether this progression of bullous 
keratopathy down the corneas might arise from endothelial failure 
secondary to damage caused by the abnormal aqueous humour of uveitis.

(II) THE REPAIR OF THE CORNEAL ENDOTHELIUM.

An influence injurious to the corneal endothelium, to an extent 
dependent on its severity, will cause a reduction of the physiological 
functions of this layer, manifest as corneal oedema. Some of the damaged 
endothelial cells will recover normal function, whereas others die and 
are shed from the cellular mosaic. The repair of endothelial damage will 
now be discussed.

3.4.1 Cellular Replication in Corneal Endothelium.

Until recently the human corneal endothelium was regarded, in 
contrast to that of most other mammals, as being either incapable, or 
only rarely capable, of mitosis (Kaufman 1980; Kaufman et al. 1966; 
Stocker 1971).

More recently, however, it has been recognized that endothelial 
cells from donors under twenty years of age can, in some instances, be 
induced to grow in culture media (Baum et al. 1979) but, above this age, 
the growth of endothelia was poor. Rahi and Robins (1981) similarly 
demonstrated that human endothelium would regularly culture in vitro 
only with tissue from donors of under thirty years of age. This prolif
eration of human endothelial cells within culture media might result
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growth factors, either those in foetal calf serum or derived from 
recombinant genetic production, caused a significant increase*in mitosis 
within human corneal endothelium from donors aged between six months and 
84 years (Couch et al. 1987).

Rahi and Robbins (1981) record that cultured human endothelium 
incorporated tritiated-thymidine after cryo-injury; the uptake of this 
marker by some cells suggesting either repair of deoxyribonucleic acid 
(DNA) or synthesis of DNA within cell nuclei. There was, however, no 
record of mitosis actually being observed.

Other authors have reported on the uptake of tritiated-thymidine by 
in vitro human corneal endothelium after injury.

Thus, Simonsen, Sorensen and Sperling (1981) record uptake occurring 
within or bordering an area of cryo-injury and they conclude that the 
uptake of the marker is a sign of "cell nuclear DNA synthesis in 
preparation for cell division". No actual evidence of subsequent nuclear 
or cellular division is presented.

Treffers (1982) examined uptake after mechanical injury. Eleven 
uninjured (control) corneas demonstrated uptake of tritiated-thymidine 
in only few periphal cells after 96 hours of incubation; a finding 
similar to the control corneas of other investigators (Simonsen et al.
1981). Examination of 74 injured endothelia demonstrated uptake of the 
marker into cells in the injured areas of many corneas at 48 to 96 hours 
after injury. Although the density of mitotic figures was very low in 
relation to the number of cells taking up the radio-label, nuclear 
mitotic figures were demonstrable in many endothelia after 48 hours. The 
present writer suggests that this disparity might indicate that the 
majority of nucleotide incorporation is related to DNA repair, rather than 
replication prior to mitosis; this being in contrast to the contention 
of Treffers, who suggests that all cells incorporating tritiated-thymidine 
might undergo mitosis. It is also notable that the illustrative mitoses 
given in the paper are only from the corneas of young donors, although 
the relation between age and the degree of incorporation of tritiated- 
thymidine is not discussed by that investigator.

With eyes enucleated from patients aged sixty-five and sixty-seven 
years, at 72 and 120 hours after cryo-injury in vivo, tritiated- 
thymidine uptake by human endothelium occurred only within the area of 
injury and relatively few mitoses were observed (Treffers 1982).

Endothelial cells in various stages of division have been identified 
by scanning electron microscopy in cultured human corneas at four days
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frozen area and not in the surrounding zones (Olsen & Davanger 1984). In 
similar studies, Doughman and colleagues (1976) failed to demonstrate 
mitosis on scanning and transmission electron microscopy, but only 
sliding and enlargement of cells to close the endothelial defect.

Evidence for mitosis occurring within the in vivo human corneal 
endothelium is rare.

A donor cornea in a fifty-nine year old recipient host, examined 
shortly after a rejection episode which occurred eight months after 
grafting, showed a specular photomicroscopic appearance suggestive of 
mitosis (Laing et al. 1983). The authors omit, however, to state the age 
of the donor cornea, the severity of the rejection episode or the long
term outcome of these changes. In a second publication, the same group 
of authors present evidence from a patient with identical clinical 
characteristics, the examples of specular photomicroscopy being strongly 
suggestive of cellular mitosis in the graft endothelium (Laing et al. 
1984). It is notable that the donor material was taken from a thirty- 
five year old with, presumably, a greater capacity for induction of 
mitosis.

Kaufman, Capella and Robbins (1966) present a photomicrograph of 
the endothelium from a 50 year old donor, this possibly showing a 
dividing cell; the authors, however, remark on the extreme rarity of 
such a finding.

Hiles, Biglan and Fetherolf (1979) state that they did not find 
morphological evidence of cell division on examination of endothelial 
specular photomicrographs of the preoperative or postoperative corneas 
from several hundred children. Since childhood endothelium would be 
expected to have the greatest capacity for mitosis, this observation is 
strongly supportive evidence for a negligible mitotic capacity within 
the human corneal endothelium.

Wolter (1967) documents the occurrence of a large nidus of 
endothelial cells lying free within the anterior chamber of an eye with 
severe purulent keratitis. Wolter proposes that the three-dimensional 
nature of the cellular cluster suggests an origin from a proliferative 
response, although no mitotic figures were demonstrable within the 
cluster of endothelial cells. The present writer would submit, however, 
that this nidus might have arisen from the spontaneous folding of a 
detached sheet of endothelial cells.
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Giant corneal endothelial cells, often multinucleate, have been 
observed in pathological human corneas; for example, those after corneal 
grafting (Laing et al. 1983; Rahi & Robins 1981; Rao et al. 1980), in 
cases of Fuchs' dystrophy (Rahi & Robins 1981) and in eyes with bullous 
keratopathy (Capella 1972).

Cryo-injury to rabbit corneal endothelium is repaired by cellular 
migration, starting within 12 hours of injury (Faure et al. 1971). At 
twelve hours after injury some of these cells are multi-nucleate, the 
number of nuclei increasing over the second and third day. Faure noted 
that the multiple nuclei, on occasion greater than fifty in number, 
stream within the pseudopodia that form during the cellular migration. 
After three days there was a tendency for the nuclei to merge and, 
therefore, decline in number.

During recovery from cryo-preservation, rabbit corneal endothelium 
very occasionally demonstrates cellular configurations suggestive of 
endothelial cell coalescence (Neubauer et al. 1983): Although the 
evidence, derived from specular photomicroscopy, is rather tenuous, the 
authors suggest that the cells damaged during freezing might be fusing 
with normal cells to facilitate a cellular recovery. Extending this 
work, the same investigators provide a single, but clear, example of 
cellular coalescence in rabbit corneal endothelium shown by specular 
photomicroscopy and by scanning electron microscopy, in which no cell 
membranes are detectable between the fused cells (Neubauer et al. 1984). 
The rarity of this example is, perhaps, indicative of the exceptional 
nature of this event, even in regenerative rabbit endothelium.

Multinucleate cells within feline endothelium have been demonstrable 
by electron microscopy for up to one year after cataract surgery, but 
without evidence of cell division (Galin et al. 1979b).

Some evidence for cellular coalescence as a cause of giant cells in 
the human corneal endothelium is provided from the endothelial specular 
photomicrographs of Laing, Neubauer and co-workers (Laing et al. 1983):

Following vitrectomy in an eye of a sixty-three year old patient, 
performed in an attempt to resolve corneal oedema due to vitreo-corneal 
contact, the authors found one cell with a shape suggestive of the 
coalescence of three or four cells. Similarly, two abnormal cells were 
recorded in an eye, damaged by birth trauma (Haab's striae), of a forty- 
three year old subject and one abnormal "composite cell" in a corneal 
graft, for which the donor age was not stated. Laing and associates (1983) 
feel "that coalescence is not rare and that ordinary mitosis can occur".
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The present writer would, in contrast, suggest that the very rarity 
of examples in pathological human corneal endothelia and the absence of 
recorded examples in normal endothelia demonstrates that such coalescence 
is unusual and does not normally occur in healthy endothelium. Similarly, 
mitosis would not appear to have been demonstrated conclusively within 
normal human corneal endothelium, but might possibly be induced when 
this tissue layer is subjected to extreme stress. It is of interest 
that, during culture of human endothelium in vitro, multinucleate cells 
occurred predominantly in cultures with poor growth (Baum et al. 1979).

Laing and associates propose that cellular coalescence is supported 
by an examination of endothelial cell-size distributions of the elderly. 
These workers claim that the frequencies peak at twice and thrice the 
"average" cell areas, implying coalescence of two or three cells, 
respectively. They fail, however, to provide any evidence to support 
this claim (Laing et al.1983).

The present writer would contend, however, that coalescence of 
endothelial cells would not reasonably be expected to result in cells 
with areas that are simple multiples of single cell areas. The 
reorganization of shape, both of the coalescent cell and of neighbouring 
cells, that must occur within the endothelial mosaic would mask any such 
simple relationship between the area of the compound cell and that of 
the parent single cells.

3.4.3 Closure of Breaches of the Corneal Endothelium.

Despite the lri vitro replication of human corneal endothelium, 
which is fairly readily accomplished when the parent cells are derived 
from young donors, cellular replication does not appear to form the basis 
of repair of the normal human endothelium. Although extensive endothelial 
DNA synthesis occurs in areas of injury to the human endothelium, both 
in vitro or in vivo, nuclear division remains an infrequent event and 
cytoplasmic division almost never occurs. The present writer would submit 
that these extremely rare mitoses probably occur only during, or after, 
extreme and non-physiological stresses to the endothelium, the recorded 
examples being after severe cryo-injury, serious graft rejection or 
severe suppurative keratitis.

Several studies have suggested that breaches of the endothelial 
mosaic in man and other mammals are closed by a sliding of neighbouring 
endothelial cells with subsequent cellular reorganization, often showing 
typical patterns of cellular rearrangement, so-called "reformation 
figures" (Doughman et al. 1976; Galin et al. 1979; Hoffer & Philippi
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Olsen & Sperling 1980; Sperling 1978b; Sherrard 1976). The presence of 
such "reformation figures" and other morphological changes might indicate 
an endothelium undergoing reorganization (Olsen & Sperling 1980; Schultz 
et al. 1986). Olson and colleagues (1978b) examined the recovery of 
rabbit endothelium after ultrasonification within the anterior chamber 
of the eye and showed that small areais of damage were covered by expansion 
of neighbouring cells, creating reformation figures, whereas larger 
areas were healed by bulk migration of neighbouring endothelium after 
de-differentiation to fibroblast-like cells. Similar results have been 
shown after finely-controlled mechanical injury to rabbit endothelium 
(Fukami et al. 1988).

Considering now the experimental models of endothelial repair.
If the central endothelium of monkeys is destroyed by liquid nitrogen 

cryo-injury, cells neighbouring the denuded area migrate centrally over 
7 to 10 days (Capella 1972, van Horn & Hyndiuk 1975), the endothelium 
assuming a normal pattern by 14 days after injury, albeit with a lower 
cell density (Capella 1972). There is no evidence of mitosis during the 
healing of extensive injuries (van Horn & Hyndiuk 1975). The endothelium 
of cats heals in a like fashion after cryo-injury (van Horn et al. 1977) 
or mechanical injury (Ling et al. 1988), but rabbit endothelium has a 
more rapid healing sequence (Capella 1972; Minkowski et al. 1984; van 
Horn et al. 1977; Yee et al. 1985a).

Permeability to fluorescein, a measure of endothelial barrier function 
(Section 2.2.1, p. 21), was, in the case of monkeys (Capella 1972) and of 
rabbits (Minkowski et al. 1984), normal after healing. Although fluorescein 
permeability and scanning electron microscopy of rabbit endothelium returned 
to normal within two weeks, a lag in restoration of normal corneal thickness 
implies that endothelial pump function remained abnormal for longer 
(Minkowski et al. 1984). However, other investigators have shown that 
barrier function, assessed by permeability to larger molecules (inulin 
or dextran), returns to normal by one week after cryo-injury and corneal 
thickness and pump-site density returned to near pre-injury values 
within two weeks (Yee et al. 1985a).

Following similar cryo-injury to in vitro human corneas, those 
maintained in organ culture medium showed, on scanning and transmission 
electron microscopy, elongation and migration of cells into the area of 
injury (Doughman et al. 1976). By one week after injury, the damaged 
area was covered by a continuous layer of endothelial cells of twice the 
normal size. These enlarged cells were, however, still able to maintain
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not cultured failed to demonstrate this cellular reorganization. In a 
similar study of human corneas In vitro, Olsen and Davanger (1984) 
showed a slightly more rapid healing following cryo-injury. Scanning 
electron microscopy revealed irregular, enlarged cells in the area of 
injury, a surrounding transition zone in which cells were elongated and 
orientated towards the centre of injury and a preservation of normal 
endothelium in the corneal periphery. Although Olsen and Davanger state 
that the peripheral cells do "not seem to contribute" to the closure of 
the injured area, it is probable that, since the tissue was examined for 
only four days after injury, they did not allow adequate time for any 
such contribution to become manifest.

The fate of non-viable or dead cells within the endothelial mosaic 
remains uncertain: It is presumed that they are shed into the aqueous 
humour as the reparative process occurs. Silverstein, Khodadoust and 
Prendergast (1982) performed aqueous aspiration cytology over several 
days following in. vivo corneal cryo-injury in rabbits. The aspirates 
contained considerable numbers of single endothelial cells, these reaching 
maximum concentrations at four or five days. Most interesting was the 
observation that some of these cells were viable and could be cultured 
in vitro. The authors suggest that, rather than during the phase of 
cellular migration and enlargement which precedes mitosis, the desqua
mation most probably occurs during the phase of mitotic repair - mitosis 
being well recorded in rabbit endothelium.

3.5 VARIATION OF CELL DENSITY IN NORMAL CORNEAL ENDOTHELIUM.

The normal human endothelium shows some variation of both cell 
shape and density in different areas of this tissue. Thus, histological 
"flat-mount" preparations show the central corneal endothelium to have a 
lower density of more uniformly shaped cells than the corneal periphery 
(Irvine 1956; Nicholas 1965; Svedburgh & Bill 1972); similarly estimates 
of axial endothelial cell density, by specular photomicrography, have 
been shown to be lower than those in the nasal or the temporal paraxial 
endothelium (Sturrock et al. 1978).

In contrast, Binder, Akers and Savala (1979) record, using scanning 
electron microscopy, a lower cell density in the periphery of six donor 
corneas, as compared with central areas.

Laule and colleagues (1978) and Sawa and Tanishima (1979) found 
specular photomicrographic estimates of cell density to be similar in 
the centre and the periphery of human endothelia.
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(1978) was unable to demonstrate a significant difference between the 
cell size distributions of central or peripheral areas or in the frequency 
of the various types of polygons or in the cell densities within the two 
areas. Likewise, using cell-size distributions to characterize central 
and peripheral corneal endothelium in vivo, Mishima (1982a, 1982b) was 
unable to show any difference between the two areas in man. Hirst and 
associates (1984a) used wide-field specular microscopy to examine nine 
normal corneas and found no significant difference between central and 
peripheral corneal cell-size distributions in six of the eyes, but 
significant differences in the other three eyes. In two of the three 
cases the central endothelium was dense and regular, but the differences 
between the areas are not clearly defined; this paper being primarily 
concerned with the assessment of the accuracy of sampling of wide-field 
photomicroscopy (Hirst et al. 1984a).

Azen and associates (1981) record that a small but significant cell 
density gradient existed down the vertical meridian of the corneas of 
normal (live) subjects aged between 20 and 50 years. The investigation, 
the methodology of which was examined for reproducibility, shows the 
superior endothelium to have a higher cell density than that of the 
central cornea and this, in turn, to have a higher density than that of 
the inferior portion.

Other authors have failed to demonstrate a vertical gradient of 
density in normal corneas from subjects aged between 21 and 85 years 
(Blackwell et al. 1977; Hoffer 1979b; Inaba et al. 1985). It is 
possible, however, that the small numbers of subjects contributed to a 
lack of significance in the Blackwell and Inaba series. Yee and others 
(1985c), using several morphological parameters, were unable to show a 
vertical disparity in the corneas of subjects aged between 12 to 85 years.

Using the technique of analysis of variance to re-examine the data 
presented by Hoffer (1979b), Azen and colleagues showed that if the results 
for those control subjects of Hoffer aged between 20 and 50 were considered 
(these being the same age limits as their own study), then this group 
showed a similar, very highly significant, trend of vertical disparity 
of endothelial cell density; that is, superior corneal density greater 
than that of the central, which, in turn was greater than that of the 
inferior corneal area (Azen et al. 1981).

Studies of in. vitro donor corneas (Irvine 1956; Nicholas 1965;
Sperling 1978) would not be expected to show this gradient of cell 
density because of the random orientation of the donor specimens.
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The rearrangement of cells needed for closure of breaches of the 
endothelium would be expected to be associated with altered and variable 
endothelial cell densities across the cellular monolayer.

Repair after cryo-injury to rabbit endothelium, by cell migration, 
enlargement and mitotic division, restores the cell-size distribution at 
the site of injury to normal by about three months after injury. Before 
the repair is complete, the cell-size distribution is characterized by 
increased proportions of large cells, this change lessening with time 
(Mishima 1982a, 1982b). In monkeys there is a similar, but slower change 
of cell-size distribution, the distribution still being highly abnormal 
at one year after cryo-injury (Mishima 1982a, 1982b). Likewise, feline 
endothelium has been recorded as maintaining a vertical gradient of cell 
density, with lowest densities near the corneal incision, to about one 
year after cataract surgery (Galin et al. 1979b).

In man there Is some evidence to suggest a continued reorganization 
of corneal endothelial cells after injury, although this reorganization 
is very limited and leads to a marked variability of cell density across 
the endothelium of previously injured corneas.

The cumulative distribution of cell-size has been reported to 
increase up to six months after intracapsular cataract extraction (Sawa 
& Tanishima 1979); this being the converse of changes occurring in the 
cell-size distribution of rabbit or monkey (Mishima 1982a, 1982b).

Mishima presents the cell-size distribution of a human cornea at 
two-and-a-half years after cataract surgery (Mishima 1982a, 1982b): There 
is a marked and persistent difference in the cell-size distribution of 
the preoperative and postoperative corneas and a notable difference in 
the postoperative size distributions of the superior, the central and 
the inferior endothelial areas. The same author also includes scanning 
electron photomicrographs that show clearly the persistent disparity of 
both endothelial density and morphology in an eye twenty-five years 
after cataract surgery.

Cataract surgery has been shown, using specular photomicroscopy, to 
result in a vertical gradient of endothelial cell density.

Thus, Price, Jacobs and Cheng (1982) provide illustrative examples 
of vertical cell gradients; the cell densities being measured at eight 
or ten points along the vertical meridia of three corneas. The first eye 
showed lowest densities superiorly, near the surgical section, after 
intracapsular cataract extraction. The second example had very low cell 
densities, approximately 500 cells/sq.mm., throughout the meridian - this
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being an eye in which intracapsular cataract extraction and iris-supported 
intraocular lens implantation was complicated by wound rupture and 
prolonged postoperative shallowing of the anterior chamber. The third 
example, having had extracapsular cataract extraction and implantation 
of an iris-supported intraocular lens, demonstrated a marked vertical 
disparity, with approximate densities of 900 cells/sq.mm. superiorly,
1400 centrally and 2400 inferiorly.

Four eyes examined by Blackwell, Gravenstein and Kaufman (1977) at 
one month after intracapsular cataract extraction had similar cell 
densities in the superior, central, inferior and temporal portions of 
endothelium but with lens implantation the densities were significantly 
lower in superior and central areas, as compared to inferior.

However, the majority of investigations have clearly demonstrated a 
vertical gradient of cell density after cataract surgery, both with and 
without lens implantation (Table 3.1).

In two reports referring to a variety of cases of cataract surgery, 
the majority with lens implantation, Hoffer records vertical gradients 
of cell density (with superior density less than central, and central 
less than inferior) to be almost universal at between two weeks and nine 
years after surgery (Hoffer 1979c; Hoffer & Phillippi 1978).

Olsen (1980c) reports that increased loss in the superior area of 
endothelium (the vertical disparity of cell density) is significantly 
correlated with the age of the patient. The present writer would suggest 
two possible mechanisms for this age relationship -

(i) Removal of the larger, more rigid cataract of the 
elderly patient might, due to the extra surgical 
manipulation required, be associated with greater damage, 

(ii) The aged endothelium might be less able to withstand the 
effect of direct attrition by the lens or instruments 
during the cataract extraction; this attrition occurring 
mainly superiorly at the line of surgical section.

Although cell density variation across the healed endothelium 
persists in man, the bulk of morphological reorganization, frequently 
interpreted as cell loss, would appear to occur during the first three 
months (Galin et al. 1982; Rao et al. 1978; Schultz et al. 1986; Sugar 
«et-al'5 1979) to six months (Matsuda et al. 1984) after cataract surgery.

The time taken to re-establish a normal morphology (based, for 
example, on the proportion of hexagonal cells or on the coefficient of 
variation of cell area) in a human endothelial mosaic would appear
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Table 3.1

Cell losses, in different areas of the corneal endothelium, after
cataract surgery.

Type of Endothelial Cell Loss (%) Number Author

Surgery
Superiorly Centrally Inferiorly

of eyes Reference

ICCE 36% 17% 6% 12 Inaba 1985

44% 25% — 37 Olsen 1980c

37% 11% 6% 4 Schultz 1986

ECCE 18% 8% 5% 5 Schultz 1986

ICCE + 
ASIOL

41% 25% 14% 13 Glasser 1985b

ECCE + 
PCIOL

20% 12% 5% 70 Azen 1983

ICCE denotes intracapsular cataract extraction 
ECCE denotes extracapsular cataract extraction 
ASIOL denotes angle-supported intraocular lens implant 
PCIOL denotes posterior chamber intraocular lens implant
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After intracapsular extraction, the proportion of hexagonal cells 
has been reported to return to normal within three months (Schultz et al. 
1986) or within six months (Matsuda et al. 1984) of surgery, whilst a 
similar recovery has been recorded after extracapsular cataract extraction 
and posterior chamber lens implantation (Schultz et al. 1986). However, 
the latter group of investigators also present evidence of persistently 
abnormal morphology (proportion of hexagonal cells, coefficient of 
variation of areas and cellular elongation) at more than one year after 
intracapsular extraction and anterior chamber lens implantation (Glasser 
et al. 1985b). The present writer would submit that persistently abnormal 
morphology might indicate a continued endothelial reorganization or cell 
loss; the many morphological characteristics thus being only an index of 
such active reorganization and not as a measure of reserve function (see 
Section 2.4.2, p. 29).

3.7 SUMMARY.

The corneal endothelium, lining a large part of the anterior chamber 
of the eye, is subject to damage during anterior segment surgery, which 
may either be directly due to abrasion or indirectly through contact 
with infusions, drugs or products of inflammation.

Dynamic contact between almost any solid material and the corneal 
endothelium causes marked damage to this delicate tissue, with stripping 
of the apical membranes of the cells. In contrast, the endothelium is 
hardly affected by non-abrasive contact with polymethyl methacrylate, 
glass, polyamide or intraocular lenses removed from eyes; which suggests 
that the latter group of lenses are coated with some protective protein 
layer whilst in the eye.

Infusion solutions lacking calcium ions cause a destruction of 
endothelial intercellular junctions with consequent loss of barrier 
function. Glutathione, glucose and a bicarbonate buffer system each 
improve the functional survival of corneal endothelium in a perfusion 
medium. Prolonged exposure to air causes loss of endothelial cells, 
whereas brief contact with air is probably harmless, as is exposure to 
1% sodium hyaluronate or 2% hydroxypropyl methylcellulose. The corneal 
endothelium is tolerant to extremes of osmolarity, but is less tolerant 
to changes of reaction (pH).

The motion of fluids at high velocity within the anterior chamber 
probably increases endothelial damage by disrupting the boundary layer 
of fluids next to the endothelium. Ultrasonification of anterior chamber
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the endothelium by destructive effect of high-energy ultrasonic waves.
Whereas endothelial cells from young donors can be readily induced 

to proliferate in culture, there is no unequivocal evidence for mitosis 
occurring within the normal human corneal endothelium. In contrast, 
extreme injury to the human corneal endothelium, either within the 
laboratory or in the clinico-pathological context, would appear commonly 
to induce synthesis and repair of deoxyribonucleic acid and, more rarely, 
to be associated with mitosis and cell division. Moreover, it is notable 
that deoxyribonucleic acid synthesis and mitosis has only been reported 
as occurring within areas of extreme injury and not in the surrounding 
normal endothelial cells. Similarly, endothelial cell coalescence with 
the formation of multi-nucleated giant cells would appear to be a rare 
event to be found only in pathological human corneal endothelium.

Breaches of the corneal endothelial mosaic in man are closed by a 
rapid sliding and rearrangement of the cells from areas neighbouring the 
defect. After the initial closure of the denuded area, there is a 
continued reorganization of the mosaic, though this is slow in man and 
never reaches uniformity. With cataract surgery, this persistent lack of 
uniformity most commonly reveals itself as a vertical gradient of cell 
density; that is, with densities lowest superiorly, near the surgical 
section, and increasing down the vertical meridian of the cornea.
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PART 2_

\I

Cataract surgery and Intraocular Lens Implantation: 
Principles and current practice.

Corneal endothelial changes with cataract extraction.

Corneal endothelial changes with lens implantation.

Prevention of corneal endothelial damage.
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CATARACT SURGERY AND INTRAOCULAR LENS IMPLANTATION:
PRINCIPLES AND CURRENT PRACTICE.

The eye with a cataract owes its poor optical quality to the opacity 
of, and uneven refraction by, the abnormal crystalline lens. Thus, the 
aim of any treatment of cataract remains, in the absence of effective 
measures of prevention, operative clearance of the visual axis with 
compensation for the removal of the refractive function of the lens.

4.1 PRINCIPLES OF CATARACT EXTRACTION.

The earliest forms of treatment of cataract involved displacement 
of the opaque lens from the optical axis of the eye, either allowing 
this to occur spontaneously or accelerating the process by surgical 
"couching"; in which procedure a needle passed into the eye was used to 
displace the lens.

Current ophthalmic practice involves the removal of the opaque lens 
material from within the eye with either retention or removal of the 
"zonulo-capsular" barrier ("extracapsular” or "intracapsular" extraction, 
respectively). The retention of this barrier between the anterior and 
posterior segments of the globe reduces the movement of vitreous humour 
and other intraocular contents during eye movements (endophthalmodonesis). 
Reduction of endophthalmodonesis is thought to lower the incidence of 
retinal detachment, macular oedema, chronic uveitis and progressive 
corneal endothelial loss; these merits partly explaining the trend of 
recent years towards extracapsular cataract surgery.

Although there are many texts covering almost every aspect of 
cataract extraction (Abrahamson 1986; Cavanagh et al. 1984; dayman 
1985; Emery & Jacobsen 1984; Engelstein 1984; Rosen et al. 1984; Steele 
& Drews 1984; Yang & Kline 1983 - being a selection published in recent 
years), a review of the techniques of cataract extraction will now be 
presented.

4.1.1 Whole Lens Removal.

The removal of the whole of the lens with cataract (commonly known 
as "intracapsular" extraction) can be performed using either small or 
large incision techniques.

Infantile cataracts and those of young adults, in which the opaque 
lens matter is soft, are amenable to lensectomy through small-incision 
surgery, using cutting/aspiration systems, such as the Ocutome. Such
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of soft cataracts; some surgeons favouring the former technique to avoid 
posterior capsular opacification that often occurs after extracapsular 
lens aspiration.

The majority of whole lens extractions are performed for adult-onset 
cataracts and employ a wide incision of 120°-180° subtended at the 
centre of the cornea.

Large incision intracapsular cataract surgery.

The section may be positioned either in clear cornea, avoiding 
blood vessels, at the limbus or through the sclera, the latter two methods 
breaching conjunctiva and being associated with more intraoperative 
haemorrhage but less postoperative astigmatism. Single-planed or multi
planed incisions, these having different properties of closure, are 
generally created by knife incision (razor knife, diamond knife or 
keratome) completed, in some cases, by the use of corneal scissors.

The whole lens, within its capsule, is then removed by mechanical 
disruption of the zonules attaching it to the ciliary body. With the 
young patient, where the zonular fibres are considerably stronger, it 
is particularly advantageous to use alpha-chymotrypsin prior to lens 
extraction, since this enzyme disrupts, and hence weakens, zonular 
fibres. The anterior surface of the lens may be grasped either by 
capsular forceps, vacuum erysiphake or, most commonly, by the use of a 
cryo-probe. It is important to avoid damage to the iris, the corneal 
endothelium or the anterior hyaloid face during the lens extraction.

Prior to closure of the surgical section, it is advisable to create 
a peripheral iridectomy to reduce the incidence of pupil-block glaucoma.

The section may be sutured using either interrupted or continuous 
monofilament insoluble sutures or, if covered by conjunctiva, by using 
interrupted braided absorbable sutures. The most important principles of 
suture are those of very accurate apposition of wound edges, both with 
respect to depth and horizontal placement, and the use of deep and 
tissue-apposing sutures. In order to prevent distortion of the edges of 
the surgical section, over-tightening of sutures must be avoided.

4.1.2 Lens Removal with Retention of Zonulo-capsular Barrier.

The retention of a barrier comprising the lens zonules and the 
posterior and peripheral part of anterior capsule not only reduces 
endophthalmodonesis, but also provides a supportive barrier which 
prevents backward migration of any prosthesis placed in the posterior
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crystalline lens). All of these "extracapsular" extraction techniques 
are based on the removal of the harder lens nucleus and the softer 
cortical lens matter through an opening of the anterior leaf of the lens 
capsule, the anterior capsulotomy.

Small incision extracapsular cataract surgery.

The soft cataracts of children's eyes are ideally suited to simple 
aspiration or removal with an aspiration/cutting instrument, such as the 
Ocutome system. The anterior capsulotomy in these cases is most readily 
accomplished by initial incision of the capsule with a needle-knife, 
followed by enlargement and shaping with the aspiration/cutting 
instrument.

Small incision surgery, so useful in young eyes, would be 
invaluable for the adult eye, the small incision being associated with 
less corneal astigmatism and less structural weakening of the globe. 
However, the adult-onset cataract, in contrast to that of children, 
possesses a hard, "sclerotic" nucleus which cannot be aspirated.

To deal with this sclerotic nucleus, the aspiration probe can be 
provided with an ultrasonic energy source and the vibrating tip of the 
aspiration probe used to fragment the hard nucleus, prior to aspiration 
of the emulsified lens material. The most serious problem with this 
technique of phacoemulsification is, however, the considerable energy 
dissipated from the ultrasonic source into the anterior segment of the 
eye; this energy dissipation being associated with heat, with vibration 
of fluid and with fast-moving particles of lens matter. Failure to 
dissipate heat occurs especially if the infusion or aspiration ports 
become obstructed and the fluid throughput so reduced.

Large incision extracapsular cataract surgery.

The majority of barrier-retaining cataract surgery in adults is 
performed by this technique, known generally as "extracapsular cataract 
extraction", this being particularly so in recent years. Evidence 
strongly suggests that the safest and least damaging lens implants are 
those that are uniplanar, retro-pupillary and supported either within 
the capsular bag or by placement of the lens haptics on the ciliary 
body; so-called "ciliary sulcus" placement.

With extracapsular cataract extraction, capsulotomy is most readily 
performed through a stab incision into the anterior chamber, this tract 
entering from the depths of a prepared partial thickness (approximately
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perforated using a capsulotomy needle, creating an opening in this leaf, 
the configuration of which should be large enough to facilitate passage 
of the lens nucleus, but preferably retain sufficient peripheral 
anterior capsule to allow implantation of a lens into the capsular bag.
The loose leaf of anterior capsule is then removed from the eye after 
completing the surgical section.

Removal of the nucleus of the lens is most frequently accomplished 
by application of pressure to the globe just scleral to the superior 
limbus, with or without additional pressure applied at the lower limbus 
(termed "nuclear expression"). The pressure at the inferior pole of the 
globe is sometimes needed to encourage subluxation of the superior pole 
of the nucleus into the anterior chamber. Other techniques include 
prolapse of the nucleus into the anterior chamber, using a cystitome or 
Vectis loop, with subsequent removal of the nucleus from the anterior 
chamber.

With all except the most mature of cataracts, there remains 
considerable cortical lens matter adherent to the capsule after removal 
of the lens nucleus. This cortex can be removed by the use of a manual 
or automated aspiration-irrigation system, of which there are many types 
available. During aspiration it is important to avoid damage to the thin 
posterior leaf of the lens capsule, to the fringe of anterior capsule or 
the overlying iris and to avoid endothelial contact.

When the opaque lens matter has been cleared, it is advisable to 
create a peripheral iridectomy if an intraocular lens has not been 
implanted. Suturing of the surgical incision follows the same principles 
as that of wide incision intracapsular surgery.

A recent modification of extracapsular cataract extraction has been 
that of "endocapsular" cataract extraction: Here a wide linear anterior 
capsulotomy is created between the 10 o'clock and 2 o'clock position on 
the lens. Fluid is injected around the lens matter ("hydro-dissection") 
by passing a cannula through the capsulotomy and into the space between 
anterior capsule and anterior lens cortex; because of the cleavage plane 
created between the capsule and the lens matter during hydro-dissection, 
most of the lens matter is expressed with the subsequent "nuclear 
expression". Any residual lens matter may be removed, by aspiration and 
irrigation, and the axial anterior capsule is then removed, after optional 
placement of a lens into the capsular bag.

The chief disadvantage of extracapsular cataract extraction lies in 
the high incidence of posterior capsular opacification, so-called "after

69



cataract , but this can be treated effectively by posterior capsulotomy 
using a YAG laser.

4.2 VISUAL REHABILITATION AFTER CATARACT EXTRACTION.

Except for eyes with extreme axial myopia, cataract extraction 
renders the postoperative eye ametropic; this condition requiring an 
optical correction for optimal vision.

Spectacle correction of aphakia was the accepted practice up to the 
time of the Second World War.

The principal difficulties with aphakic spectacle correction are 
the image magnification, to about 130% of image size in the phakic eye, 
the limited visual field and "ring" scotoma of lenticular aphakic glasses 
and the prismatic "image jump" that occurs with the highly powered 
aphakic lens. These problems are described lucidly In an anonymous 
report (Anonymous 1952).

Because of these optical problems and the frequent difficulty 
patients experience in adapting to aphakic spectacles, cataract 
extraction was often delayed until both eyes had poor acuity or, in the 
case of the patient with unilateral aphakia, the moderately good phakic 
eye was deliberately fogged by the use of a balanced aphakic lens.

It is against this background of dissatisfaction with aphakic 
correction that alternative methods of optical correction were sought.

Although the first contact lens was made nearly a century ago, it 
was the advent of polymethyl methacrylate (PMMA, Plexiglas, Perspex) 
that promoted the advent of modern contact lens technology. Since that 
time a wide variety of lens materials have become available and the 
manufacturing processes have been refined to facilitate more complex 
lens designs.

The contact lens provides an optically and cosmetically acceptable 
solution to aphakia, either unilateral or bilateral: Image magnification 
is small (to between 105% and 110%) and aniseikonia in the unilateral 
aphake is within tolerable limits. Likewise, provided centration of the 
contact lens is good, prismatic effects do not become evident. An 
excellent description of the optical advantages and acceptability of 
contact lens wear in aphakia is provided by the subjective report of 
Cosgrove (1980). However, despite being optically a good solution, 
contact lenses are not tolerated by some patients and their handling and 
care can present difficulties (Graham et al. 1988). In some cases 
contact lenses are contraindicated, as, for example, in some forms of 
external eye disease.
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prosthetic substitute is not a new idea, the 18th century writings of 
Giacomo Casanova recording his having met an oculist named Tadini, who 
was a proponent of this concept (Fechner & Fechner 1979).

It is generally accepted that intraocular lens Implantation is, for 
the patient, the most convenient form of optical correction for aphakia 
and with this convenience comes often excellent, but not perfect, optical 
properties. However, there may also be a higher incidence of intraopera
tive and postoperative complications.

The types of intraocular lens and potential hazards are discussed 
later.

Kerato-refractive surgery provides yet another form of aphakic 
correction. The removal and reshaping of the corneal surface by turning 
on a cryo-lathe (keratomileusis) has been used only infrequently In 
aphakia. Similarly, the use of an intra-stromal inlay of donor corneal 
stroma, keratophakia, or of synthetic materials, such as inlays of 
polysulphone polymers, have not gained widespread acceptance and have 
many associated complications.

More recently epikeratophakia, in which a lenticulus of donor stroma, 
shaped on a cryo-lathe, is sutured onto Bowman's zone of the recipient 
eye, has received considerable attention and promises to be a useful 
technique for those aphakic patients who cannot tolerate spectacles, 
contact lenses or intraocular lens implants (Werblin et al. 1981).

4.3 PRINCIPLES OF INTRAOCULAR LENS IMPLANTS.

Intraocular implant design should incorporate a light-weight lens 
(commonly termed the "optic”) of area sufficient to accomodate normal 
pupillary apertures; the weight of this optic being bourne either so 
diffusely that it does not damage the blood-aqueous barrier or in an 
area where it cannot damage this barrier.

However, increased fluorescein leakage across the blood-aqueous 
barrier has been demonstrated in eyes implanted with various types of 
intraocular lenses and damage to the barrier almost certainly predisposes 
to chronic uveitis with its complications. Increased leakage in the early 
postoperative period is common (Kraff et al. 1980c), but at greater than 
one year after surgery fluorescein leakage decreases (Kraff et al. 1980c), 
possibly to within normal limits (Liesegang et al. 1984a). The supportive 
structures must also prevent movement of the optic within the eye, both to 
give a stable refractive state for the postoperative eye and to prevent 
bulk movement of the intraocular structures (endophthalmodonesis).
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toxic materials and should have a surface free from blemishes and also 
from the detritus of lens manufacture or traces of sterilization agents. 
Drews and others (1978) and Apple and colleagues (1984b) provide scanning 
electron photomicrographs illustrating the poor quality of the surface 
finish of some intraocular lenses and the changes occurring in bio- 
degradeable materials, such as Supramid, after intraocular implantation.

Vision has been lost in a large number of eyes as a result of the 
complications of lens implantation; especially during the early years of 
this surgical speciality.

Many of these complications were the result of the use of lenses, 
the designs of which were not in accord with even the basic requirements 
as outlined above, were the result of inadequate knowledge of the 
behaviour and toxicity of materials placed within the eye, and the 
result of poor quality of lens manufacture (Drews et al. 1978) or the 
undeveloped state of surgical techniques at that time.

Thus, the earliest lenses by Ridley were too heavy and frequently 
dislocated within the eye; in many cases with subsequent damage to the 
cornea (Ridley 1951).

Angle-supported lenses were developed in the 1950s and the majority
of the proposed designs were abandoned due to the poor results. Lens
implants which were not only too heavy, but also supported on haptics 
that often had a poor surface finish, were a frequent cause of secondary 
glaucoma. Furthermore, implantation of rigid lenses of incorrect size 
resulted in pain and erosion of the angle when the lens was too long and
rotation ("propelloring") or tilt of the lens when too short.

Iris-supported lenses, the most frequently used type of lens in the 
1970s, suffered the complications inherent in supporting the weight of 
the lens upon the pupillary margin of the iris; a delicate, highly 
vascular and friable tissue. Chronic uveitis, lens subluxation and 
excessive lens movement also frequently caused corneal decompensation or 
secondary glaucoma.

Lenses in the posterior chamber cause less endophthalmodonesis; not 
only because these lenses are implanted after extracapsular cataract 
extraction, with preservation of the "zonulo-capsular” barrier between 
the anterior and posterior segments, but also because the lens mass is 
nearer to the axis of rotation of the globe than that of iris-supported 
or angle-supported lenses. Because of their position, therefore, posterior 
chamber lenses are subject to lower centrifugal forces during ocular 
rotations, even those of constant velocity, and also to less inertia
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haptics are placed within the capsular bag the mechanical damage to the 
integrity of the blood-aqueous barrier is insignificant; if placed on 
the ciliary body ("ciliary sulcus"), the disruption is minimal provided 
the haptics are highly flexible and non-toxic.

4.3.1 Anteriorly-supported intraocular lens implants.

The principal features of modern angle-supported lens design are 
illustrated in Figure 4.1. The optic is anteriorly placed with respect to 
the plane of fixation, thereby reducing the chances of pupillary block, 
pupillary capture and iris chafing. This anterior placement is achieved 
by vaulting of the lens haptics, these being either rigid or flexible.

The flexible haptic, of which there are several design variations, 
allows greater size tolerance when fitting the lens; an example is shown 
in Figure 4.2. Inappropriate lens size can cause pain, lens migration or 
a syndrome of chronic uveitis, glaucoma and recurrent hyphaema (the 
U.G.H. or Ellingson syndrome). A poor quality finish of the bearing 
surfaces of the haptics was probably the main cause of U.G.H. syndrome, 
it being imperative that the areas resting on the scleral spur in the 
drainage angle of the anterior chamber should be smooth surfaced and 
without sharp edges.

These lenses may be implanted after extracapsular or intracapsular 
cataract extraction.

If vitreous humour projects forward through the pupil, it must be 
either removed by anterior vitrectomy or displaced posteriorly by 
introduction of air or a visco-elastic substance into the anterior 
chamber. Use of a Sheets' glide can also be of value (Maida & Sheets 
1980).

Suited to "closed chamber" implantation techniques (Section 7.2, 
p. 162), the "feet" of the anteriorly-supported intraocular lens should 
preferentially be placed to rest on the scleral spur. It is important to 
avoid antero-placement, with or without iris-tuck, or retroplacement 
with basal iris-tuck. It is common surgical practice to create a 
peripheral iridectomy after implantation of these lenses, although pupil 
block is probably less frequent with anteriorly-vaulted lenses.

Implantation of anteriorly-supported lenses is contraindicated in 
eyes with narrow angles, eyes with compromised aqueous outflow facility 
or eyes with vascular anomalies of the angle or extensive peripheral 
anterior synechiae.
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FLEXIBLE OR SOLID 
LENS HAPTICS

ROUNDED AND SMOOTH
BEARING SURFACES

ANTERIOR

Anteriorly Vaulted

POSTERIORThin Haptics to
Minimize Weight

Figure 4.1 Principal features of angle-supported lenses.

A - D: Haptic bearing points for 4-point fixation. 
Implant "length" measured from A to C (or B to D).
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Figure 4.2 Flexible haptic, four-point fixated anterior chamber 
intraocular lens; implanted as a secondary procedure 
after previous intracapsular cataract extraction.
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Iris-supported lenses suffered the highest number of complications; 
reflected in the multitude of designs produced in an attempt to circumvent 
these problems. Some examples of these lenses are illustrated in Figures
4.3 and 4.4.

Although of great value to many patients during the 1960s and 
1970s, this type of lens is rapidly becoming obsolete. Thus, comparing 
the proportion of lens types implanted -

Feb^78 to Aug^78: Anterior chamber 30.5%, Posterior chamber 6%,
(177,503 lenses) Iris-fixated 46%, Irido-capsular 17.5%

The basic design of this type of lens is depicted in Figure 4.5:
The optic is carried by struts, either closed loops or spikes, that pass 
both anteriorly and posteriorly to the iris plane. The earliest designs 
had prepupillary optics, as depicted in Figure 4.5, but later designs of 
lenses tended to favour retropupillary placement of the optic (Mehta 1977); 
not only to keep the optic further from the sensitive corneal endothelium, 
but also to reduce endophthalmodonesis due to the rotational inertia and 
consequent momentum of the lens implant about the axis of rotation of 
the globe, the retropupillary optic being nearer to this axis.

To carry the weight of a lens, especially that of lenses with metal 
haptics, on the mobile, friable and vascular iris tissues might be 
expected to cause complications. To prevent the common complication of 
lens subluxation, the implant requires long-term pupillary constriction 
by the continued use of miotic drops. The antero-posterior iris mobility 
(iridodonesis) that occurs in the aphakic eye is exacerbated by the 
presence of an implant (Cheng et al. 1982; Jacobs et al. 1983; Miller & 
Doane 1984) and in some cases is associated with intermittent corneal 
endothelial touch with subsequent corneal decompensation (Binkhorst 
1973; Nordlohne 1974). The movements and bearing of lens haptics on the 
vascular pupil margin predisposes to chronic uveitis, pupillary erosion 
and occasionally hyphaema. One design of iris-supported lens avoided 
carrying the weight of the lens upon a small number of points on the 
pupil margin, this being the "collar stud" lens as proposed by Epstein 
and more recently reintroduced using a soft lens material, polyhydroxy- 
ethyl methacrylate (Mehta et al. 1978).

Aug"85 to Feb^8 6 : 
(470,000 lenses)

(Worthen et al. 1980) 
Anterior chamber 14%, Posterior chamber 8 6%, 

Iris-fixated and Irido-capsular <1%
(Stark et al. 1986)
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Figure 4.3 A Binkhorst four-loop iris-supported intraocular lens, 
implanted after intracapsular cataract extraction.

The optical portion of the lens is in the posterior 
chamber of the eye and the weight and movements of the 
lens are bourne by the pupillary margin.
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Figure 4.4 An eye with a "lobster-claw" iris-supported intraocular lens 
implanted after intracapsular cataract extraction.

The weight and motion of the lens is bourne by the folds 
of iris stroma gripped by the two "lobster-claws"; the use 
of steel sutures in the surgical section is unusual.
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PREPUPILLARY
HAPTICS

RETROPUPILLARY
HAPTICS

Figure 4.5 Principal features of iris-supported lenses.
Anterior haptics, if present, are generally shorter 

than the posterior haptics, thereby reducing the chance 
of contact with the corneal endothelium.
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complication, but also the actual implantation of these biplanar lenses 
is harder: Continued maintenance of anterior chamber depth, the "closed 
chamber" technique, is more difficult unless visco-elastic materials are 
instilled and the bulk of the lens and haptics increases the probability 
of contact between the lens and the endothelium.

The Copeland "Maltese cross" lens, one of the very few uniplanar 
iris-supported lenses (that is, with optic and haptics in one plane), 
was associated with marked iris distortion and erosion, with chronic 
iritis and with subsequent corneal decompensation (Jaffe 1978; Jaffe & 
Duffner 1976).

By his changing to the use of extracapsular cataract extraction 
with 2-loop irido-capsular lens implant, C.D. Binkhorst, an innovator 
and leading proponent of iris-supported lenses, was indicting in later 
years the very concept of iris-supported intraocular lenses: The use of 
extracapsular surgery, with preservation of the zonulo-capsular barrier, 
reduces the degree of endophthalmodonesis associated with prepupillary 
optics and also reduces erosion of the pupillary margin and endothelial 
attrition. Endothelial touch is also minimized by removal of prepupillary 
haptics, these having been shown to be the site of contact between the 
lens and the endothelium (Binkhorst 1973; Nordlohne 1974). In the late 
postoperative period, the majority of irido-capsular lenses become fixed 
within the capsular bag, by fibrosis around the two retropupillary 
haptics, thereby eliminating the necessity for miosis maintained by the 
long-term use of topical ocular medications. Furthermore, without the 
need for miosis, erosion of the pupil margin is lessened and pupillary 
dilatation for examination of the posterior segment is permissible.

4.3.3 Posteriorly-supported intraocular lens implants.

When considered in the late postoperative period, the Binkhorst 
2-loop irido-capsular lens implant is, for practical purposes, a 
posteriorly-supported lens implant . This lens has, however, two 
residual design faults -

(i) The prepupillary optic increases endophthalmodonesis and
presents a greater hazard to the endothelium both during and 
after surgery.

(ii) The bulky, biplanar configuration of the implant jeopardizes 
the endothelium during implantation and increases the chances 
of corneal decompensation.
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it with a retropupillary optic, solves both of these design faults and 
forms the basic pattern for a posteriorly-supported lens implant. The 
majority of currently used intraocular lenses are posteriorly-supported 
and, of necessity, implanted in conjunction with extracapsular cataract 
extraction.

The principal features of the modern flexible posteriorly-supported 
lens implant are illustrated in Figure 4.6, there being many commercially 
available variants. An optic of adequate area is supported on two or 
more very flexible haptics, these being made from PMMA or polypropylene. 
Chafing of the iris pigment surface, the risk of pupillary capture and 
the incidence of pupil block are reduced by anterior angulation of the 
supporting loops. Some lenses have a ridge around the periphery of the 
posterior surface of the lens; this being considered to reduce the 
incidence of posterior capsular opacification and to facilitate 
postoperative laser capsulotomy.

An eye with a correctly placed posteriorly-supported intraocular 
lens is illustrated in Figure 4.7.

Implantation of posteriorly-supported lenses is straightforward 
with a "closed chamber" technique: When the lens matter has been 
cleared, the section is closed except for a gap about 1mm larger than 
the diameter of the optic. The lens implant is then passed through this 
gap and the lower haptic and the optic passed through the pupil, placing 
the haptic into the capsular bag or into the ciliary sulcus. The upper 
haptic, still protruding through the section, is then introduced behind 
the pupil either by direct placement using, for example, dayman's or 
McPherson^s lens introducing forceps, or by clockwise "dialling" of the 
optic, thereby spiralling the haptic to a position behind the pupil. The 
lens should then be centred on the optical axis of the eye, "dialling" 
the lens further if necessary. The need for a peripheral iridectomy is 
exceptional.

Ciliary sulcus fixation of haptics causes considerable histological 
damage to the ciliary body of dogs (Olson et al. 1980c) and in man (Apple 
et al. 1984a; McDonnell et al. 1987) and might be expected to predispose 
to a chronic mild uveitis (Wolter 1985). The blood-aqueous barrier has 
been reported to be normal (Liesegang et al. 1984a) or significantly 
impaired (Miyake et al. 1984) at greater than one year after surgery; in 
the latter study, this impairment was significantly greater with lenses 
supported in the drainage angle or in the ciliary sulcus. Implantation 
in the capsular bag caused changes of fluorescein permeability no greater
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Optional Flange with 
Dialling Holes

4j

Dialling loops 
on Haptics

Anteriorly—angulated 
Flexible Haptics of 
PMMA or Polypropylene

ANTERIOR

Optional Back—Surface Annular Ridge
Power

Figure 4.6 Principal features of posteriorly-supported lenses.
The number and position of dialling holes varies. Some 

lenses have a flat back surface, others carry some optical 
power on a convex surface and some lenses have an annular 
laser ridge.
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Figure 4.7 An eye with a posteriorly-supported intraocular lens, 
implanted after extracapsular cataract extraction.

The optic, with its dialling holes, is centred 
behind the dilated pupil and the weight is carried on 
two flexible haptics (arrows).
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Liesegang and colleagues (1984a) do not define the position of the 
haptics after implantation of their posterior chamber lenses.

Sanders and colleagues (1982) report fluorescein permeability, 
after extracapsular cataract extraction or phacoemulsification with 
implantation of posterior chamber lenses, to increase significantly less 
and to resolve more rapidly in eyes treated with topical indomethacin 
before and after surgery; the fluorescein permeability was, however, 
within normal limits in both groups by twelve weeks after surgery.

There is, thus, good evidence that capsular bag fixation remains the 
theoretically desirable location for posteriorly-supported intraocular 
lenses, the leaves of capsule rapidly providing a sound fixation for the 
optic. Some concern remains, however, about the ability of the zonules 
of the crystalline lens to bear the weight of a lens implant; especially 
if for several decades.

Flexible silicone rubber lenses fixed within the capsular bag are 
liable to late postoperative buckling as the capsular bag distorts.

4.4 SUMMARY.

The current practice for extraction of cataract and the methods for 
correcting the resultant aphakia is described. The principles of design 
for intraocular lens implants are presented and the various types of 
lenses, together with the advantages and disadvantages of each type, are 
discussed.
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CORNEAL ENDOTHELIUM AND CATARACT SURGERY
WITHOUT IMPLANTATION OF INTRAOCULAR LENSES.

Before and during the early years of intraocular lens development, 
the onset of corneal decompensation after cataract surgery without 
implantation of lenses was frequently ascribed to "vitreous touch", the 
herniated anterior vitreous face being thought to damage the endothelium 
by static or dynamic contact (Leahey 1951; Reese 1949). Although bullous 
keratopathy was a condition recognized prior to the introduction, in 
1975, of clinical endothelial specular photomicroscopy, before the 
advent of this technique there are only few reports of the incidence of 
this complication.

5.1 PREVALENCE OF BULLOUS KERATOPATHY AFTER CATARACT EXTRACTION.

The reported rate of corneal decompensation after cataract extraction 
without implantation of lenses varies from 0% to 2.2% (Table 5.1). The 
prevalence in the various series are comparable, although it is possible 
that performance of some surgery by less experienced surgeons contributed 
to a slightly higher rate of decompensation in the series of Dallas (1976).

Meredith and Maumenee (1979) record a similar prevalence of bullous 
keratopathy In groups with or without previous eye disease. However,
Taylor and associates (1983) report either a preoperative condition or 
an intraoperative complication predisposing to corneal decompensation in 
the majority of their 24 cases of aphakic bullous keratopathy.

Lensectomy using a cutting/aspiration instrument has been shown by 
Kanski to be associated with a 7% (5/70 eyes) rate of transient striate 
keratopathy, but no cases of permanent decompensation within two years 
of surgery (Kanski & Crick 1977). The heterogeneous ages of this group 
(between 6 months and 63 years) complicates the interpretation of this 
figure. However, the prevalence figures of 7% striate keratopathy after 
lensectomy (Kanski & Crick 1977), 4% after extracapsular extraction 
(Pearce 1979) or the 5% "moderate" and 3% "severe" keratopathy reported 
by Galin after intracapsular surgery (Galin et al. 1977) agree as closely 
as might be expected for clinical investigations.

5.2 CHANGES OF CORNEAL THICKNESS AFTER CATARACT EXTRACTION.

For several decades it has been recognized that corneal thickness 
increases after cataract surgery, returning towards preoperative values 
within a few months.
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Table 5.1

Prevalence of bullous keratopathy after cataract extraction, without 
implantation of intraocular lenses.

Type of 

Surgery

Follow-up

Interval

Number of 

Decompensations

Author 

and Date

INTRA- 5y - 9y 6/268 2 .2% Dallas 1976
CAPSULAR

ly - 2y 0 / 1 0 0 0 % Benjamin 1977

5y - 9y 0/300 0 % Galin 1977

5y - lOy 0/57 0% Hamdi 1977

10m - 14m 0 / 1 0 0 0 % Stark 1977

mean 2.5y 2/500 0.4% Jaffe e.a. 1978

6m - 6y 2/500 0.4% Taylor 1978

lw - 17y 14/1000 1.4% Meredith 1979

Unspecified 24/2000 1 .2% Fyodorov 1980

3y " 27y 24/3000 0 .8% Taylor 1983

2y - 5.5y 0/83 0% OCTET 1986

EXTRA <4y 1/444 0 .2 % Pearce 1979
CAPSULAR

PHACOEMULS ly - 6y 3/500 0 .6% Kelman 1973
IFICATION

Unspecified 5/450 1 .1% Hurite 1974

Unspecified 50/2875 1.7% Emery 1974

3m - 15m 1 / 1 0 0 1 .0 % Arnott 1977

3m - 33m 1/650 0 .2% Kraff 1979c
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techniques, Miller and Dohlman (1970) recorded a difference between the 
central corneal thickness of operated and unoperated fellow eyes in 50 
patients with clinically clear corneas at an ill-defined time, but at 
least six months, after surgery. In 38 (76%) of the 50 subjects the 
difference in corneal thickness (operated eyes mean thickness 0.581mm, 
unoperated eyes mean 0.540mm) was greater than three standard errors 
from the mean difference of 40 pairs of unoperated control eyes.

There have been several reports of the changes of corneal thickness 
in the short- and long-term after intracapsular cataract extraction 
(Table 5.2, Figure 5.1). Cheng and associates (1977a) and Wood and 
Maumenee (1975) describe their methods of corneal pachymetry particularly 
well, although all of the investigators report similar changes of corneal 
thickness after surgery.

It is probable that maximum corneal swelling occurs within 24 hours 
of surgery; being at a time when endothelial function would be expected 
to be most impaired. Indeed, Jacob (1985) recorded maximum thickness at

Table 5.2

Changes of corneal thickness (C.T.) after intracapsular extraction 
through a trans-conjunctival limbal (TCL) or a corneal (C) incision.

Days after 

Surgery

Postop.

C.T.

Preop.

C.T.

Increase

C.T.

Surgical

Incision

Author 

and Date

1-2 (+0 .1 1 ) Undefined 2 1%* TCL Stark 1977

2 0.543 0.479 13% C Jacob 1985

4 0.616 0.552 1 2% TCL Wood 1975

5 (+0.042) Undefined 8 %* TCL Cheng 1977c

7 (+0.06) Undefined 1 2%* TCL Stark 1977

7 0.573 0.521 1 0% TCL Matsuda 1984

* Approximate values assuming an average corneal thickness of 0.52mm
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Figure 5.1 Reported long-term changes of corneal thickness after
intracapsular cataract extraction without lens implantation.

(a) Cheng et al. 1977a, (b) Jacob 1985, (c) Norn 1973, (d) Olsen 1980c, 
(e, e') Holmberg & Philipson 1984a, (f) Tragakis et al. 1977.

Corneal incisions used in studies (b) and (e) (open circles).
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implantation of iris-supported lenses and other studies have shown 
maxima always at the first postoperative measurement.

The majority of authors suggest that corneal thickness returns to 
normal in the late postoperative period, although the present writer 
re-examines the evidence for these findings in Chapter 17 (p. 335).

At greater than one month after intracapsular cataract extraction 
in normal eyes, there was no detectable difference of corneal thickness 
in the operated eye with respect to either the preoperative thickness 
(Bourne & Kaufman 1976b; Holmberg & Philipson 1984a; Jacob 1985; Matsuda 
et al. 1984; Norn 1973; Rao et al. 1981; Tragakis et al. 1977) or that 
of the unoperated fellow eye (Cheng et al. 1977a, 1977b, 1977c, 1978).

Olsen (1980c), however, records a significant residual difference 
between preoperative and postoperative corneal thickness (greater post- 
operatively) in eyes with guttata, but not in eyes without this corneal 
pathology.

Reports of corneal thickness changes with other than intracapsular 
surgery are scarse: On the day after extracapsular cataract extraction, 
corneal thickness was increased by 23% in three eyes (Pape & Balazs 1980). 
Holmberg and Philipson (1984b) record a 39% Increase in thickness on the 
first day after surgery after anterior chamber phacoemulsification, this 
oedema being commensurate with a 40% endothelial cell loss; these authors 
also report endothelial cell losses to be correlated with changes of 
corneal thickness on the first postoperative day.

5.3 ENDOTHELIAL CELL LOSSES AFTER CATARACT EXTRACTION.

Studies of the prevalence of bullous keratopathy provide some clues 
to the scale of endothelial damage and visual morbidity following 
cataract extraction, but only the advent of clinical specular microscopy 
allowed an objective and quantifiable measure of the endothelial loss 
with different modes of cataract extraction. Furthermore, changes 
observed by the use of specular microscopy could be recorded for later 
reference.

The majority of specular photomicroscopic studies of cell loss 
after cataract extraction are based on the comparison of postoperative 
and preoperative endothelial cell densities in the central cornea of the 
same eye (prospective studies). However, in several retrospective 
studies during the earlier years of specular microscopy, postoperative 
cell densities were compared with a "control" group, these being either 
the unoperated fellow eyes, a mixture of fellow and preoperative eyes
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group is probably the least satisfactory as it is liable to "between 
subject" variations in addition to the "between eye" variation of other 
types of control group.

5.3.1 Prospective (Postoperative/Preoperative) Investigations.

The results of prospective studies are summarized in chronological 
order of publication in Figure 5.2: The majority refer to cell losses 
after intracapsular cataract extraction with follow-up times as diverse 
as one day to thirty weeks postoperatively, although several papers fail 
to define either the range of follow-up times or any of the times at 
all.

Following the introduction of clinical specular photomicroscopy in 
1975, an increased awareness of endothelial damage during anterior 
segment surgery might have been expected to have resulted in a gradual 
decrease in endothelial damage; Figure 5.2 does not, however, show such 
a trend. Indeed, the apparent slight increase in cell losses might be 
the result of a more widespread reporting of results by surgeons of 
different experience.

Pape records exceptionally high cell losses following intracapsular 
extraction (50% in 18 eyes: Pape 1980) or after extracapsular extraction 
(28% in 3 eyes: Pape & Balazs 1980), these losses being markedly greater 
than the values of 6%-18% for intracapsular and 1 1% for extracapsular 
extraction in all the other prospective studies (see Figure 5.2).

With phacoemulsification, there is a consistent and stark contrast 
between the endothelial damage when the nucleus of the lens is emulsified 
in the posterior chamber (9%-16% cell loss) and that when emulsified in 
the anterior chamber (26%-38% cell loss). Thus, in a detailed report, 
cell losses with surgery performed by a single, highly experienced 
cataract surgeon (Kraff) were shown to be significantly different with 
the two modes of phacoemulsification (Kraff et al. 1980a). In a less 
satisfactory report, Kraff reports a similar difference in the two modes 
of phacoemulsification (Kraff et al. 1982), it being probable that the 
majority of patients in this later report (Kraff et al. 1982) are the 
same as those in the earlier (Kraff et al. 1980a). Irvine, in a report 
of phacoemulsification performed by Kratz, fails to define the mode of 
emulsification (Irvine et al. 1978).

It is of interest that in this group of short-term prospective 
studies, the average cell losses with intracapsular extraction, extra
capsular extraction or with posterior chamber phacoemulsification are
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Mean Endothelial Cell Loss / Z
Number Follow-up 
of (Mean or

Eyes Interval)

Bourne & Kaufman 
Forstot et al. 
Hirst et al. 
Irvine et al. 
Sugar et al. 
Abbott & Forster 
Galin et al. 
Bourne et al. 
Kraff et al. 
Olsen
Pape & Balazs 
Choyce
Colvard et al. 
Eifennan. Wilkins 
Rao et al.
Kraff et al. 
Stegmann.Miller 
Holmberg &

Philipson 
Liesegang et al. 
Inaba et al.
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Figure 5.2 Chronological summary for prospective studies of average 
endothelial cell losses after cataract extraction alone.

(0 ) denotes intracapsular cataract extraction 
(® ) denotes extracapsular cataract extraction 
(O ) denotes anterior chamber phacoemulsification 
(O) denotes posterior chamber phacoemulsification
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anterior chamber emulsification with a loss of 31.0% (Figure 5.2).

5.3.2 Retrospective (Postoperative/"Control") Investigations.

Retrospective investigations, based on comparison of the operated 
eye and a different "control" eye, are inherently unsatisfactory because 
of the variability of cell density between the eyes of any one subject 
and the even greater variability between those of different subjects; 
even when the latter are "age-matched”. Despite these limitations, 
retrospective studies provide a valuable insight, especially in the 
long-term, into cell losses arising from cataract surgery (Figure 5.3).

Cell losses with intracapsular extraction are, in the short-term, 
between 14% (Cheng et al. 1977c) and 18% (Blackwell et al. 1977). In two 
long-term studies, losses of 37% were recorded at 1 to 4 years after 
surgery (Olsen 1979c) and 27% at 5 years postoperatively (Ikeda et al. 
1982). The failure of Drews and Waltman (1978) to specify follow-up 
interval complicates interpretation of an 8.7% cell loss, as does the 
extreme range of follow-up intervals (8 weeks to 8 years) of Holden and 
colleagues (1982).

Few retrospective studies of other methods of cataract extraction 
are available, probably reflecting the dominance of intracapsular 
surgery prior to the reintroduction of posterior chamber implants - for 
which the extracapsular technique is a prerequisite.

Ikeda and coworkers (1982) reports considerable (45%) losses in 14 
eyes which had undergone extracapsular extraction about 5 years before. 
In the absence of surgical detail, it remains difficult to explain this 
high cell loss as compared to the 12.5% loss In prospective, short-term 
studies (Figure 5.2). The loss of 45% of cells implies either marked 
damage at the time of surgery, a continued cell loss after surgery or an 
abnormally high proportion of dense brunescent cataracts in the Japanese 
study; these latter having been shown, in the present research, to be 
particularly damaging to the endothelium during extracapsular cataract 
surgery (see Section 15.1, p. 298).

The 34% cell loss with anterior chamber phacoemulsification in 70 
patients with short-term follow-up (Sugar et al. 1978c) is comparable 
with the results of two prospective studies (Kraff et al. 1980a, 1982).

With long-term follow-up (2 to 16 years) of lens aspiration for 
congenital cataract, cell densities in 2 0 operated eyes were 2 1% less 
than those of 8 fellow eyes (Olsen 1981b). Although this comparison is 
liable to bias or error, the difference Is statistically significant.
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Figure 5.3 Chronological summary of retrospective studies of average 
endothelial cell losses after cataract extraction alone.

(O) denotes intracapsular cataract extraction 
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test on the eight operated eyes that have unoperated fellow eyes, the 
difference still being significant. A somewhat lower cell loss of 12% is 
recorded by Hiles, Biglan and Fetherolf (1979), who compared operated 
eyes with partner eyes at 7 to 12 years after lens aspiration, or up to 
9 years after phacoemulsification.

5.3.3 Time Trends for Cell Losses after Cataract Extraction.

The results of the prospective and retrospective studies reviewed 
suggest that cell losses after intracapsular cataract extraction and, to 
a lesser degree, extracapsular extraction increase with prolonged post
operative follow-up; this trend being represented graphically for intra
capsular surgery in Figure 5.4. This proposal, based on the results of 
cross-sectional studies, has been examined in more detail in several 
prospective long-term investigations.

The first such long-term study was that by Galin and associates 
(1979c), their examining 34 patients with senile cataract. Although the 
surgical detail is good, the analysis excluded an unstated number 
because of "complications" and the number of cases available at each 
follow-up time is variable (between 18 and 31 subjects). Despite these 
deficiencies, the study remains a useful document and shows a trend for 
the majority of cell loss to occur within three months of intracapsular 
extraction, with a mild continued cell loss thereafter (Figure 5.5). 
Indeed, these authors suggest that comparison of cell losses at a time 
much less than three months postoperatively is liable to large errors 
and also that, because of continued cell loss, the presence of a clear 
cornea does not preclude future corneal decompensation.

The Oxford Cataract Treatment and Evaluation Team (OCTET 1986) were 
able to demonstrate a gradual increase in estimated cell losses for up 
to 4 years after intracapsular cataract extraction, in eyes with or 
without intraoperative or postoperative complications. The default rate 
to follow-up in this series was low.

Rao and colleagues (1981) reported another long-term study, in 
which all intracapsular surgery was performed by one experienced surgeon 
and cell losses were assessed in 35 eyes at four times after surgery. 
Exclusion of abnormal corneas at preoperative assessment and exclusion 
of eyes with surgical complications lends a bias to the results, favouring 
eyes in which the cell losses might be expected to be smaller. As in the 
Galin study (Galin et al. 1979c), cell losses increased to between 3 and 
6 months after surgery and hardly changed thereafter (Figure 5.5).
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months) are presented as two groups, the choice of division between the 
two would appear entirely arbitrary and the motive unclear.

Despite reservations about the rate of default to follow-up (up to 
77%) and the analysis and interpretation of some of the data (Rose 1984), 
the prospective study by Liesegang (1984b) remains a major contribution 
to the understanding of cell losses following cataract surgery: Although 
the ranges for the "nominal" follow-up times of "1 year" and "2 years" 
are not given, cell losses in 11 eyes followed two years after intracap
sular cataract extraction (Figure 5.5, p.96) showed a magnitude and trend 
similar to that reported by Galin (Galin et al. 1979c). In contrast, 
losses after extracapsular cataract extraction in 26 eyes appeared 
unchanged over two years.

Inaba and colleagues (1985) demonstrated a significant increase of 
cell losses over the first three months after intracapsular cataract 
extraction in 12 eyes, but state that the difference between 3 month and 
6 month values is not significant. In contrast, after intracapsular 
cataract extraction in 11 eyes, cell losses increased significantly from 
16% at 8 weeks after surgery to 33% at 5 years (Martin et al. 1987).

Kraff (Kraff et al. 1982) reports a 25.6% cell loss in 15 eyes at 
10 to 26 weeks after anterior chamber phacoemulsification and 15.7% loss 
in 100 eyes after posterior chamber phacoemulsification, these losses 
being significantly different at this time. The authors then proceed to 
combine a part of each of these significantly different groups to assess 
cell loss to "1 year" after surgery; such a combination of two groups 
shown to be dissimilar is erroneous, being not only illogical but also 
statistically unjustified. This error, together with the high default 
rate at the "one year" follow-up, invalidate this part of an otherwise 
interesting long-term study.

In a group of patients on whom intracapsular cataract extraction 
with iris-supported lens implantation was performed in one eye and 
intracapsular extraction alone in the other, Galin and colleagues (1982) 
report a rapid decline of endothelial cell density in the early 
postoperative phase, with a very gradual decrease up to three years 
after surgery, this decline being of equal magnitude in either eye. The 
same authors examined retrospectively another group of patients, with 
serial measurements of cell density for over three years after surgery: 
Perhaps because of a gross mismatch and bias of the two groups compared 
(104 eyes with iris-supported lenses vs. 38 unoperated fellow eyes), the 
rates of cell loss, although greater in the implanted group, were not
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shown to be significantly different (Galin et al. 1982).

5.3.4 Other Investigations of Cell Losses after Cataract Extraction.

A few papers present data for patients in which different types of 
surgery were performed in the two eyes: Such studies are of limited use, 
allowing only a retrospective comparison of the difference between cell 
densities of the two eyes; that is, between the two surgical techniques.

These comparisons necessarily assume that the eyes of a pair started 
with the same cell density and had surgery at approximately the same 
time, which is frequently not the case; the magnitude of cell loss with 
each individual procedure cannot be ascertained.

Sugar and associates (1978c) compared, at an unstated time after 
surgery, the cell densities of 6 patients with intracapsular extraction 
of cataract in one eye and anterior chamber phacoemulsification in the 
other; cell losses were greater in eyes following phacoemulsification, 
the cell density being 20% lower than that In the eyes after intracapsular 
cataract extraction.

Waltman and Cozean (1979) present a similar retrospective comparison 
in 25 patients, the cell densities at 6 to 18 months after surgery being 
29% less in the eyes undergoing phacoemulsification. Furthermore, the 
difference of densities increased significantly with age. The results 
suggest that, with phacoemulsification, the endothelium of the elderly 
suffers more than that of the young, possibly because elderly nuclei 
require significantly longer ultrasonification times (Waltman & Cozean 
1979).

As part of a paper, Cozean and Waltman report a series of twenty-one 
patients in whom intracapsular extraction was performed in one eye and 
posterior chamber phacoemulsification in the other (Cozean & Waltman 
1981). In this series, the characteristics of which are very similar to 
those of the 25 patients in the previous reference by the same authors 
(Waltman & Cozean 1979), the postoperative cell densities in the two 
groups of eyes were not significantly different.

5.4 FACTORS AFFECTING ENDOTHELIAL CELL LOSSES AFTER CATARACT EXTRACTION.

The results of both cross-sectional and long-term investigations 
suggest that the follow-up interval Is a strong determinant of the size 
of measured cell losses after intracapsular surgery and possibly so 
after extracapsular extraction, although other interpretations can be 
proposed for such apparent cell losses (see Chapter 11, p. 222).

In contrast to cataract surgery with lens implantation, assessment
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its relationship to endothelial cell losses has not been recorded.
The marked contrast of cell losses after phacoemulsification within 

the anterior chamber, as compared to the posterior chamber, has already 
been described. Anterior chamber phacoemulsification probably damages 
the endothelium by the proximity of the vibrating probe, causing both 
direct damage to the endothelium by touch and heating and also indirect 
damage by bombardment of the endothelium with high-energy fragments of 
nucleus or abrasion by the movements of the main nuclear mass. Such 
mechanisms have been suggested from results of animal experiments 
(Polack & Sugar 1976/77).

Although endothelial cell losses with phacoemulsification have been 
reported as unrelated to the time taken to fragment the nucleus (Colvard 
et al. 1981), there is a tendency for prolonged emulsification to be 
associated with greater losses (Irvine et al. 1978; Sugar et al. 1978c). 
Because the harder nucleus of the lens in the elderly requires prolonged 
ultrasonification time, increased cell loss with age might be expected: 
In a paper by Sugar and coworkers (1978c), cell loss increased from 23% 
in the under-fifties to 38% in the seventh decade, although this did not 
reach statistical significance during analysis of variance.

In a detailed paper, Holmberg and Philipson (1984b) suggest that 
cell losses, with anterior chamber phacoemulsification, conform to the 
following relationship -

% cells remaining = 93.6 - 34.8*(ultrasound time in minutes)

Clearly this equation cannot hold over a wide range of times of 
phacoemulsification, since, for times greater than about 2.6 minutes, 
the calculated number of cells remaining would be negative. However, the 
equation might be approximately true for short emulsification times.

The present writer would suggest that a more appropriate form for 
this equation is -

% cell loss = 100 * [1 - e"(K * t)].

where "t" is the emulsification time and ”K" is a parameter.

It is of interest to note that, for small time intervals, this 
equation approximates to the form of the earlier equation (with the 
exception of the constant "100", instead of "93.6").

Intraoperative or postoperative complications tend to increase cell 
losses and are excluded from analysis by many authors. Such exclusion

99



removing from the assessment those eyes of particular interest (see 
Steele 1986).

Cheng and associates (1977b) record one loss of vitreous humour and 
one case of hypopyon uveitis after intracapsular cataract extraction, 
with cell losses of 67% and 44%, respectively; pupil block or transient 
postoperative shallowing of the anterior chamber did not increase cell 
losses in this series. Similarly, Bourne and Kaufman (1976c) report one 
case with loss of vitreous humour and one hypopyon uveitis, these eyes 
having 51% and 38% cell loss, respectively, contrasting with a 7% cell 
loss with nine uncomplicated intracapsular extractions.

Loss of vitreous humour during intracapsular cataract extraction in 
5 eyes was associated with a 23% cell loss, which is not significantly 
different from that of eyes without this complication (OCTET 1986). In 
contrast, Forstot and colleagues (1977) record an exceptionally high 
cell loss of 84% in one eye with this operative complication.

Cell losses at six months after intracapsular extraction alone were 
unrelated to the pleomorphology of the endothelial mosaic (Olsen 1980c); 
the author does not, however, specify the measures used to assess 
pleomorphology.

The protective effect of various visco-elastic substances used 
during cataract surgery is discussed in Section 7.1.3 (p.155).

5.5 LIMITATIONS OF INVESTIGATIONS OF CELL LOSS AFTER CATARACT SURGERY.

5.5.1 Limitations relating to the Follow-up Intervals

Roper-Hall (1983) comments that many comparisons between different 
intraocular lenses are based on markedly different follow-up intervals; 
this statement is readily applicable also to cataract extraction alone.

Apparently continued endothelial losses after surgery complicate 
the interpretation of those reports in which the follow-up interval is 
unstated (for example, Choyce 1981, 1982; Drews & Waltman 1978) or Is 
inadequately specified (Footnote 1). Moreover, many investigations have

Footnote 1_: Blackwell et al. 1977; Bourne et al. 1980; Cheng et al.
1977c; Choyce 1977; Colvard et al. 1981; Galin et al. 1979c; Ikeda 
et al. 1982; Pearce 1980; Pearce & Ghosh 1977; Sugar et al. 1978a, 
1978c.
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time when changes within the endothelium are at a maximum and results 
least reliable. Some studies acknowledge this issue.

The range of follow-up times in some reports is too great for a 
meaningful comparison with other studies (Holden et al. 1982; Meredith & 
Maumenee 1979; Olsen 1981b; Sugar et al 1978a). The value of a large 
range of follow-up is, in practice, restricted by the shortest follow-up 
time included. The general applicability of any study is limited by the 
least follow-up time in the series; the best estimate of outcome at a 
certain time after a procedure can be given only after all subjects have 
passed that particular time. For example, a study of lens implantation 
with an apparently impressive follow-up time of 13 years is actually 
severely limited by the inclusion of patients within only two weeks of 
surgery (Sugar et al. 1978a) and another report with up to 17 years of 
follow-up includes assessments at only one week after surgery (Meredith 
& Maumenee 1979).

5.5.2 Limitations relating to Omission from Report.

It is unfortunate that in some papers the ages of patients are not 
stated, since omission of this data detracts from comparisons between 
different investigations. Similarly, inadequate surgical detail complicates 
the comparison of different reports (Footnote 3), as does the failure to 
clarify the methods of data analysis (Footnote 4).

Although frequently simplifying the analysis of data, exclusion of 
specific groups, either preoperatively or postoperatively, often results 
in a devaluation of an investigation; especially as the eyes excluded 
are generally those in which cell losses are most important or most 
relevant (Steele 1986). Such exclusions are, unfortunately, very frequent.

Another source of error lies in the "correction factors" used during 
estimation of cell densities from specular photomicrographs; a "correction

Footnote 2_: Abbott & Forster 1979; Blackwell et al. 1977; Bourne & Kaufman 
1976c; Bourne et al. 1979, 1980, 1984; Cheng et al. 1977b, 1977c; 
Forstot et al. 1977; Hirst et al. 1977; Hoffer 1979c; Holden et 
al. 1982; Irvine et al. 1978; Kraff et al. 1982; Liesegang et al. 
1984b; Pape & Balazs 1980; Sugar et al. 1978a, 1978c.

Footnote 3: Blackwell et al. 1977; Bourne & Kaufman 1976b; Choyce 1981a; 
Drews & Waltman 1978; Hoffer 1979c; Ikeda et al 1982; Kraff et al. 
1979a; Kratz et al. 1981a; Sugar et al. 1978a, 1979.

Footnote 4_: Choyce 1981a; Waltman & Cozean 1979.
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of the endothelial mosaic.
With contact endothelial specular photomicroscopy, calibration is 

performed relatively simply by photographing a grid of known size through 
a material with approximately the same thickness and refractive index as 
cornea (see Section 8.4.3, p. 179). Some reports have been based on a 
calibration through air, which has a refractive index different to that 
of corneal stroma, but the resultant error is small.

Non-contact specular photomicroscopy results in an angle of oblique 
viewing of the endothelium greater than that for contact specular 
photomicroscopy, with a large "correction factor". Olsen (1979a) defines 
this angle of obliquity as that subtended at the endothelium, using the 
derived "correction factor" for subsequent work; this derived factor ’ 
also being used by other investigators (for example, Price & Barbour
1981). The present writer considers this to be incorrect and proposes 
that the correction should be based on the angle subtended at the 
epithelium (see Rose 1986); Stefansson and colleagues (1982) propose a 
similar correction.

The use of an incorrect magnification factor is of no consequence 
where ratios of endothelial cell density are used (such as fractional 
cell losses), but is of importance when absolute cell densities are 
expressed.

The use of a correction factor would appear to have been neglected, 
without explanation, by some investigators (for example, Laule et al. 1978).

5.5.3 Limitations relating to the Analysis of Data.

Missing results, due to default of patients or failure of examination 
techniques, can lead to a bias of results. Provided that default occurs 
randomly throughout the enrolment group, the average follow-up values 
for the group available at follow-up will be representative of the complete 
study group; albeit with greater measures of dispersion.

Since it is almost impossible to obtain endothelial specular photo
micrographs in eyes with persistent postoperative corneal decompensation 
(and very low cell density), exclusion of such cases must inevitably 
bias estimates of cell loss towards higher residual cell densities and 
less apparent endothelial damage.

Loss of numbers, due to failures of photographic technique or other 
causes, is only rarely mentioned; there frequently being no explanation 
for apparently disparate numbers of subjects within the reports. Thus, 
little explanation is given for the loss to follow-up of many eyes in the
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however, recognize the importance of variable and often marked losses to 
follow-up.

The combining of two or more groups, shown to be dissimilar by 
statistical tests , to form a single group for analysis in a different 
part of a paper, invalidates parts of various works. Examples of this 
practice are present in papers by Kraff (Kraff et al. 1982, 1983a), 
Liesegang (Liesegang et al. 1984b) and Rao (Rao et al. 1982).

5.5.4 Other Limitations.

Frequently the operations within one report are performed by a 
single, often highly experienced, surgeon (Footnote 5).

Although at first sight this might appear to be advantageous, the 
present writer would suggest that this is probably not always so: A single 
surgeon performing two procedures might show a significant difference 
of cell losses between the procedures. The irresolvable question then 
remains whether this difference is purely a characteristic of the one 
surgeon or whether it is a genuine, universal difference between the 
techniques that could be demonstrable with all surgeons.

For this reason, in studies employing multiple surgeons, especially 
of different experiences, any difference between treatment groups is 
more likely to be due to a genuine difference of techniques, albeit with 
a reduced chance of demonstrating any such difference.

5.6 SUMMARY.

The greater part of the observed endothelial cell loss appears, 
from the results of cross-sectional and long-term investigations, to 
occur within ten to twelve weeks after cataract surgery; there being, 
particularly with intracapsular extraction, a slow loss thereafter.

The degree of cell loss with cataract extraction varies over a wide 
range, but the majority of authors record cell losses close to the 
typical value of 15% at between three and six months after intracapsular

Footnote 5_: Abbott & Forster 1979; Binkhorst 1977; Bourne et al. 1979; 
Choyce 1981a; Cheng et al. 1977a, 1977b, 1981; Cozean & Waltman 
1979; Drews & Waltman 1978; Forstot et al. 1977; Inaba et al.
1985; Irvine et al. 1978; Jaffe & Duffner 1976; Kraff - most 
series; Meredith & Maumenee 1979; Olmos & Roy 1980; Pearce & Ghosh 
1977; Rao et al. 1981; Stanley et al. 1980; Sugar et al. 1978c, 
1978d; Waltman & Cozean 1979; Yang & Kline 1981.
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cataract extraction, extracapsular extraction or phacoemulsification in 
the posterior chamber. Emulsification of the lens nucleus in the anterior 
chamber, however, causes markedly greater damage to the endothelium - 
frequently with losses of more than 30% of the corneal endothelial 
cells.

The limitations of published reports are predominantly due to the 
use of endothelial cell densities of "fellow" eyes or eyes from "age- 
matched" subjects with which to compare the operated eyes, due to 
postoperative follow-up times that are too short, variable or often 
unspecified and also due to inappropriate or ill-defined analysis of 
data. The exclusion of certain groups preoperatively or postoperatively 
lends a bias to studies and reduces the value of the same.

Similarly, performance of surgery by a single, often highly 
experienced, cataract surgeon probably reduces the reliability of a 
study and certainly reduces the applicability of such an investigation 
to the practice of less experienced or less skilled ophthalmic surgeons.
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CHAPTER 6

CORNEAL ENDOTHELIUM AND CATARACT SURGERY 
WITH IMPLANTATION OF INTRAOCULAR LENSES.

There has been a tendency to investigate the effect of lens 
implantation on the corneal endothelium, rather than the effect of 
cataract extraction alone, because a large number of cases of corneal 
decompensation arose in connection with lens implantation, particularly 
during the pioneering years.

6.1 TRANSIENT CORNEAL DECOMPENSATION AFTER LENS IMPLANTATION.

Corneal oedema during the early postoperative period tends to be 
more pronounced after lens implantation than after cataract extraction 
alone and it is possible to assess this oedema in terms of the degree of 
epithelial oedema or striate keratopathy or by the changes in corneal 
thickness after surgery (Section 2. 3, p.23).

Thus, Galin and associates (1977) contrasted the 20% severe, 30% 
moderate and 50% mild or absent striate keratopathy after intracapsular 
cataract extraction and Fyodorov iris-supported lens implantation in 300 
eyes with a 3% severe, 5% moderate and 92% mild to absent keratopathy in 
300 eyes after intracapsular extraction alone.

In a study in which each cornea was nominally divided into twelve 
areas, Cheng and coworkers (1977b) found that epithelial oedema affected 
significantly more areas on the first and second postoperative days in 
those eyes that had received lens implants than In those eyes with 
cataract extraction alone; thus, all areas were oedematous on the first 
postoperative day in 10 eyes receiving iris-supported lenses, but in 
only 3 out of 10 eyes with intracapsular extraction alone. In other 
reports, the same authors report oedema affecting all of 4 corneas on 
the first day after lens implantation, but only 1 out of 4 corneas after 
cataract extraction (Cheng et al. 1977a) and all of 19 intraocular lens 
implantations but only 3 out of 23 eyes after intracapsular extraction 
alone (Cheng et al. 1977c); in the latter series, the corneas after lens 
implantation all cleared by the eleventh postoperative day, whereas 
those after cataract extraction had already cleared by the eighth day.

From the Wilmer Institute, Stark and Maumenee report a series of 
100 intracapsular cataract extractions and 100 extractions with Binkhorst 
4-loop iris-supported lenses; postoperative striate keratopathy was 
greater after lens implantation, although central corneal thicknesses 
were not significantly different (Stark et al. 1977). Similarly, in
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supported lens implantations, Jardine and Sandford-Smith (1974) state,

".. owing to increased manipulation compared with
straightforward cataract extraction, the normal transient striate 
keratopathy after lens extraction appeared to be more marked, but 
it cleared rapidly within the first two days."

At variance with the latter part of this statement, however, the 
authors subsequently report that 7 (out of 53) of the cases showed some 
oedema at discharge from hospital or after discharge. In addition, four 
eyes are reported as showing persistent oedema from the time of surgery 
(Jardine & Sandford-Smith 1974).

6.2 CHANGES OF CORNEAL THICKNESS AFTER LENS IMPLANTATION.

Cataract extraction with implantation of intraocular lenses causes 
a rather more marked increase in postoperative central corneal thickness 
as compared to that after cataract extraction alone.

Thus, Medallion lens implantation in 26 eyes after intracapsular 
cataract extraction caused an 18% average increase of thickness on the 
day after surgery (Bourne et al. 1979), the increase of thickness being 
greater in those eyes with higher preoperative coefficients of variation 
of cell areas (Spearman rank correlation coefficient = 0.39, P<0.05)
In 18 eyes also receiving Medallion lenses, Pape (1980) reports a 51% 
increase in thickness on the first postoperative day (preoperative 
thickness 0.520mm), this being associated with a considerable average 
cell loss of 50% (range 22-70%).

With implantation of Binkhorst 4-loop lenses after intracapsular 
extraction in 33 eyes, Stark and colleagues (1977) report the increase 
of corneal thickness after surgery to be similar to that after cataract 
extraction alone (0.12mm with implant and 0.11mm without) and, again, at 
one week after surgery (0.05mm and 0.06mm, respectively).

Schultz and associates (1986) record corneal swelling to be

4? Footnote: It is difficult to interpret these figures: In this paper,
Bourne and associates (1979) used two techniques of implantation, 
"with air" (17 eyes) or "without air" (9 eyes), showing these to be 
significantly different with respect to the degree of endothelial 
cell loss. For the above tests, however, the authors appear to 
have combined the results for the two different procedures; a 
combination that is illogical and statistically inappropriate.
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greatest in the superior part of the cornea after extracapsular cataract 
extraction and posterior chamber lens implantation.

Not only the degree of corneal swelling, but also the duration 
would appear to be increased by lens implantation (Figure 6.1): This has 
been suggested by the long-term studies of Cheng and colleagues (1977a, 
1977b) and Jacob (1985). However, neither of these authors has attempted 
to quantify the changes in the two groups by, for example, using the 
integral of "percentage thickness increase" with respect to "time"
("area under the curves" in Figure 6.1).

Despite the longer duration of corneal oedema with implantation of 
lenses, the corneal thickness has been reported to return to normal by 
one month after surgery (Bourne et al. 1981; Cheng et al. 1977a, 1977b, 
1977c; Glasser et al. 1985b; Jacob 1985; Norn 1973; Rao et al. 1981; 
Reshmi & Kondrot 1976). The present writer, however, questions the 
validity of such conclusions and examines the issue further in Chapter 
17 (p. 335).

Eyes assessed at one year after extracapsular cataract extraction 
with implantation of iridocapsular lenses (6 eyes) or posterior chamber 
lenses (50 eyes) had corneal thicknesses similar to 50 age-matched 
controls (Stanley et al. 1980). Likewise, central corneal thickness has 
been recorded as returning to preoperative values after extracapsular 
cataract extraction and implantation of posterior chamber lenses (Bourne 
et al. 1981, 1984; Schultz et al. 1986)

In a series of patients, with unspecified numbers at enrolment, in 
whom the authors performed phacoemulsification with implantation of iris 
supported intraocular lenses, Schneider and Praeger (1977) showed an 
approximately 50% increase in corneal thickness, with respect to the 
fellow eye, on the second or third day after surgery (see Figure 6.1). 
This dramatic increase in corneal thickness, an indication of serious 
endothelial dysfunction, suggests severe damage occurring with phaco
emulsification of the nucleus in the anterior chamber. The authors fail 
to comment upon the serious nature of this corneal decompensation: On 
the results of their study and in spite of the evidence of a 50% increase 
in corneal thickness presented in their own paper, they suggest that 
phacoemulsification is a "perfectly safe procedure". Furthermore, they 
claim that "carefully performed phacoemulsification cataract extraction 
does no more damage to the delicate corneal endothelium than standard 
intracapsular technique" (Schneider & Praeger 1977); the latter state
ment appearing to be based on the similarity of corneal thicknesses at 
an unspecified time, possibly 6 months, after intracapsular cataract
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Figure 6.1 Reported long-term changes of corneal thickness after
cataract extraction with intraocular lens implantation.

(a) Jacob 1985, (b) Cheng et al. 1977a, (c) Schneider & Praeger 1977, 
(d) Miller & Stegmann 1981, (e) Reshmi & Kondrot 1976.

( • ) denotes intracapsular extraction and iris-supported lens implant 
(O ) denotes phacoemulsification and iris-supported lens implant
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extraction or phacoemulsification with or without lens implantation.
This overlooks, however, the fact that corneal thickness, when within 
normal range, is a poor guide to endothelial cell function or density; 
as discussed in Section 2.3.1 (p. 25).

Making an assumption that the postoperative increase of corneal 
thickness is inversely proportional to the "reserve" function of the 
corneal endothelium, Shaw and associates (1978) found that, despite 
having the same endothelial cell density, those corneas with higher 
coefficients of variation for cell areas (termed "polymegethous") had 
significantly lower reserve function than more uniform "homomegethous" 
corneal endothelia; reserve being assessed after cataract extraction and 
implantation of lenses of unstated type. However, as discussed previously 
(Section 2.6, p. 36), the validity of their investigations must be in 
doubt, not only because the endothelial specular photomicrographs were 
divided into two categories by subjective criteria , but also because 
the initial assumption - that the change of corneal thickness represents 
a measure of reserve capacity - requires for its validity that each 
cornea should suffer a similar "stress" at the time of this measurement.

In a very well detailed retrospective study, Olsen and Eriksen (1980) 
demonstrated a persistent difference between the corneal thickness of eyes 
after intracapsular cataract extraction and Fyodorov lens implantation and 
that of the unoperated fellow eye; the difference was 5jim (operated eye 
greater) in eyes without guttata, but 24jim in the presence of this ocular 
pathology. This persistent disparity is compatible with a discussion 
presented by the present writer in Chapter 17 (p. 335).

6.3 PERMANENT CORNEAL DECOMPENSATION AFTER LENS IMPLANTATION.

For brevity, the large numbers of reports concerning the prevalence 
of bullous keratopathy after lens implantation in the absence of visco
elastic materials have been summarized in Tables 6.1 to 6.6. Reports 
published after 1984 are included only rarely, because interpretation of 
many of the more recent reports is often confounded by the use of visco
elastic materials in some or all of the surgical cases; in some papers 
the usage of these materials is not clearly stated.

6.3.1 Angle-Supported Intraocular Lenses.

Angle-supported ("anterior chamber") lenses, developed principally 
by Choyce, appear to have a low prevalence of bullous keratopathy when 
inserted at the time of intracapsular cataract extraction, extracapsular 
extraction or phacoemulsification (Table 6.1).
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Table 6.1

Corneal decompensation after primary implantation of angle-supported lenses.

Type of 
Extraction

Follow-up
Time

Type of 
Lens

Number of 
Decompensations

Author 
and Date

INTRA
CAPSULAR

Short-term 

6w - 5y Multiple 2/200 1.0% Cicarelli
1985

Medium-term

mean 12m Choyce VIII 1/133 0.8% Tennant 1977

3m - 27m Choyce VIII 
or Tennant

1/100 1% Ing 1980

3m - 42m Choyce VIII 
or IX

0/130 0% Absolon 1981

Long-term

ly - 8y Choyce VIII 2/68 2.9% Pearce 1975

mean 3y Choyce II to 
VIII

1/50 2.0% Choyce 1977

ly - 3y Multiple 3/234 1.3% Salz 1980

3y “ 6y Choyce IX 0/101 0% Absolon 1983

Unstated Choyce VIII "no cases" Choyce 1982

Choyce IX "no cases" Choyce 1982

EXTRA
CAPSULAR

Medium-term 

mean 12m Choyce VIII 0/27 0% Tennant 1977

PHACO-
EMULS.

Medium-term 

3m - 3y Choyce VIII 0/82 0% Kratz 1981b
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cases between 3 and 12 months postoperatively, the prevalence is between 
0% (Absolon 1981) and 0.8% (Tennant 1977).

With "long term" follow-up, that is, greater than one year, the 
prevalence is slightly higher, being from 0% (Absolon 1983; one lens 
being removed to prevent corneal decompensation) to 2.9% (Pearce 1975).
In a paper reviewing Choyce's patients, Pearce reports a 13.2% prevalence 
of corneal oedema in the proximity of the lens feet (Pearce 1975).
Choyce reports an approximately 2% prevalence of bullous keratopathy in a 
series of fifty eyes that received primary implantation of Mk.II to 
Mk.VIII lenses (despite the title of the paper), but unfortunately fails 
to clearly define the types of cataract extraction, the types of lenses 
or the follow-up times (Choyce 1977). Similarly, the same author reports 
no cases of corneal decompensation after using Mk.VIII or Mk.IX lenses, 
but does not give any supporting figures or details of follow-up (Choyce
1982).

Implantation of Choyce Mk.VIII lenses after extracapsular cataract 
extraction (Tennant 1977) or phacoemulsification (Kraff et al. 1981b) 
has not been associated with corneal decompensation after a "medium 
term" follow-up.

6.3.2 Iris-Supported Intraocular Lenses.

The majority of reports of corneal decompensation relate to iris- 
supported intraocular lenses, probably because they were used most 
frequently in the decades when awareness of the complications of lens 
implantation was increasing and because these types of lenses cause more 
endothelial damage during implantation.

In those series that include follow-up times of less than three 
months ("short term" follow-up; Table 6.2), the prevalence of corneal 
decompensation with primary implantation of iris-supported lenses after 
intracapsular extraction varied from 2.9% (Nordlohne 1974) to 4.3%
(Dallas 1970). Interpretation of the latter series is difficult, since 
it is unclear whether the four cases of decompensation were associated 
particularly with the six eyes that suffered trauma prior to surgery 
(Dallas 1970). This detail is especially important because trauma may 
predispose a cornea to decompensation, both by direct loss of endothelium 
arising from the injury and by increasing the frequency of complications 
at cataract surgery.

There is a small rise in the prevalence of bullous keratopathy with 
"medium term" follow-up of iris-supported lens implantation (Table 6.2):
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Table 6.2

Corneal decompensation after primary implantation of iris-supported
lenses: Reports with short-term and medium-term follow-up.

Type of 
Extraction

Follow-up
Time

Type of 
Lens

Number of 
Decompensations

Author 
and Date

INTRA
CAPSULAR

Short-term 

lm - 4y Binkhorst 4L 4/94 4.3% Dallas 1970

mean 3m Medallion
Suture

5/173 2.9% Nordlohne
1974

lm - 3y Copeland 3/81 3.7% Jaffe 1976

Medium-■term

9m - lOy Binkhorst 4L 2/72 2.8% Pearce 1972

mean
mean

8m
15m

Binkhorst 4L 
Binkhorst 4L

11/485
5/72

2.3%
6.9%

Nordlohne
1974

7m - 6y Copeland 5/81 6.2% Jaffe 1976

6m - 6y Binkhorst 4L 14/117 12.0% Bras 1977

3m - 
3m -

2y
2y

Medall. Suture 
Medall. T.I.C.

0/254
2/46

0%
4.3%

Kraff 1977

mean 12m Binkhorst 4L 19/280 5.3% Mehta 1977

mean 12m Medallion TIC 
and Suture

2/22 9.1% Reinhart
1977

6m - 8y Multiple 36/1519 2.5% Worst 1977

6m - 2.5y Multiple 2/500 0.4% Taylor 1978

mean 18m Medallion 2/613 0.3% Kraff 1979

6m - 5.5y Medallion 9/1000 0.9% Kauffer 1981

under ly Fyodorov 4/426 1.1% Haworth 1982

6m - 2y Boberg-Ans 0/102 0% Atkins 1983

8m - 3.5y Severin 1/305 0.3% McConnell
1985
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the hands of experienced cataract surgeons and 6.9% (Nordlohne 1974) to 
9.1% (Reinhart & Annable 1977) when surgery is performed by less 
experienced surgeons or surgeons in training. Kraff and Lieberman (1977) 
noted a markedly different prevalence of corneal decompensation after 
trans-iridectomy clip Medallion (TICM) lenses (4.3%) and suture Medallion 
lenses (0%), attributing this to a higher rate of endothelial touch by 
the anterior superior haptic in the TICM lenses and a higher prevalence 
of lens subluxation with the latter type of lens (Table 6.2).

The prevalence increases yet more with "long term" follow-up (Table 
6.3); reported values vary from 0% (Benjamin & Sherman 1977; Binkhorst & 
Leonard 1967; Galin et al. 1977) to 13% (Jardine & Sandford-Smith 1974).
The report by Jardine and Sandford-Smith (1974) was one of the earliest 
papers on this subject and probably reflects the greater endothelial 
trauma with "open-sky" lens implantation (see Section 7.2, p. 162); a 
technique commonly used at that time.

Some authors attribute decompensation particularly to cases where 
surgery was traumatic (Reinhart & Annable 1977; Roper-Hall 1983), to 
cases performed whilst learning new techniques of lens implantation 
(Dallas 1976; Reinhart & Annable 1977) or those performed by junior 
staff (Holt et al. 1980; Reinhart & Annable 1977; Sutton 1980). Kersten 
and Kolder (1982) report, however, similar rates of corneal decompensation 
after intracapsular extraction and iris-supported len implantation by 
junior (1/41 cases) or by senior surgeons (1/47 cases); both cases of 
decompensation occurred more than two years after surgery.

The results detailed here suggest a gradual deterioration of corneal 
endothelial function with prolonged follow-up of iris-supported intraocular 
lenses, with a rising prevalence of bullous keratopathy. This phenomenon, 
the late postoperative decompensation, has also been commented on by 
Nordlohne (average time of decompensation in 40/581 eyes was 38 months: 
Nordlohne 1974), by Fagadau (Fagadau et al. 1984: Average onset 3 years 
in 15 eyes), by Cheng (Cheng et al. 1981: 6/138 cases at between 1 and 6 
years) and by Bras (1977) and Sutton (1980).

Chronic iritis persisting for years is a putative cause for the 
decompensation after implantation of Copeland "Maltese cross" lenses 
(Benjamin & Sherman 1977; Duffner et al. 1976).

Implantation of iris-supported lenses after extracapsular extraction 
or phacoemulsification of cataract has been practised relatively little, 
the major impetus for the revival of extracapsular surgery coming with 
the advent of flexible posteriorly-supported lenses in 1977. The few such
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Table 6.3

Corneal decompensation after primary implantation of iris-supported
intraocular lenses: Long-term follow-up.

Type of 
Extraction

Follow-up
Time

Type of 
Lens

Number of 
Decompensations

Author 
and Date

INTRA
CAPSULAR

Long-term 
18m - 9y 
mean 32m

Binkhorst
Fyodorov

4L 0/123
6/53

0%
13.0%

Binkhorst
1967

Jardine 1974
ly - 5y Fyodorov 3/100 3.0% Rich 1975
ly - lly Binkhorst 4L 14/200 7.0% Dallas 1976
mean 2y Copeland 24/472 5.1% Duffner 1976
ly - 2y 
ly - 2y

Medallion
Copeland

0/29
4/75

0%
5.3%

Beniamin
1977

5y ” 9y Fyodorov 0/300 0% Galin 1977
mean 30m Binkhorst 4L 6/500 1.2% Jaffe 1978
5y “ 9y Copeland 0/57 0% Hamdi 1979
34 - 40m Binkhorst 4L 4/258 1.6% Jaffe 1980
ly - 6y Binkhorst 4L 10/97 10.3% Sutton 1980
mean 7y Fyodorov 6/138 4.3% Cheng 1981
5y - 6.5y Medall. Suture« 1/90 1.1% Drews 1981
>2y 

21m - 3y 
21m - 5.5y

Binkhorst 4L 11/378 2.9% Roper-Hall
1981

Medallion Suture without superior haptic
2/140 1.4% Kraff 1982 

Medallion Suture with superior haptic
20/534 3.7% Kraff 1982

ly - 6.5y 
ly - 3.5y

Binkhorst
Binkhorst

4L,
4L,

wet-pack sterilized 
11/200 5.5% Stark 1982 
dry-pack sterilized

1/103 1.0% Stark 1982
5y - 12y 
3y ” 7y

Binkhorst 4L 
Unspecified

3/96
34/800

3.1%
4.3%

Roper-Hall
1983

Taylor 1983
ly - 8y 
ly - 6y

Binkhorst
Binkhorst

4L,
4L,

wet-pack sterilized 
11/200 5.5% Fagadau 1984 
dry-pack sterilized
2/103 2.0% Fagadau 1984

5y “ 7y Medallion 12/118 10.2% Rao 1984
2y - 5.5y Fyodorov 5/83 6.0% OCTET 1986
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Table 6.4

Corneal decompensation after primary implantation of
iris-supported intraocular lenses.

Type of 
Extraction

Follow-up
Time

Type of 
Lens

Number of 
Decompensations

Author 
and Date

INTRA
CAPSULAR

Unstated Binkhorst 4L 40/581 6.9% Nordlohne
1974

EXTRA
CAPSULAR

Medium-term 

9m - lly 

9m - lly 

6m - 6y

Binkhorst

Binkhorst

Binkhorst

2L

4L

2L

6/439

3/61

2/33

1.4%

4.9%

6.0%

Binkhorst
1977

Binkhorst
1977

Bras 1977

6m - 8y Multiple 6/199 3.0% Worst 1977

Long-term

18m - 9y 
(unclear)

Binkhorst 4L 0/124 0% Binkhorst
1967

ly - 2y Binkhorst 2L 0/31 0% Benjamin
1977

5y - lOy Copeland 0/57 0% Hamdi 1979

2y - 5.5y Binkhorst 2L 4/88 4.6% OCTET 1986

Unstated Binkhorst 4L 2/113 1.8% Nordlohne
1974

PHACO-
EMULS.

Medium-term 

3m - 5y Binkhorst 4L 1/209 0.5% Kratz 1981b

3m - 5y Binkhorst 2L 3/320 0.9% Kratz 1981b
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prevalence of corneal decompensation than that after intracapsular 
extraction; it must be remembered, however, that the implants with 
extracapsular surgery or phacoemulsification were performed more 
recently, in an era of much greater awareness of the damage inflicted 
by intraocular surgery.

The prevalence of bullous keratopathy at between 2 and 52 months 
after iris-supported lens implantation was very similar in 87 diabetics 
(1.1%) and 1147 patients without diabetes (1.2%) (Clayman et al. 1979). 
After similar surgery, Bras (1977) states that the prevalence of diabetes 
amongst patients with corneal decompensation is high (2/16 cases, or 
2/11 cases if previous corneal trauma excluded), but does not provide a 
significance test for this claim; Chi-squared testing suggest that this 
claim is not valid, assuming an prevalence of 10% diabetics in the group 
studied (fl? = 0.12, P>0.5 for 16 decompensations or = 0.79 , P>0.25 
for 11 cases).

6.3.3 Posteriorly-Supported Intraocular Lenses.

Primary implantation of uniplanar posterior chamber lenses after 
extracapsular cataract extraction (Table 6.5) is associated with a low 
prevalence of corneal decompensation - from 0.1% (Fagadau et al. 1984; 
the 1 case In 1041 possibly being due to toxic damage during surgery) to 
1.4% (Azen et al. 1983). Follow-up intervals are, however, shorter than 
those available for Iris-supported or angle-supported lenses.

Kratz reports no cases of bullous keratopathy in 756 eyes at least 
three months after phacoemulsification and Shearing lens implantation 
(Kratz et al. 1981b).

6.3.4 Secondary Lens Implantation.

Summarized in Table 6.6, implantation of intraocular lenses as a 
secondary procedure causes somewhat variable endothelial cell losses.

Until recently performed using mainly rigid, Choyce-style angle- 
supported lenses, the decompensation rate is possibly marginally greater 
with secondary lens implantation than that after primary implantation 
(Choyce 1982).

6.3.5 Lens Implantation in Children.

The implantation of intraocular lenses in children remains a 
controversial issue. The permanently poor vision of the childhood eye 
with cataract or of the childhood aphakic eye unable to tolerate contact
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Table 6.5

Corneal decompensation after primary implantation of
posteriorly-supported intraocular lenses.

Type of 
Extraction

Follow-up
Time

Type of 
Lens

Number of 
Decompensations

Author 
and Date

EXTRA
CAPSULAR

Short-term 

0 - 43m Pearce 1/138 0.7% Drews 1980

Medium-term

4m - 27m Shearing 1/311 0.3% Stark 1982

3m - 44m Shearing 1/1041 0.1% Fagadau 1984

Long-term

34m - 40m Shearing 3/300 1.0% Jaffe 1982

mean 2y Shearing 1/70 1.4% Azen 1983

ly - 2y Shearing 1/300 0.3% Taylor 1983

Unstated Pearce 2/439 0.4% Pearce 1980

PHACO-
EMULS.

Medium-term 

3m - 18m Shearing 0/756 0% Kratz 1981b
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Table 6.6

Corneal decompensation after secondary implantation 
of various types of intraocular lenses.

Follow-up
Time

Type of 
Lens

Number of 
Decompensations

Author 
and Date

18m - 9y Binkhorst 4L 5/70 7.1% Binkhorst 1967

mean 9y Choyce II 
to VIII

15/1000 1.5% Choyce 1977

mean ly Choyce VIII 0/37 0% Tennant 1977

6m - 8y Iris-
supported

ICCE: 1/19 
ECCE: 0/76

5.3%
0%

Worst 1977

9m - 41m Choyce VIII 
Platina clip 
Medallion

0/36
0/21
1/13

0%
0%
7.7%

Shammas 1978

ly - 7y Choyce VIII 0/44 0% Harrison 1979

>3m Choyce style 2/50 4.0% Cozean 1980

Unstated Choyce VIII 
Choyce IX

0.9% 
"no cases"

Choyce 1982

mean 17m Choyce/Tennant 
Kelman Tripod

0/89
0/101

0%
0%

Kraff 1983b
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sation and the possibility of chronic intraocular inflammation. However, 
improvements in contact lens technology and epikeratophakia, have reduced 
the necessity for intraocular lens implantation in children.

Hiles (1978) records a 13/296 (4.4%) rate of decompensation at an 
unspecified time after surgery, the majority being iris-supported lenses 
for post-traumatic cataract (Hiles 1978). In a later series of children 
implanted with various lenses at ages from 6 months to 19 years, Hiles
(1984) reports a 4% rate of corneal decompensation (10/225 eyes) at 
between 6 months and 9 years after surgery; the series included both 
primary and secondary implants, with a shift towards posterior chamber 
lens implantation in recent years.

Binkhorst reports thrice (Binkhorst et al. 1977a, 1977b, 1978) an 
identical series of 26 childhood injuries in which intraocular lenses 
were implanted, mainly as a primary procedure; although all corneas were 
clear at up to 13 months, an average cell loss of 39% with respect to 
the fellow eye must give cause for concern. In a similar series, Hiles, 
Biglan and Fetherolf (1979) estimated a cell loss of 38% at a few weeks 
postoperatively in 31 eyes.

After cataract extraction and lens implantation in 8 children with 
monocular cataract, some good visual results are described by Ben Ezra 
and Paez (1983); these authors express concern, however, about the long
term safety of this procedure. Posterior chamber lens implantation in 10 
children, with use of hyaluronate during the procedure, was associated 
with no cases of bullous keratopathy, although the follow-up was 
relatively short (Sinskey & Patel 1983).

Although Choyce (1977) states that 100/1000 secondary anterior 
chamber lens implants were in children and Olmos and Roy (1980) record 
16 lens implantations after phacoemulsification, the outcome is not 
detailed in either of these papers.

6.3.6 Other Reports.

Several authors have reported a miscellany of cases, often not 
differentiating the type of cataract extraction or the type of lens 
implanted. This inadequate description of methods can provide, at best, 
only an approximate guide to the frequency of corneal decompensation 
after lens implantation - from 0% to 11% - and, in general, adds very 
little to the scientific knowledge of ophthalmology. For completeness, 
some such reports are summarized in Table 6.7.

Reviewing implantation surgery (various types, but predominantly
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Table 6.7a

Corneal decompensation with various modes of cataract extraction and
implantation of various types of intraocular lenses.

Type of 
Extraction

Follow-up
Time

Lens
Type

Number of 
Decompensations

Author 
and Date

ICCE/ECCE 1.5y - lOy Binkhorst 4L 39/354 11.0% Binkhorst 1973

ECCE lw - 17m Multiple 2/140 1.4% Pearce 1977a

ECCE mean 9m Pearce (170) 
& Binkhorst 4L

3/194 1.5% Pearce 1977b

ICCE
ECCE

(513)
(24)

<2y - <7y Binkhorst 
3 or 4L

2,*
10/537 1.9% Pearce & Ghosh

1977

ICCE
ECCE

(496)
(4)

4m - 4.5y 9 types * 9/500 1.8% Shepard 1977

ICCE
ECCE

(609)
(41)

mean 6m Binkhorst 4L 6/650 0.9% Jaffe 1978

ICCE
ECCE
KPE

4m - 3.5y 
4m - 3.5y 
4m - 3.5y

Multiple
Multiple
Multiple

3/279
0/53
4/168

1.1%
0%
2.4%

Kline 1978

ICCE
ECCE

(80)
(7)

2m - 4y Binkhorst 4L 1/87 1.1% Clayman 1979

ECCE
KPE

(27)
(273)

6m - 4y Copeland 7/266 2.6% Praeger 1979

* series includes some secondary lens implantations 
ICCE denotes intracapsular cataract extraction 
ECCE denotes extracapsular cataract extraction 
KPE denotes phacoemulsification

continued
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Table 6.7b

Corneal decompensation with various modes of cataract extraction and
implantation of various types of intraocular lenses.

Type of 
Extraction

Follow-up
Time

Lens
Type

Number of 
Decompensations

Author 
and Date

ICCE
ECCE
KPE

(2785)
(48)
(151)

ly - lly Fyodorov 7/2700 0.3% Fyodorov 1980

ICCE
ECCE

(106)
(24)

Unstated Binkhorst 4L 2/130 1.5% Hillman 1980

ECCE
KPE
ICCE

(1070)
(134)
(5)

mean 8m 6 types * 12/1254 1.0% Olmos 1980

ICCE
ECCE

ly - 6y 
ly - 6y

Unstated
Unstated

1/56
1/110

1.8%
0.9%

Dallas 1981

KPE
ECCE

(966)
(7)

6m - 2y Shearing 0/973 0% Kratz 1981a

ICCE
ECCE
KPE

mean ly Multiple 0/291 0% Wong 1982

ICCE
ECCE

(11)
(89)

ly - 7y Choyce (43) * 
Kelman (57)

0/100 0% Moses 1984

* series includes some secondary lens implantations 
ICCE denotes intracapsular cataract extraction 
ECCE denotes extracapsular cataract extraction 
KPE denotes phacoemulsification
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staff and by junior staff in training, Holt and colleagues (1980) found 
that the more experienced seniors had 1/64 (1.6%) cases of bullous 
keratopathy, whereas the juniors had 2/84 (2.3%); these high rates of 
early corneal decompensation are not significantly different.

6.4 ENDOTHELIAL CELL LOSSES AFTER INTRAOCULAR LENS IMPLANTATION.

Since the important pioneering report by Bourne and Kaufman in 1976 
(Bourne & Kaufman 1976b), there have been many studies of the degree of 
endothelial cell loss after intraocular lens implantation although, 
interestingly, not as many reports as those detailing the prevalence of 
bullous keratopathy. Bourne and Kaufman (1976b) provided a valuable 
insight into the damage that can occur with implantation of intraocular 
lenses (probably Medallion, though not defined as such in their paper): 
They record an unusually high average cell loss of 62% (range 34% - 70%) 
in 5 eyes at 1 to 8 weeks after surgery, two cases having suffered loss 
of vitreous humour at the time of surgery.

6.4.1 Prospective (Postoperative/Preoperative) Investigations.

The majority of studies fall within this more reliable category, 
where postoperative cell densities are compared with preoperative values 
for the same eye. The results of these reports are represented in 
chronological order of publication in Figure 6.2.

With intracapsular cataract extraction, the reported endothelial 
cell loss varies from 13% (Koffler et al. 1980) to 25.5% (Perritt 1982) 
after implantation of angle-supported lenses and from 11% (Stark et al. 
1982) to 54% (Pape 1980) after iris-supported lenses (Figure 6.2).

After extracapsular cataract extraction, the corresponding figures 
are between 7% (Binkhorst et al. 1977a, 1977b, 1978) and 32% loss 
(Richards et al. 1986) for iris-supported lenses and from 11% (Azen et 
al. 1983) to 20% loss (Aron-Rosa et al. 1983) with posteriorly-supported 
intraocular lenses.

The narrow range for average cell losses (ll%-20%) in eight papers 
reporting extracapsular extraction and posteriorly-supported lenses is 
most notable, contrasting the wide range of cell losses (ll%-54%) into 
which intracapsular extraction and iris-supported lens implantations 
fall (Table 6.8): Some of the difference might be explicable on the 
basis of longer follow-up times for the intracapsular studies, but the 
present writer would propose that the difference also reflects a greater 
degree of technical uniformity attainable with implantation of posterior
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Number Follow-up 
Mean Endothelial Cell Loss / I of (Mean or

Eyes Interval)
0 10 20 30 40 50 60 701 ■ ■ ‘ *Bourne & Kaufman 1976 t. • 5 lw - 2a

Binkhorst et al. 1977b 41 4d — 6m
Forstot et al. 1977 • 10 lw - 2w
Hirst et al. 1977 • 33 lw - 8m
Irvine et al. 1978 • do io 4,5,5 2w - 3w
Sugar et al. 1978a • 88* lw - 6m
Abbott & Forster 1979 • 16 5w - 7m
Bourne et al. 1979 • 26* <5dGalin et al. 1979c • 129* 3m
Kraff et al. 1979b • 44* >3m
Kraff et al. 1979a a* 97* 3mBourne et al. 1980 ]■• 85,75 2m
Kraff et al. 1980a a* •■ o 163.11256,90 3m - 6m
Roffler et al. 1980 a* 20 2m - 3mOlsen & Eriksen 1980 • 63 lm - 39mPape 1980 • 6w - 2mBourne et al. 1981 '■ 2 M  94IC»24gj 3w - 3m
Choyce 1981 a« <ly
Colvard et al. 1981 • 30 4mRao et al. 1981 a+i» 52* 3m - 6m
Galin et al. 1982 • , 30 >3yHoffer 1982 • loo 9,28,138 3mKraff & Sanders 1982 ■ o Unstated 3m — 6m
Kraff et al. 1982 a* •■ • o

1-
203,103*177,166,93 lOw - 6m

Percival 1982 • 40*,79* 6m
Perritt 1982 a* 12 3m
Stark et al. 1982 • 17 2m
Roper-Hall & W. 1982 • 15 9m
Aron-Rosa et al. 1983 ■ 63 2m - 3m
Azen et al. 1983 ■ 70 >3m
Kraff et al. 1983a ■ • o 2‘H31>89 

87’ ill
lOv - 6m

Liesegang et al. 1984b 5w - 3m
Rao et al. 1984 • 5y - 7y
OCTET 1986 • in 83,88 6mRichards et al. 1986 ■ 52 30m - 54m
Lazenby et al. 1981 a* 21 lm - 3m
Davison 1984 oa 152,79 8m

OVERALL AVERAGES ■ *a ai
• o

•
io

818,566,502,1197
589,301,38

Figure 6.2 Chronological summary for prospective studies of average 
endothelial cell losses after cataract extraction with 
intraocular lens implantation.

Intracapsular extraction and iris- (•) or angle-supported (a# ) lenses. 
Extracapsular extraction and posteriorly- (■), angle- (a®) or iris- 

supported (iB ) lenses.
Phacoemulsification in anterior (O) or posterior (G) chamber; with

posteriorly- (no letter), angle- (a) or iris-supported (i) lenses.
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Table 6.8

Reported endothelial cell losses after intraocular lens implantation. 
The average loss for the group of papers describing each technique 

is given, together with the range.

Type of Type of Number of Number of % Cell Loss
Investigation Surgery Papers Subjects Mean Range

PROSPECTIVE ICCE+ASIOL 7 566 14.8% 13%-26%
(Postop. vs. 

Preop.)
ICCE+ISIOL 23 1217 24.6% ll%-54%

ECCE+ISIOL 7 502 18.2% 7%-32%
ECCE+PSIOL 8 818 13.0% ll%-20%

ACKPE+ISIOL 1 38 26.5% -
ACKPE+PSIOL 4 301 21.9% 21%-25%
PCKPE+PSIOL 5 589 13.6% 8%-16%

RETROSPECTIVE ICCE+ASIOL 3 55 23.3% 22%-25%
(Postop. vs. 
^Control')

ICCE+ISIOL 14 458 37.0% 21%-69%

ECCE+ASIOL 1 6 18.2% -

ECCE+ISIOL 5 105 30.3% 21%-54%
ECCE+PSIOL 5 82 17.3% ll%-33%

ACKPE+ASIOL 1 6 31.2% -

ACKPE+ISIOL 1 26 44.0% -

ACKPE+PSIOL 1 9 20.5% -

ICCE denotes intracapsular cataract extraction
ECCE denotes extracapsular cataract extraction
ACKPE denotes phacoemulsification in the anterior chamber
PCKPE denotes phacoemulsification in the posterior chamber
ASIOL denotes angle-supported intraocular lens
ISIOL denotes iris-supported intraocular lens
PSIOL denotes posteriorly-supported intraocular lens
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Anterior chamber phacoemulsification with implantation of either 
iris-supported or posteriorly-supported lenses causes a somewhat greater 
cell loss than that after posterior chamber phacoemulsification with 
implantation of posterior chamber lenses (Table 6.8). This "protective" 
effect of emulsification in the posterior, rather than anterior, chamber 
has been shown both in studies of cataract extraction alone (Kraff et 
al. 1980a, 1982) and also in combination with posterior chamber lens 
implantation (Hoffer 1982; Kraff et al. 1982). In a study by Hoffer (1982), 
an average cell loss of 24.6% with anterior chamber emulsification and 
implantation of Shearing posterior chamber lenses was significantly 
different from a 12.5% loss with posterior chamber emulsification and 
implantation of the same type of lens. Kraff and associates (1982), 
although showing cell losses similar to those of Hoffer (21.4% and 15.3% 
for the two techniques, respectively), did not test the significance of 
the difference; calculations based on the data supplied, however, show 
the difference to be significant at 1% Type I error (t = 3.06, P<0.01).

6.4.2 Retrospective (Postoperative/"Control") Investigations.

Although less satisfactory than prospective studies, retrospective 
analyses using fellow unoperated eyes or age-matched "control" eyes can 
often provide longer term follow-up data: Indeed, one such study of lens 
implantation (Sugar et al. 1978a) includes up to 13 years of follow-up, 
but unfortunately also includes as short as two weeks of follow-up in 
the same data (see Section 5.5, p. 100).

A chronological presentation of the results of retrospective series 
of lens implantations is given in Figure 6.3.

As with cataract extraction alone, cell losses determined by retro
spective analyses are greater than those by prospective evaluation 
(Table 6.8, p.124), this difference probably being attributable, in part, 
to a longer follow-up in retrospective studies.

6.4.3 Time Trends for Cell Losses after Lens Implantation.

Endothelial cell losses after intracapsular cataract extraction and 
implantation of iris-supported lenses, taken in relation to the range of 
follow-up times, are depicted in Figure 6.4. Although variability of cell 
loss is much greater after lens implantation, large losses occurring 
even in the early postoperative period, there still appears to be a 
continued trend towards increasing cell losses with time (Figure 6.4), 
as is the case with intracapsular extraction alone (Figure 5.5, p. 96).
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Blackwell et al. 1977 
Cheng et al. 77b/c 
Forstot et al. 1977 
Drews & Waltman 1978 
Kraff et al. 1978
Sugar et al. 1978a
Sugar et al. 1978d
Cheng et al. 1979
Cozean & Waltman 1979 
Stanley et al. 1980 
Perclval 1981
Yang & Kline 1981

Roper-Hall & W. 1982 
Ikcda et al. 1982
Ikeda et al. 1982
Noble et al. 1984
Classer et al. 1985

1985Percival
Cheng 1987

OVERALL AVERAGES

10
Mean Endothelial Cell Loss / Z 
20 30 40 50 60 

— x _
70

a*

■ i«*aam o ao lo

■■a a*
o

1.
ao

Number 
of 

Eyes

4*
7*

36*
26*
80*
110*
86
11
27

50,6
40*

14,20*,15,26 
6,9,6,26*

33
• 16,9

9,9 
10 
13

9*,123,11 
21

82,6,55,105,458
9,6,26

Figure 6.3 Chronological summary for retrospective studies of average 
endothelial cell losses, after cataract extraction with 
intraocular lens implantation.

Intracapsular extraction and iris- (•) or angle-supported (aO) lenses. 
Extracapsular extraction and posteriorly- (•), angle- (a|) or iris- 

supported (itt) lenses.
Phacoemulsification in anterior (O) or posterior (O) chamber; with

posteriorly- (no letter), angle- (a) or iris-supported (i) lenses.

Follow-up 
(Mean or 
Interval)

la - 28a 
lm 

lw - 7y 
Unstated 

>lu 
2w - 13y 
la - 18a 
Unstated 
6a - 18a

iy
6a - 14a 
6a

16a
5y
6a

la
ly - 6y 

2y
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Figure 6.4 Endothelial cell losses reported after intracapsular
cataract extraction and implantation of iris-supported 
lenses: Relationship between average cell loss for 
each study and the follow-up time (single symbol), or 
interval (joined paired symbols).

Closed circles represent time limits of prospective studies 
Open circles represent time limits of retrospective studies
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after implantation of intraocular lenses.
Bourne and Kaufman (1976b) repeated measurements of endothelial 

cell density in 3 eyes for up to 15 weeks after lens implantation and 
did not find any significant loss after the early postoperative period. 
Although they suggest that such low cell densities might render the 
endothelium more susceptible to inflammation, glaucoma or the toxic 
effects arising from the implant materials, Bourne and Kaufman regarded 
the apparently unchanging cell density as a sign of a stable endothelial 
population. The present writer would submit that the apparent lack of 
further cell loss occurred for two reasons. First, the initial loss was 
so great (70%, as compared to 15% in most other studies) that there 
remained fewer cells to be lost subsequently and, secondly, the massive 
reorganization of the cellular mosaic after extensive endothelial damage 
would mask a continued cell loss.

In a series of papers, Cheng and associates have shown that after 
intracapsular cataract extraction and implantation of iris-supported 
lenses, the cell loss for any one eye can take a highly variable course. 
In five out of eight eyes there was a reduction of cell density at four 
years after surgery (as compared with one month after surgery), in two 
eyes there was no change and in one eye there was an apparent marked 
increase of cell density (Cheng et al. 1981). In 20 patients followed 
over one year after implantation, most cell losses appeared to occur 
within one month of surgery, after which the majority of cell density 
estimates stabilized (Cheng et al. 1982); one patient had a continued 
serious decline of cell density (>30% loss at one month, >45% at six 
months and >75% at one year). In a further, prospective, study in which 
patients were randomly assigned to intracapsular cataract extraction, to 
intracapsular extraction with Fyodorov lens implant or to extracapsular 
extraction with Binkhorst 2-loop implant, the greater part of the cell 
losses in each group appeared to occur within the first month, although 
a few eyes continued to lose cells (Price et al. 1982). The authors also 
discuss the difficulty of interpretation of cell loss data because of 
the marked influence of a minority of eyes with continued cell losses on 
the statistics for the whole group (Jacobs et al. 1982).

Implanting Binkhorst 4-loop lenses after intracapsular cataract 
extraction in 14 eyes, Hirst and colleagues (1977) report a 12% cell 
loss at 9 weeks after surgery (range, 9 days to 20 weeks) as compared 
with a cell loss of 21% at 16 weeks (5 to 40 weeks), although the 
significance of this difference was not tested; an estimate for the
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unpaired "t" statistic for the difference of the two means, based on the 
data available, is approximately 0.4 (non-significant at 5% Type I 
error, P>0.6). Interpretation of any difference between cell losses is 
also hampered by the considerable overlap of the ranges of follow-up 
times in the two groups.

Stark, working from the same institution as Hirst, found an 11% 
loss in 17 eyes at 2 months after intracapsular surgery and Binkhorst 
4-loop implants, as compared with a 43% loss at 5 years postoperatively 
(Stark et al. 1982): Again, the difference is not tested formally, but 
from the data supplied the difference is significant (t = 5.3, P<0.01). 
These authors re-examined 4 of the 17 patients and found that cell losses 
had increased to an average of 52% at 7 years after surgery (Martin et 
al. 1987); in this paper they state that cell losses at 2 months and at 
5 years after surgery were significantly different (P<0.001).

Choyce (1982) reports injection-moulded angle-supported lenses to 
be associated with continued cell loss over a two year interval, this 
period starting at between 1 and 4 years after surgery, in contrast to a 
stable cell density with lathe-cut lenses. Unfortunately, no indication 
is given as to whether these were primary or secondary lens implantations, 
the range of cell densities, whether this loss was significant or the 
number of cases involved in the study.

The present writer proposes that the difference between the stable 
endothelial cell population with lathe-cut lenses and the apparently 
declining population with injection-moulded lenses might be attributable 
to the surface properties of the lens. Moulding of materials is often 
associated with a partitioning of chemical components within the 
material. Hence, the surface of injection-moulded lenses might release 
damaging chemicals into the eye very slowly; these chemicals, such as 
methyl methacrylate monomers, possibly damaging corneal endothelium. 
Shaping of lenses on a lathe from larger pieces of PMMA would, however, 
remove the surface layer into which deleterious chemicals might be bound 
at higher concentrations. Alternatively, the physical properties of the 
two types of surface might differ.

Koffler failed to show any further cell losses when 16 eyes that 
underwent intracapsular cataract extraction and implantation of Tennant 
angle-supported lenses were re-examined more than a year after surgery, 
as compared to the cell loss assessed at two or three months after 
surgery (Koffler et al. 1980).

In a review of clinical specular endothelial microscopy, Sugar 
(1979) quotes an unpublished retrospective study of 157 eyes and also
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156 examined prospectively, in which cell loss increased linearly to the 
eighth postoperative week and did not stabilize until about twelve weeks 
after surgery.

Examining the rate of cell loss with respect to postoperative 
follow-up time in a retrospective study of eyes with iris-clip lens 
implantation after intracapsular cataract extraction, Galin found that 
there was a slow decline of cell densities (Galin et al. 1982), although 
this rate was not significantly different from that in a smaller group 
of fellow eyes. Similarly, in a prospective study with a postoperative 
follow-up to at least three years, there was a rapid loss of endothelial 
cells in the early postoperative period and then a slow decline during 
the three years of study (Galin et al. 1982).

In one of the very few reports of cell losses after extracapsular 
cataract extraction and iridocapsular lens implantation, Richards and 
colleagues (1986) were unable to demonstrate any change of endothelial 
cell density over one year of follow-up; this year starting between 2.5 
and 4.5 years after surgery.

Several papers have detailed long-term investigations of larger 
series of intraocular lens implantations -

(i) Galin and associates (1979c) showed a trend of cell losses similar 
to that after intracapsular extraction alone, with most cell loss 
occurring by three months after surgery and thereafter only a

small decline in the endothelial cell population (Figure 6.5a). The trend 
was similar with two types of iris-supported lens implants, there being 
a slightly greater loss with the Binkhorst 4-loop lens as compared with 
the Fyodorov lens; the cell loss with both lenses being greater than that 
after intracapsular extraction alone (compare Figures 6.5a and 5.5, p. 96). 
This paper details the surgical techniques well and provides a very useful 
long-term study of endothelial cell losses. Interpretation of results is 
difficult, however, because of the very variable numbers examined at each 
postoperative interval and the exclusion of "complicated cases" from the 
results; a group of greatest interest with respect to endothelial damage.
(ii) Another study with ample detail of surgical technique, that of 

Rao and others (1981), shows a similarly continued cell loss 
after lens implantation; this loss appearing to continue for

several years (Figure 6.5b). Interpretation is complicated by the use 
of a mixture of three lens types and by an erroneous combination of the 
results for the three groups; these results having been shown previously 
to be significantly different (Binkhorst and Medallion lenses having a
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Figure 6.5a Long-term endothelial cell losses after cataract 
extraction and iris-supported lens implantation.

(a,a"') Galin et al. 1979c; Binkhorst iris-clip and Fyodorov Lens,
(b,b") Kraff et al. 1982; Medical Workshop and Intermedics Intraocular Lens
(c) Liesegang et al. 1984b, (d) Martin et al. 1987, (e) OCTET 1986.
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Figure 6.5b Long-term endothelial cell losses after cataract 
extraction and lens implantation.

(a) Cheng 1987, (b,b') Liesegang et al. 1984b, (c) OCTET 1986,
(d) Rao et al. 1981, (e) Schultz et al. 1986.
"as" denotes angle-supported, ”is” denotes iris-supported and ”ps” 

denotes posteriorly-supported lenses.
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significantly greater cell loss than the Choyce-style lenses).
(iii) Kraff, Sanders and Lieberman (1982) record a difference between a 

continued and extreme cell loss of the Medical Workshop Medallion
lens, implanted after intracapsular extraction, and an apparently stable 
endothelial cell population after an Intermedics Intraocular lens: The 
contrast between the two lenses (Figure 6.5a) might arise from the effect 
of a superiorly positioned anterior haptic on the Medical Workshop lens; 
this haptic possibly coming into contact with the endothelium and causing 
damage to this tissue.

With implantation of 203 Choyce-style implants after intracapsular 
extraction, Kraff did not show any significant change in cell densities 
up to two years after surgery, albeit with only 96 eyes reaching the one 
year follow-up and only 74 reaching two years follow-up (Kraff et al.
1982).

Results for a large group of eyes that received Shearing implants 
are invalidated by the inappropriate combination of results for three 
surgical techniques; inappropriate because the three techniques, namely, 
implantation after extracapsular extraction, after anterior chamber 
phacoemulsification or after posterior chamber phacoemulsification, had 
cell losses that were significantly different at the time of early post
operative assessment (Kraff et al. 1982).
(iv) The Oxford Cataract Treatment and Evaluation Team (OCTET 1986) 

report that estimates of cell loss increase markedly in eyes after 
intracapsular cataract extraction and Fyodorov iris-supported lens

implantation or after extracapsular cataract extraction and implantation 
of Binkhorst 2-loop implants. In both series, losses were significantly 
greater than the small loss observed after intracapsular extraction 
alone. Extending the analysis of this series, Bates, Cheng and Hiorns 
(1986) recorded a much faster decline of cell density in 9 eyes that 
developed bullous keratopathy, these authors suggesting that an early 
postoperative cell loss in excess of a certain value might be predictive 
for subsequent corneal decompensation. The present writer would suggest 
that the rapid decline of central cell density might be a manifestation 
of endothelial reorganization after an extreme focal loss in the corneal 
periphery (see Chapter 11, p. 222). This question could usefully be 
examined by means of regional endothelial specular photo-microscopy.
(v) In a report by Liesegang and co-authors (1984), cell losses 

continued for two years after intracapsular or extracapsular 
extraction and implantation of several types of lens (Figure 6.5a/b).

Unfortunately this work is devalued by the variable and often high rates
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of combining results for groups having been shown to be significantly 
different (see Rose 1984). Provided that the errors of analysis are 
recognized, this remains a valuable long-term investigation.
(vi) Although remarkable for the numbers enrolled and the detail 

supplied, the value of the analysis of another work (Kraff et al. 
1983a) has been reduced by errors similar to those already

described. These authors record cell losses at 10 to 26 weeks after 
surgery to be 22.4% after anterior chamber phacoemulsification and 
posterior chamber lenses, 15.6% with posterior chamber emulsification 
and lens implantation and 12.0% with extracapsular extraction and 
posterior chamber lenses, these losses being significantly different 
(Duncan's multiple range test). The authors then erroneously combine the 
data for the three groups in a long-term study over three years; not only 
the "significantly different" early postoperative values, but also data 
for longer follow-up periods. Notwithstanding these errors, endothelial 
cell loss appears to continue up to three years after the use of lathe- 
cut posterior chamber implants, in contrast to a stable cell density 
with injection-moulded lenses. This contrasts with the experience of 
Choyce (1982) using angle-supported lenses (see p. 129).

Further complicating the interpretation of their results, the 
"nominal" follow-up times ("early postoperative", "1 year", "2 year" and 
"3 year") actually comprise discrete, neighbouring time intervals; 
namely 2.5-6 months, 7-14 months, 15-24 months and 25-38 months, 
respectively (Kraff et al. 1983a). The authors acknowledge this spread 
of follow-up times, but the motive for these arbitrary choices must 
remain as much in doubt as those of the study by Rao (Rao et al. 1981). 
Moreover, the authors state that there was "at least six months between 
the 'early' and '1st year' follow-up": This plainly could not be 
possible, the lower ends of the first two follow-up periods (namely, 2.5 
months and 7 months) being mutually exclusive for such a condition. Also 
inexplicable is the fact that a maximum of 934 patients are accounted 
for in the results, whereas the methodology states that 1099 patients 
were enrolled (Kraff et al. 1983a).
(vii) Azen and colleagues (1983) showed an 11% cell loss at one month 

after extracapsular cataract extraction and implantation of 
posterior chamber lenses, this loss not significantly altering

when measured at 3, 6, 12 or 24 months after surgery, albeit with fewer 
eyes available at the later examinations.
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Eight eyes after intracapsular cataract extraction with iris- 
supported lens implants had endothelial cell densities on average 41% 
less than their fellow eyes after intracapsular extraction alone 
(Forstot et al. 1977); the follow-up for these groups is unspecified.

Hoffer (1979c) records approximately 40% cell loss in each of two 
groups of patients undergoing phacoemulsification or intracapsular 
cataract extraction, the majority with implantation of lenses of unstated 
type; assessment of the paper is complicated by the inadequate surgical 
detail and by the broad range of follow-up intervals.

Binkhorst presents a series of 23 patients in whom he implanted 
iris-supported lenses after intracapsular cataract extraction in one eye 
and after extracapsular extraction in the other eye (Binkhorst et al. 
1977a, 1977b, 1978). With an ill-defined variety of lenses used, the 
follow-up cell density estimates were taken at a mean postoperative time 
of 87 months for eyes with intracapsular surgery and 66 months after 
extracapsular surgery: The cell density in 20/23 of the patients was 
greater in the eye with extracapsular surgery, the mean difference of 
cell densities being 51% (maximum 86%).

There is no way of knowing the true losses in this type of retro
spective comparison, but cell densities ranging from 442-2275 (mean 1064) 
cells/sq.mm. after intracapsular surgery suggest a loss of 60%, using a 
value of 2656 cells/sq.mm. for normal adult eyes, given in the papers. 
Similarly, the range 692-3058 (mean 2166) cells/sq.mm. after extracapsular 
surgery suggests an 18% cell loss. The results for this series of lens 
implantations are complicated further by the occurrence of three lens 
subluxations, with surgical reposition, in the intracapsular group and 
the need for 8 capsulotomies in the group after extracapsular surgery.

Lens implantation for post-traumatic cataract or aphakia in 26 
children and young adults (ages 1 to 14 years at injury) is described by 
Binkhorst (Binkhorst et al. 1977a, 1977b, 1978). At an average follow-up 
interval of 79 months (range 28-137), the mean cell loss for the injured 
eye was 39% with respect to the uninjured fellow eye; an indeterminate 
proportion of the cell loss resulting from the initial injury and its 
surgical repair.

These authors also include a retrospective comparison of cell 
densities in two groups, one of which received iris-supported lenses 
with Supramid loops and the other received lenses with Platinum-Iridium 
loops (Binkhorst et al. 1978). The authors claim that the different cell 
densities (means 1867 and 2499 cells/sq.mm., respectively) are due to a
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surgical detail or the comparability of the two groups. In a similar 
unsatisfactory comparison of two ill-defined groups, the cell densities 
after implantation of 2-loop or 4-loop Binkhorst lenses were found to be 
similar (Binkhorst et al. 1978).

The results of secondary implantation of angle-supported lenses are 
presented in relatively few papers.

Cell loss with Kelman-style lenses implanted as a secondary procedure 
after previous intracapsular cataract extraction was associated with a 
further mean cell loss of 9% at between 3 and 11 months after surgery.
This compares with a 2% loss when implanted after previous anterior 
chamber phacoemulsification. Due to the markedly greater losses with the 
preceding phacoemulsification, however, the final cell densities were 
higher in the group implanted after intracapsular surgery (Cozean & 
Waltman 1981).

Similarly, Kraff and others (1983b) demonstrated an 11% cell loss 
in 81 eyes after secondary implantation of various types of anterior 
chamber lens, but it is unclear how many of these eyes had surgical 
complications before the secondary procedure.

In contrast, Perritt (1982) recorded a considerably greater cell 
loss (26%) in a small group of eyes examined 3 months after secondary 
implantation of angle-supported (Choyce or Kelman-style) lenses.

6.5 FACTORS AFFECTING CELL LOSSES AFTER LENS IMPLANTATION.

It is evident that there have been many reports of the degree of 
endothelial cell damage in relation to different types of cataract 
surgery. However, in the absence of an examination of factors likely to 
influence the degree of loss, such investigations fail to contribute 
greatly to an understanding of the mechanisms of endothelial cell damage 
during or after surgery. Furthermore, they might neither be representative 
of the surgical practice and the results of less experienced ophthalmic 
surgeons nor provide any useful guidelines for future ophthalmic surgical 
practice; the former limitation is particularly relevant in those papers 
in which the surgery is performed by one very highly experienced cataract 
surgeon (see Section 5.5.4, p. 103).

These views are supported by commentaries of both Rice (1983) and 
Steele (1986).

Furthermore, the inadequate examination of factors likely to 
influence endothelial cell loss during cataract surgery is discussed by 
Sugar (1979) in a review of specular microscopy,
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  while the potential is present for the study of other
factors such as anterior chamber air, wound size, irrigation solutions, 
enzymes and so on, these have not yet been evaluated clinically by 
endothelial specular microscopy."

Since the commentary by Sugar, some authors have presented limited 
analyses of factors likely to influence endothelial cell losses and 
these reports will now be reviewed.

6.5.1 Preoperative Factors and Endothelial Cell Loss.

As proposed by Stocker (1971), it might be expected that older 
endothelia would tolerate surgical injury less well than younger 
endothelia, but in only three reports have the writers examined cell 
losses in relation to age.

Azen and co-workers (1983) demonstrated that cell losses, estimated 
more than three months after extracapsular extraction (with Shearing 
lens implantation) were related to age: The 13 patients with eyes that 
suffered cell losses of greater than 30% (although the average loss for 
this group was undefined) were significantly older than the 57 patients 
with lower losses (less than 30% loss) - the mean ages being 78 and 72 
years, respectively. Using intracapsular cataract extraction and Medallion 
lens implants in 86 eyes, Sugar and others (1978d) failed to demonstrate 
any relationship between cell loss and age. In a detailed report, Yang 
and Kline (1981) also failed to show a relationship to age, although 
their study is limited by the diversity of methods of cataract 
extraction and the many types of lenses implanted.

In the only paper of its kind (Straatsma et al. 1983b), a group of 
20 diabetics was compared with 209 non-diabetics with posterior chamber 
lens implantation after either extracapsular extraction or phacoemulsif
ication (undefined numbers for each procedure). Although somewhat limited 
by this poor definition and by the high default rate to the follow-up 
examination (65% of the diabetics and 37% of the non-diabetics), the 
authors did not show a significant difference for cell losses at a time 
between 3-12 months after surgery, there being a 21% mean cell loss in 
the diabetics and 17% in the non-diabetics. These findings are compatible 
with the similar prevalence of bullous keratopathy reported after iris- 
supported lens implantation in diabetics and non-diabetics (Clayman et 
al. 1979).

Percival attributes an excessive, but ill-defined, cell loss after 
extracapsular cataract extraction and iris-supported lens implantation
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nuclei (Percival 1981). In the former category, Percival considers the 
fragments of the hard, calcified cortex as damaging the endothelium, 
whereas in the latter group he considers the endothelium to be abraided 
by the hard nucleus.

Bourne and colleagues (1980) were unable to show a relationship 
between cell loss and preoperative cell size (and indirectly, therefore, 
cell density), variability of preoperative cell areas or preoperative 
corneal thickness in patients having cataract surgery with or without 
intraocular lens implantation. In contrast, Azen and associates (1983) 
report the cell density of the superior part of the corneal endothelium 
to be predictive for cell losses after extracapsular extraction and 
implantation of posteriorly-supported lenses. When allowance was made 
for age, corneas with cell losses of greater than 30% had significantly 
lower preoperative superior cell densities.

6.5.2 Intraoperative Factors and Endothelial Cell Loss.

Several papers provide details of intraoperative factors likely to 
have an Influence on endothelial cell losses but, with few exceptions 
(for example, Kraff & Sanders 1982), have failed to assess the relative 
influence of each of these factors by the use of multifactorial methods 
of analysis, such as step-wise analysis of variance.

Such multifactorial methods are particularly useful where several 
variables are expected to influence the outcome of an "experiment” and 
have been applied by the present writer in the present investigation.

Intraoperative trauma.

OCTET (1986) record that cell losses were somewhat greater when 
instruments touched the endothelium during cataract surgery, although 
this did not reach significance at a 5% Type I error.

With the damage known to be caused by dynamic contact between PMMA 
and endothelium, increased endothelial cell losses would be expected 
whenever a lens implant abraids the endothelium during implantation. 
Several investigations, both prospective and retrospective, have shown 
such a trend; these studies being summarized in Table 6.9.

In none of the reports have differences of cell loss between the 
groups been assessed by analysis of variance. Where multiple t-testing 
has been used, cell losses to either extreme of endothelial contact have 
been shown to be significantly different (Bourne et al. 1979; Kraff et 
al. 1980a; OCTET 1986; Sugar et al. 1978d). In some studies, no results
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Table 6.9

Average endothelial cell losses with different degrees of contact 
between the lens and the endothelium during lens implantation. 

Number of eyes in brackets.

Operative

Procedure

Severity of Implant-Endothelial Contact Author 

and Date
None Mild ------------- »

I
► Severe

ICCE + 
ISIOL

— 16% (3) 45% (3) 57% (4) Cheng et al. 
1977b

12% (18) 26% (11) 1 52% (4) Roper-Hall & 
Wilson 1982

9% (47) 16% (15)*T 11% (11)* 41% (1)* OCTET 1986

ICCE + 
Medallion 

ISIOL

10% (12) 26% (7) | 33% (7) Bourne e.a. 
1979

16% (6) 37% (5) 42% (12) 58% (4) 67% (11) Sugar et al. 
1978d

19% (33) 19% (13) 42% (16) 59% (18) Kraff et al. 
1978

12% (39) 32% (5) Kraff et al. 
1979b

ECCE + 
ISIOL

15% (39) 14% (29)* 26% (8)* 30% (3)* OCTET 1986

Various 18% (392) 27% (22) Kraff et al. 
1980a

ICCE denotes intracapsular cataract extraction 
ECCE denotes extracapsular cataract extraction 
ISIOL denotes iris-supported intraocular lens implant

* Lenses in the OCTET series were serum-coated prior to implantation.

139



al. 1978, 1979b; Roper-Hall & Wilson 1982).
With a small series of patients undergoing phacoemulsification and 

implantation of various designs of lenses, Irvine, Kratz and O'Donnell 
(1978) failed to show any relationship between cell losses measured two 
weeks after operation and the surgical insult to the endothelium: This 
report is of particular interest both because the surgical insult was 
assessed by an independent observer and because of the extensive detail 
for the methods used in the study.

Using a scaling for intraoperative trauma similar to that in their 
previous works, Kraff and Sanders (1982) showed that there was a 
significantly higher prevalence of trauma with phacoemulsification and 
Shearing implants than with extracapsular extraction and Shearing lens 
implantation; cell losses with each grading are not, however, presented.

Anterior chamber maintenance during lens implantation.

Most ophthalmic surgeons recognize that the lens implantations which 
are most damaging to the endothelium are those in which the anterior 
chamber collapses during insertion of the intraocular lens. Because loss 
of depth of the anterior chamber, with contact between the implant and 
endothelium, causes increased cell damage, surgical techniques have been 
developed to maintain the depth of the anterior chamber during lens 
implantation (see Section 7.2, p. 162).

Binkhorst, Loones and Nygaard (1977b) record that lens implantation 
in each of 4 eyes after extracapsular cataract extraction was complicated 
by flattening of the anterior chamber and remark that this is a serious 
complication, but do not provide relevant data as to endothelial damage 
for this sub-group. In a later paper, the same authors (Binkhorst et al. 
1978) detail results on a series almost certainly the same as that in 
the earlier reference (Binkhorst et al. 1977b): In this report, however, 
an average loss of 32% at an undefined postoperative time in four eyes 
with flat anterior chambers is contrasted with a loss of 4% in 37 eyes 
without shallowing. These authors stress the importance of using a 
closed-chamber technique of lens implantation, rather than "open-sky" 
implantation (see Section 7.2).

Olsen and Eriksen (1980) showed that shallowing of the anterior 
chamber after intracapsular extraction and Fyodorov lens implantation 
was associated with increased cell losses , this excessive damage seeming 
to be related particularly to those eyes with preoperative corneal guttata 
(64% loss in 12 eyes with shallowing vs. 46% in 63 uncomplicated eyes).
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of "technical complications" in this report, this group also having 
significantly higher cell losses (mean 58% in 10 eyes).

By using an air "cushion" and a closed-chamber technique to protect 
the endothelium during Medallion intraocular lens implantation, Bourne, 
Brubaker and 0"Fallon (1979) significantly reduced the average cell loss 
from 32% in 9 eyes without air (measured within 5 days of surgery) to 
15% in 17 eyes with air. Although the authors graded the operative 
trauma in this series of patients, the relationship between the degree of 
trauma and the presence or absence of an air "cushion" is not explored 
within this paper.

Intracameral air can provide an endothelial protective "cushion", 
especially when uniplanar (angle-supported or posteriorly-supported) 
lenses are being implanted, but intracameral air is not well retained if 
the section has to be opened widely, as during implantation of two-planed, 
iris-supported lenses. For this type of lens, the so-called "visco
elastic" materials are better retained within the eye, examples being 
sodium hyaluronate or hydroxypropyl methylcellulose ("methylcellulose", 
HPMC). Anterior chamber maintenance, together with other useful effects 
of these materials, helps to protect the corneal endothelium during lens 
implantation, a protection demonstrated in several reports. These 
reports are reviewed in Section 7.1.3 (p. 155).

Other intraoperative factors.

Comparing cell losses at 3-12 months after extracapsular cataract 
extraction with posterior chamber lens implantation by junior or by 
senior staff, Straatsma and colleagues (1983a) found that although 
complication rates were slightly higher in the former group the cell 
losses were almost identical (Juniors" average loss: 17% in 70 eyes. 
Seniors": 18% in 69 eyes): Interpretation of this result is difficult 
because of the variable and unspecified usage of hyaluronate during lens 
implantation and different rates of default from follow-up.

6.5.3 Postoperative Factors and Endothelial Cell Losses.

Drews and Waltman (1978) assessed operative detail by recording 
cataract surgery on film; they found, as might be expected, that a 
surgeon's recall of events was often different from actual performance. 
From this recording of surgery, the authors found that the cell losses 
were 12% at an unstated time after Medallion lens implantation when 
surgery was "easy" (11 eyes), but 65% where surgery was "difficult" (15
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endothelial damage less when the anterior vitreous face remained away 
from the corneal endothelium and when the depth of the anterior chamber 
was maintained by the use of intracameral air. OCTET (1986) were, however, 
unable to elicit a difference of cell loss at one month after surgery in 
those eyes in which the face of the vitreous humour was concave and 
those in which it was convex; this being so whether a lens was implanted 
or not.

Some intraoperative or postoperative complications appear to be 
associated with marked endothelial cell losses.

Sterile hypopyon after intracapsular cataract extraction and lens 
implantation has been associated with up to 58% loss (1 eye; Forstot et 
al. 1977). Similarly, cell losses in 5 eyes with hypopyon (OCTET 1986), 
although demonstrating increased cell losses during the first year, were 
thereafter not significantly different from eyes without this complication.

Movement of intraocular lenses after implantation presents a 
significant risk to the corneal endothelium. Thus, after implantation 
of rigid anterior chamber lenses, Moses (1984) reports average cell 
losses to be 37% in 6 eyes with postoperative lens rotation and 43% in 5 
eyes with lens tilt against the corneal endothelium; these values 
compare with a 15% loss in 89 eyes without these complications. Likewise, 
cell losses of 50% to 75% have been described in eyes with subluxation 
of the intraocular lens implant (Forstot et al. 1977; OCTET 1986).

Postoperative shallowing of the anterior chamber caused increased 
losses, significantly so at 3 years after Fyodorov lens implantation 
(OCTET 1986).

In a group containing a mixture of intraoperative and postoperative 
"technical complications" after intracapsular cataract extraction and 
iris-supported lens implantation, Olsen and Eriksen (1980) found a 
significantly greater cell loss (58% in 10 eyes) than that in 63 eyes 
without complications (46% mean cell loss).

Bourne, Brubaker and (TFallon (1979) demonstrated that eyes with 
greater cell losses had significantly higher intraocular pressures, after 
Medallion lens implantation; it is probable that the greater endothelial 
damage and the increased pressure were common manifestations of more 
traumatic surgery.

When postoperative intraocular pressure rose above 22mmHg after 
intracapsular cataract extraction and implantation of iris-supported 
lenses, cell losses at 1-42 months after surgery wereas significantly 
greater (63% in 8 eyes) than that in eyes without a pressure rise (46%
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of lens dislocation and it is not possible to assess, from the data 
provided, the influence of this serious complication on the results of 
the group as a whole (Olsen & Eriksen 1980). With a wide variety of 
implants and techniques of cataract extraction, Yang and Kline (1981) 
showed a significantly lower average cell loss (20% in 16 eyes) when the 
pressure was greater than 35mmHg on the first postoperative day than 
that when it was less than 35mmHg (30% loss in 106 eyes).

Yang and Kline (1981) graded the degree of striate keratopathy on 
the day after a variety of surgeries and found that those eyes with "4+" 
striate keratopathy had cell losses significantly different from those 
eyes having "0" to "3+" keratopathy; measured at 6 months after surgery, 
average cell losses were 49% in 14 eyes and 26% in 108 eyes, respectively. 
Similar results have been demonstrated in the present research.

Although Kraff and Sanders (1982) assessed "corneal reaction", 
"folding of Descemet's membrane" and "anterior chamber reaction" after 
Shearing lens implantation, they did not relate these to the degree of 
endothelial cell damage.

6.6 COMPARISON 0£ ENDOTHELIAL CELL LOSSES WITH OR WITHOUT
IMPLANTATION OF INTRAOCULAR LENSES.

By combining the results for the many studies represented in 
Figures 5.2 - 5.3 and 6.2 - 6.3, it is possible to gain an overall 
picture of the relative endothelial cell losses with different types of 
cataract surgery and intraocular lens implantation. It must be 
recognized, however, that the many studies often have very different 
follow-up intervals, incorporate a multitude of variations of surgical 
techniques and also, in many cases, study design and analysis of less 
than optimal quality.

A summary of such reports is given in Table 6.10.
Allowing for the limitations of this summary, it will be evident 

that iris-supported lens implants increase cell losses after most types 
of cataract extraction. In contrast, implantation of angle-supported or 
posteriorly-supported intraocular lenses would appear to cause little, 
if any, increase of endothelial cell losses (Table 6.10).

In a few studies, summarized in Table 6.11, a direct comparison of 
cell losses with different techniques are made and the statistical 
significance of any difference is formally assessed; these results, in 
certain areas, differ from those drawn'from the overall summary of the 
literature as presented in Table 6.10.
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Table 6.10

Summary of endothelial cell losses with cataract surgery: The cell 
losses are derived from variable numbers of reports in the literature.

Type of Cataract Surgery 
and

Type of Lens

Cell Loss % (Number of eyes)

Study Cataract Alone Cataract + Implant

PROSP
ECTIVE

ICCE / 
ICCE /

ASIOL
ISIOL

12.8% (330)
14.8%
24.6%

(566)
(1217)

ECCE / 
ECCE /

ISIOL
PSIOL

13.0 (58)
18.2%
13.0%

(502)
(818)

ACKPE / 
ACKPE /

ISIOL
PSIOL

31.0% (46)
26.5%
21.9%

(38)
(301)

PCKPE / PSIOL 14.6% (241) 13.6% (589)

RETRO
SPECTIVE

ICCE / 
ICCE /

ASIOL
ISIOL

21.3% (155)
23.3%
37.0%

(55)
(458)

ECCE / ASIOL 18.2% (6)
ECCE / ISIOL 45.5% (14) 30.3% (105)
ECCE / PSIOL 17.3% (82)

ACKPE / ASIOL 31.2% (6)
ACKPE / ISIOL 33.8% (70) 44.0% (26)
ACKPE / PSIOL 20.5% (9)

ICCE denotes intracapsular cataract extraction
ECCE denotes extracapsular cataract extraction
ACKPE denotes phacoemulsification in the anterior chamber
PCKPE denotes phacoemulsification in the posterior chamber
ASIOL denotes angle-supported intraocular lens
ISIOL denotes iris-supported intraocular lens
PSIOL denotes posteriorly-supported Intraocular lens
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Reports giving direct comparisons of endothelial losses after surgery.

Surgery % loss Surgery % loss Significance Author 
Group 1 (No. eyes) Group 2 (No. eyes) and test and Date

ICCE@8w 13% (11) ECCE@8w 11% (26) N.S. S.t.T Liesegang 
et al. 1984b

ICCE@2y 22% (11) ECCE@2y 11% (26) P=0.02 S.t.T Liesegang 
et al. 1984b

ICCE 13% (10) ACKPE 27% (14) P=0.01 S.t.T Kraff et al. 
1980a

ICCE 13% (10) PCKPE 15% (99) N.S. Kraff et al. 
1980a

ACKPE 27% (14) PCKPE 15% (99) P<0.005 S.t.T Kraff et al. 
1980a

ACKPE 26% (15) PCKPE 16% (100) P<0.05 S.t.T Kraff et al. 
1982

ICCE 8% (5) ICCE+ISIOL 29% (10) N.S. S.t.T Forstot et al.
1977

ICCE 13% (26) ICCE+ISIOL 14% (33) N.S. S.t.T Hirst et al. 
1977

ICCE 13% (11) ICCE+ISIOL 16% (74) N.S. S.t.T Liesegang 
et al. 1984b

ICCE 10% (35) ICCE+ISIOL
/ASIOL

49% (43)
(9)

P<0.001 AnOVar Rao et al. 
1981

ICCE 22% (10) ICCE+ISIOL 41% (10) PC0.01 S.t.T Cheng et al. 
1977c

ICCE+ISIOL 20% (112) ICCE+ASIOL 16% (163) P=0.005 S.t.T Kraff et al. 
1980a

ECCE+ISIOL 
@ 8w

15% (88) ECCE+PSIOL 
@ 8w

12% (87) P=0.04 S.t.T Liesegang 
et al. 1984b

ACKPE+PSIOL 21% (93) ECCE+PSIOL 12% (177) P<0.001 S.t.T Kraff et al. 
1982

ECCE+PSIOL 18% (56) PCKPE+PSIOL 21% (90) N.S. S.t.T Kraff et al. 
1980a

PCKPE+PSIOL 15% (166) ECCE+PSIOL 12% (177) P<0.01 S.t.T Kraff et al. 
1982

KPE 9% (30) KPE+PSIOL 8% (30) N.S. Undefined Colvard et
al. 1981

ICCE, ECCE, (AC/PC)KPE, (AS/lS/PS)IOL - as in Table 6.10, p. 144
"S.t.T" denotes "Student" t Test
"AnOVar" denotes analysis of variance
"N.S." denotes non-significance at a 5% Type I error
"w" denotes weeks and "y" denotes years (after surgery)
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and posterior chamber phacoemulsification have similar losses. However, 
in one study (Liesegang et al. 1984b) the cell losses after intracapsular 
extraction are reported to continue; the difference of cell losses with 
this technique and extracapsular extraction being significant at two years.

The results in Table 6.10 suggest that implantation of iris-supported 
lenses after intracapsular cataract extraction causes a greater cell loss 
than intracapsular extraction alone, but several studies record a direct 
comparison: Three investigations, with short-term follow-up, show no 
significant difference (Forstot et al. 1977; Liesegang et al. 1984; Hirst 
et al. 1977; ), although one of these reports had relatively few cases 
(Forstot et al. 1977). Compared with extraction alone, cell losses are 
greater after iris-supported lens implantation with short-term follow-up 
(Cheng et al. 1977c) and cell losses continue over 2 (Liesegang et al. 
1984b; Rao et al. 1981) to 4 years (OCTET 1986) of follow-up. Cell 
losses with intracapsular extraction alone are less than those with lens 
implantation and have been reported to increase minimally (OCTET 1986;
Rao et al. 1981) or moderately (Liesegang et al. 1984b; Martin et al.
1987) over several years (see Figures 5.5, p. 96 and 6.5a, p. 131).

Extracapsular cataract extraction and implantation of posteriorly- 
supported lenses is less damaging to the corneal endothelium, having 
losses less than extracapsular extraction with iris-supported implants 
(Liesegang et al. 1984) or less than posteriorly-supported lenses after 
phacoemulsification in the anterior or the posterior chamber (Kraff et 
al. 1982). In a series smaller than the latter, Kraff failed to show 
this difference between cell losses with posterior chamber lens 
implantation after extracapsular cataract extraction or posterior 
chamber phacoemulsification (Kraff et al. 1980a).

Comparing phacoemulsification with and without implantation of 
posteriorly-supported intraocular lenses, Colvard and colleagues (1981) 
confirm the impression, gained from the "pooled" literature (Table 6.10), 
that implantation of this style of uniplanar lens does not significantly 
alter endothelial cell losses.

Yang and Kline (1981) compared the cell losses with uniplanar 
lenses (Choyce-style angle-supported or J-loop posteriorly-supported) 
and biplanar lenses (iris-supported varieties). Although they used 
various techniques of cataract extraction, these authors made the 
interesting observation that uniplanar lenses had an average loss of 22% 
in 50 eyes, this being significantly different from that of biplanar 
lenses (33% loss in 72 eyes). This difference the authors attribute to
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when implanting a single-plane lens, in contrast to the difficulty with 
two-plane lenses; an explanation that would be confirmed, without doubt, 
by most surgeons with experience of lens implantation.

Sugar and co-workers (1978a) report 35 patients on whom cataract 
extraction was performed in one eye and cataract extraction with lens 
implantation in the other. Although details of the surgery are not given 
and the follow-up interval in the implanted eyes is somewhat shorter, 
the results of cell density estimates indicate that lens implantation 
caused significantly more endothelial damage (mean cell density in the 
implanted eyes 1495 cells/sq.mm., mean density in the non-implant eyes 
2160 cells/sq.mm.). As part of a paper examining vertical gradients of 
endothelial cell density, Blackwell, Gravenstein and Kaufman (1977) 
include results for four eyes after intracapsular cataract extraction 
and four eyes after lens implantation; the central corneal cell densities 
in the two groups (1961 cells/sq.mm. and 737 cells/sq.mm., respectively) 
were significantly different, again implying increased endothelial damage 
with implantation of intraocular lenses.

6.7 PATHOLOGY OF EYES AFTER INTRAOCULAR LENS IMPLANTATION.

In the pioneering years of lens implantation, when neither surgical 
technique nor lens manufacture were as refined as at present, many eyes 
were lost through complications arising from intraocular lenses.

Thus, Smith (1956) provides the first pathological report of eyes 
after lens implantation and describes the presence of extensive fibrous 
tissue in the anterior chamber of 9 eyes, this being compatible with 
preceding gross intraocular inflammation; the latter having been shown 
to damage the corneal endothelium (Setala 1979a). Leonard and colleagues 
(1983) examined 7 Ridley anterior chamber lenses removed an average of 
15 years after implantation and were able to demonstrate extensive 
deposit of fibrin on the lenses, very few inflammatory cells and no 
giant cells.

Wolter (1985) reports an extensive assessment of the cytopathology 
associated with over 200 intraocular lenses, albeit the majority of 
these being removed because of clinical problems. However, many lenses 
had fibrous membranes on their surface with fibroblasts and giant cells 
also present. All eyes had evidence of chronic non-granulomatous 
inflammation within the iris and ciliary body, a matter about which 
Wolter expresses serious concern. Similarly, Champion and associates
(1985) and Apple and colleagues (1984b) review comprehensively the
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also describe an unusual case in which erosion of the ciliary sulcus by 
the polypropylene loop of an intraocular lens had led to anterior 
segment ischaemia and secondary iris rubeosis (Apple et al. 1984a).

Erosion of the ciliary body would appear to be common: McDonnell, 
Champion and Green (1987) report a series of 110 eyes after posterior 
chamber lens implantation, demonstrating clearly that 86% of haptics 
implanted outside the lens capsule had caused erosion of the uveal 
tract, 23% eroding deeply into this tissue and, in one case, the haptic 
had passed right through the ciliary body, into the supraciliary space.
In several eyes there was evidence of occlusion of major uveal 
vasculature.

These changes are compatible with a significant disruption of the 
blood-aqueous barrier demonstrable at greater than one year after the 
implantation of anterior chamber lenses or of posterior-chamber lenses 
implanted in the ciliary sulcus (Miyake et al. 1984).

6.8 SUMMARY.

Implantation of intraocular lenses is associated with a broad 
spectrum of endothelial damage, dependent mainly on the type of cataract 
extraction, the type of lens implant, the surgical technique or materials 
used during implantation and the occurrence of intraoperative or post
operative complications.

The majority of evidence suggests that corneal endothelial damage 
is increased by lens implantation; changes of postoperative corneal 
thickness tend to be greater and to last longer, the prevalence of 
permanent corneal decompensation (bullous keratopathy) Is greater and 
endothelial cell losses tend to be larger. Iris-supported intraocular 
lenses, being predominantly biplanar in design, are particularly 
associated with corneal endothelial damage; angle-supported and 
posteriorly-supported lenses, being uniplanar, cause smaller increases 
of cell loss, especially with meticulous surgical technique and the use 
of visco-elastic materials to maintain the depth of the anterior chamber 
of the eye.

A review of the factors reported to influence endothelial cell 
losses is presented; those having the most influence being the degree of 
operative endothelial trauma, the ease with which depth of the anterior 
chamber is maintained during surgery and those operations identified 
retrospectively as difficult or those known to have had operative 
complications.
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CHAPTER 7

PREVENTION OF CORNEAL ENDOTHELIAL DAMAGE DURING 
IMPLANTATION OF INTRAOCULAR LENSES.

Implantation of intraocular lenses would reasonably be expected to 
cause more endothelial damage than cataract extraction alone, both due 
to the nature of the implant materials and also because of the extra 
surgical manipulation and instrumentation required to insert and place 
the lens implant. The additional manipulation is particularly great, 
and hence cell losses even greater, in those eyes receiving biplanar, 
iris-supported lenses (see Section 6.6, p. 143).

Since polymethyl methacrylate (PMMA) is the material from which 
most lenses are made, investigations have been directed particularly 
towards the damage to the corneal endothelium caused by contact with 
this material; this research has been reviewed in Section 3.1.1 (p. 42).
In addition, research has centred on methods of coating intraocular 
lenses to reduce the damage to the endothelium. Clinical developments 
have tended to focus on surgical techniques to facilitate and expedite 
lens implantation and to avoid endothelial touch, thereby reducing the 
number of intraocular manipulations damaging to the endothelium. The 
viscous nature of the substances developed for coating of PMMA has 
proved of value during surgery because these substances, if instilled 
into the anterior chamber during surgery, also help to maintain the 
depth of the anterior chamber and reduce contact between the corneal 
endothelium and the lens implant.

7.1 PREVENTION OF ENDOTHELIAL DAMAGE BY COATING OF THE LENS OR ENDOTHELIUM.

Kaufman and co-workers (1977) found that the damage to rabbit and 
human corneal endothelium caused by even brief contact with PMMA was 
preventable by coating with polyvinyl pyrrolidone or solutions of other 
hydrophilic polymers. These authors felt it likely that these coatings 
prevented damage not only by reducing the hydrophilic or electrostatic 
surface interactions between endothelium and the hydrophobic materials, 
such as PMMA, but also by reducing shearing damage during relative 
movement of the two surfaces.

The protective effect of viscous substances, both synthetic and 
natural, on the corneal endothelium has been investigated in laboratory 
and clinical studies.
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Many investigators have examined the damage to corneal endothelium 
of rabbits and other mammalian species by staining with nitro-blue 
tetrazolium, trypan blue, alizarin red or acid violet 49 and some have 
included comparative scanning electron microscopy.

It is hard to interpret the results of investigations into the 
endothelial protection, offered by surface-coating of PMMA, against so- 
called "static" (non-abrasive) contact. In all such studies the PMMA 
test object was placed manually onto the test endothelium, a technique 
almost certainly associated with microscopic shearing movements across 
the endothelium (Section 3.1.1, p. 42).

Perhaps because of this variability of manual "static" placement, 
the results of several investigations show wide variation (Table 7.1). A 
consensus would suggest that the crystalloids (normal-saline, TC199 and 
BSS) reduce endothelial damage little, the relatively low viscosity 
proteins (albumin, plasma, serum and blood coagulum) decrease damage 
somewhat more and results for the high viscosity materials (hydroxy- 
propyl methylcellulose, polyvinyl pyrrholidone and hyaluronate) are 
somewhat variable. Materials of extremely high viscosity would be 
expected to increase damage to the endothelium, by shearing this tissue 
from the underlying Descemet's membrane (see Section 7.1.4, p. 161).

The effect of dynamic contact has, in most cases, been assessed 
after manual placement and "drag" of PMMA across the test endothelia.
Once again, these methods are open to great variability and are discussed 
in Section 7.1.4. Furthermore, the difficulty in concealing the nature 
of the lens coating, or lack of it, from the investigator renders the 
technique open to bias.

As with so-called "static" contact, the damage during "dynamic" 
(abrasive) contact is extensive when the PMMA is washed with BSS, a 
crystalloid solution, this being reduced somewhat variably with several 
viscous materials (Table 7.2).

Miyauchi and Iwata (1984) performed a series of investigations In 
which dynamic contact was applied to rabbit endothelia in a carefully 
controlled fashion. The authors demonstrated that 1% solutions of 
hyaluronate reduced endothelial damage, as assessed by endothelial 
staining and permeability to tritiated water, this protection being 
greater with hyaluronates of higher molecular weights (800 or 2150 
kD) and only partial when a sharp-edged PMMA test surface was used.
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Table 7.1

Extent of injury to in vitro test endothelia after manually- 
controlled static contact with polymethyl methacrylate.

Surface 
treatment 
of PMMA

Nature of 
static injury 

by PMMA

Extent of 
endothelial 
damage

Author 
and Date

RABBIT ENDOTHELIUM:

Dry PMMA 60 seconds 31% Peyman & Zweig 1979
90 seconds 43% Kirk et al. 1979

Saline 15 seconds 62% Barrett & Const .1984
90 seconds 24% Kirk et al. 1977

TC199 90 seconds 21% Kirk et al. 1977
B.S.S. 1 second 20 - 25% Katz et al. 1977

<10s, 30s, 60s 20 - 25% Graue et al. 1980
60 seconds 30 - 35% Katz et al 1977
Unspecified 20% Miller & Stegm. 1980

Albumin 90 seconds 15% Kirk et al. 1977
Plasma 90 seconds 22% Kirk et al. 1977
Serum 5 seconds one-half that

of dry PMMA Cheng et al. 1979
90 seconds 10% Kirk et al. 1977

Whole blood 4 x 5  seconds one-half that
of BSS-PMMA Hecht et al. 1980

1% HPMC 1 second «20% Katz et al. 1977
15 seconds 57% Barrett & Const .1984
60 seconds «30% Katz et al. 1977

40% PVP 1 second "none” Katz et al. 1977
60 seconds "none" Katz et al. 1977

1% hyaluronate 15 seconds 27% Barrett & Const .1984
<10s, 30s "none" Graue et al. 1980
60 seconds <5% Graue et al. 1980
Unspecified 5% Miller & Stegm. 1980

HUMAN ENDOTHELIUM:

B.S.S. 15 seconds "extensive" Kaufman & Katz 1976
45 seconds "extensive" & Katz et al. 1977

40% PVP 15 seconds "none" Kaufman & Katz 1976
40% PVP 45 seconds "none" & Katz et al. 1977

B.S.S. denotes Balanced Salt Solution 
HPMC denotes hydroxypropyl methylcellulose 
PVP denotes polyvinyl pyrrholidone
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Table 7.2

Extent of injury to in vitro test endothelia after manually 
controlled dynamic contact with polymethyl methacrylate.

Surface 
treatment 
of PMMA

Nature of 
static injury 

by PMMA

Extent of 
endothelial 
damage

Author 
and Date

B.S.S (Plus) 1 second R >25% Katz et al. 1977
Drag x 1 R 49% Glasser et al. 1986
Drag x 1-2 P «« ••severe Soil et al. 1980
Drag x 2 B 48% Hammer & Burch 1984
Drag x 4 R 48% MacRae et al. 1983

Albumin (12%) Drag x 1-2 P 0.22* Soil et al. 1980
-globulins Drag x 1-2 P 0.70* Soil et al. 1980
0.4% HPMC Drag x 4 R 34% MacRae et al. 1983
1% HPMC 1 second R <20% Katz et al. 1977

Drag x 2 P <5% Hammer & Burch 1984
2% HPMC Drag x 1 R 11 - 15% Glasser et al. 1986
40% PVP 1 second R "none" Katz et al. 1977

0.17% hyaluronate Drag x 2 P <5% Hammer & Burch 1984
1% hyaluronate Drag x 1-2 P 0.41* Soil et al. 1980

Drag x 1 R 11 - 15% Glasser et al. 1986
Drag x 4 R 10% MacRae et al. 1983

(thin layer) Drag x 2 P >40% Hammer & Burch 1984
(thick layer) Drag x 2 P <5% Hammer & Burch 1984

10% chondroitin Drag x 1-2 P "none" Soil et al. 1980
Drag x 4 R 23% MacRae et al. 1983

20% chondroitin Drag x 2 P <5% Hammer & Burch 1984
Drag x 4 R 10% MacRae et al. 1983

3% hyaluronate
+ 4% chondroitin Drag x 1 R 11 - 15% Glasser et al. 1986

* denotes damage as a proportion of that with BSS-treated PMMA 
"R" denotes rabbit, "P" porcine and "B" bovine endothelium 
B.S.S. denotes Balanced Salt Solution 
HPMC denotes hydroxypropyl methylcellulose 
PVP denotes polyvinyl pyrrholidine
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the surface of PMMA might be expected to reduce endothelial damage by 
altering the hydrophobic properties of the material (Knight & Link 1979).

Thus, by dry-coating PMMA with bovine mucin, cell losses during 
"static” contact with PMMA were reduced from 31% to 4% (Peyman & Zweig 
1979). Similarly, Knight and Link (1979) showed a permanently-bonded 
coating of hydroxyethyl methacrylate or vinyl pyrrolidone to reduce 
endothelial damage during "static" contact with PMMA, but not to alter 
that during dynamic contact. Other water-soluble coatings dried onto the 
PMMA surface all reduced damage during both "static" and dynamic contact, 
there being little difference between the coatings. The coatings examined 
included carbo-waxes, dextrans, hydroxyethyl starch, hydroxypropyl 
cellulose, hydroxypropyl methylcellulose, polyvinyl alcohol and polyvinyl 
pyrrolidone. Clinical trials of lenses with dry coatings of polyvinyl 
alcohol were halted, however, because of late onset fibrinous and 
membranous uveitis (Kraff et al. 1980b).

A dry-coating of hyaluronate, after brief rehydration, prevented 
damage to bovine endothelium in vitro during well-controlled dynamic 
contact with PMMA; this protection occurred until contact forces in 
excess of 3.5g were applied (Keates et al. 1987).

In all studies, endothelial cell damage caused by contact with 
PMMA, whether coated or uncoated, was similar in nature but of different 
extent (Barrett & Constable 1984; Kirk et al. 1977).

7.1.2 Simulated Cataract Surgery.

A 1% solution of hyaluronate has been shown to reduce endothelial 
cell damage. Thus, in a meticulous investigation, Alpar (1987) records 
that cell losses in cats' eyes were approximately halved, and changes of 
corneal thickness reduced even more, whenever hyaluronate was instilled 
into the anterior chamber from the time of entry into the eye. This was 
the case with five different forms of cataract surgery -

(i) Placement of a lens implant over the natural lens.
(ii) Extracapsular extraction with irrigating cystitome capsulotomy.
(iii) Extracapsular extraction with YAG laser capsulotomy.
(iv) Phacoemulsification using 1.5 minutes of ultrasound.
(v) Extracapsular extraction with nuclear removal using irrigating 

Vectis loop.

Damage to in vivo rabbit endothelium, assessed by vital staining, 
was not significantly different after two minutes of phacoemulsification
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loss) or Viscoat (a 3% hyaluronate/4% chondroitin mixture; 19.8% cell 
loss); the average cell loss during the preparation of unoperated eyes 
for staining was 12.5% (Glasser et al. 1989).

The presence of intracameral hyaluronate at the time of nuclear 
expression during experimental extracapsular cataract extraction in 
rabbits was not associated with a reduction of cell losses (Rappazzo et 
al. 1984); it is possible that the replicative endothelium of the rabbit 
masked any difference, especially as the assessment was one month after 
surgery.

Turning now to the question of the implantation of lenses in 
laboratory investigations, it is found that visco-elastic materials are, 
in general, of considerable value.

In a further detailed work, Alpar (1986) demonstrated that the early 
postoperative corneal thickness changes and the cell losses in feline 
endothelium at 6 weeks after extracapsular extraction and posterior 
chamber lens implantation were almost halved by the use of hyaluronate 
within the anterior chamber throughout the procedure. This result was 
obtained with 7 different techniques for removal of the nucleus of the 
lens. In a similar investigation using cats, cell losses at 3 months 
after posterior chamber lens implantation were significantly less when 
2% HPMC was used throughout surgery (Without; 17.8% loss, With: 10.7%; 
Smith et al. 1984). In monkeys, however, the difference was small; 
possibly because the small eye of monkeys predisposed to instrumental 
injury (Without: 34.7% loss, With: 32.6% loss).

Miller, O'Connor and Williams (1977) report corneal thickness to be 
significantly (20%) less at one week after extracapsular lens extraction 
and Binkhorst 2-loop lens implantation in the eyes of rabbits when 
hyaluronate was used, but the difference was not significant thereafter. 
The omission of preoperative corneal thickness measurements in this 
study hampers assessment of changes of this useful index of corneal 
function and suggests an oversight in the design of the investigation.

Soil and Harrison examine cell loss after extracapsular cataract 
extraction and intentionally traumatic implantation of iris-supported 
lenses in the eyes of monkeys and rabbits. Although the experimental 
design was open to the possibility of bias, the authors report no 
endothelial damage when the lens was coated with a 10% solution of 
chondroitin and implanted either into an air-filled or a chondroitin- 
filled anterior chamber, in contrast to the considerable damage when the 
lens was inserted in the presence of Balanced Salt Solution alone (Soil
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to the same experimental groups]).
Damage to the rabbit endothelium after intentionally traumatic lens 

implantation (after phacoemulsification) was shown to be considerable 
(76.2% average cell loss) when the anterior chamber was filled with BSS- 
Plus and significantly less (mean 41.4% loss) when 1% hyaluronate was 
instilled from the start of the procedure; the cell losses in the two 
groups where Viscoat was instilled (17.4% and 21.1%) were significantly 
lower than that in eyes where BSS-Plus or 1% hyaluronate were used 
(Glasser et al. 1989).

In an interesting paper, Levy, Roth and Gangitano (1979) record 
that a soft contact lens of polyhydroxyethyl methacrylate, when placed 
on the endothelial side of an intraocular lens during implantation, 
provided protection for this sensitive tissue. Thus, using deliberately 
traumatic implantation of iris-supported intraocular lenses into cats' 
eyes, the authors found a 51% cell loss when the protective contact lens 
was not used, but only 9% loss when the barrier was present. This highly 
significant protective effect is compatible with the results of work by 
Kaufman and Katz (1976), in which they found that soft contact lens 
materials (Bausch and Lomb T series) did not cause damage during static 
contact with the In vitro endothelia of rabbit or man.

In a similar investigation with intentionally traumatic lens 
implantation, cell losses in feline endothelium were 8% when the lens 
was dry-coated with polyvinyl alcohol, as compared to 22% when uncoated 
(P<0.001; Olson et al. 1980a).

Bahn and colleagues (1986) passed lens implants into and out of the 
eyes of cats, through corneal sections, and were able to demonstrate a 
highly significant difference of cell losses, being 10% when the lens was 
coated with hyaluronate and 49% when not coated. In this well designed 
investigation, there was no change of corneal thickness, endothelial 
specular microscopy or histology in the eyes in which hyaluronate was 
retained.

7.1.3 Clinical Investigations.

(I) Cataract Extraction without Lens Implantation.

In a study of intracapsular cataract extraction, Pape and Balazs 
(1980) recorded a 19% cell loss in 15 eyes, a 17% loss in 11 other eyes 
in which the anterior chamber was reformed with hyaluronate after lens 
extraction and a 7% loss in 8 eyes in which hyaluronate was placed in 
the anterior chamber both before and after cryoprobe lens extraction;
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changes of early postoperative corneal thickness were commensurate with 
these losses and were significantly different. Although the cell losses 
are stated to be significant different, the authors fail to either 
specify the tests used or to proffer any explanation for these 
differences. The present writer would suggest that it might either be 
related to reduced fluid turbulence or thermal conductivity near the 
cryoprobe tip, be related to lubrication of the surgical instruments or 
be related to a protective role for the hyaluronate during the marked 
corneal bending required with intracapsular cataract extraction.

Holmberg and Philipson (1984a) report very similar figures with 
cryoprobe intracapsular cataract extraction, finding that 1% sodium 
hyaluronate used in the anterior chamber from the time of anterior 
chamber entry was associated with significantly lower cell losses at 6 
months after corneal incisions (4.8% loss with hyaluronate in 14 eyes;
20.0% loss without hyaluronate in 15 eyes) and at 6 weeks after trans
conjunctival limbal incisions (with hyaluronate 1.4% "gain" in 16 eyes; 
without hyaluronate 9.7% loss in 15 eyes); by one year postoperatively, 
however, the difference was not significant in either group. In eyes 
with trans-conjunctival limbal sections, the increase in central corneal 
thickness on the first postoperative day was significantly greater in 
those 20 eyes in which hyaluronate was not used (123% of preoperative 
thickness, as compared with 109% in 21 eyes with hyaluronate).

Used in 3 eyes from the time of entry into the anterior chamber at 
extracapsular cataract extraction, hyaluronate reduced the postoperative 
increase of corneal thickness as compared to that in 3 eyes in which 
Balanced Salt Solution was used and also reduced the average cell losses 
(10% loss with hyaluronate, 28% loss with Balanced Salt Solution; Pape & 
Balazs 1980); the significance of these differences is not tested, but 
the finding accords with surgical guidelines formulated by the present 
writer (Chapter 18, p. 360). Miller and Stegmann (1982) report a similar 
reduction of cell losses and smaller Increases of corneal thickness when 
1% hyaluronate was used throughout extracapsular cataract extraction 
(Without: 13.9% loss in 20 eyes, With: 6.3% loss in 20 eyes).

Anterior chamber phacoemulsification in the presence of hyaluronate 
resulted in a small, non-significant, reduction of cell losses, although 
the increase of corneal thickness on the first postoperative day was 
significantly less in the hyaluronate group (Holmberg & Philipson 1984b). 
When patients over 55 years were considered, in whom the duration of 
ultrasound manipulation was probably longer, the cell loss with hyaluronate 
(23% in 7 eyes) was significantly less than that with Balanced Salt
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Solution (55% in 8 eyes). The present writer would suggest hyaluronate 
to have both beneficial and ill effects on the endothelium during phaco
emulsification: The viscosity of this material would reduce the speed of 
high energy fragments within the anterior chamber and thereby protect 
the endothelium, but the same property might also act to alter energy 
transmission from the probe to this delicate tissue.

(II) Cataract Extraction with Lens Implantation.

With implantation of bulky iris-supported lenses, a beneficial 
effect from the use of visco-elastic materials would reasonably be 
expected.

Thus, Fechner (1977) observed less corneal oedema after iris- 
supported lens implantation with methyl cellulose (HPMC) used to coat 
the lens implant. Although no figures are given to support the claims, 
the author states that not only was the oedema subjectively less but 
also that the duration was shorter.

Using corneal thickness in the postoperative period as an index of 
endothelial damage with intracapsular extraction and implantation of 
iris-supported lenses, Jacob (1985) found the increase in thickness to 
be consistently less (significantly so at 84 hours after surgery) in 
those eyes in which 1% hyaluronate had been used during lens implantation. 
This finding agrees with the subjective clinical judgement of Fechner.

Serum coating of iris-clip lenses during implantation reduced 
significantly the cell losses at an unspecified time after surgery 
(Cheng et al. 1979); in 11 eyes without serum the cell losses were 45%, 
whereas with serum the cell loss was 29% (11 eyes). This accords with 
laboratory investigations using lenses coated with serum or whole-blood 
(Cheng et al. 1979; Hecht et al. 1980).

Noble and colleagues (1984) compared cell losses in two groups of 
eyes in which iris-supported intraocular lenses were implanted after 
intracapsular cataract extraction. In one group (with 41% loss in 10 
eyes) there was a 27% prevalence (34/127 cases) of contact between the 
lens implant and the endothelium, in contrast to the second group with 
an 8% (8/100) prevalence of contact, with an average cell loss of 12% in 
59 of the eyes. Probably several factors contributed to the reduction of 
lens-endothelial contact in the second group; particularly, in contrast 
to open-sky implantation of uncoated lenses in the first group, the use 
of closed-chamber implantation of serum-coated lenses under an intra- 
cameral air-bubble.

Sodium hyaluronate 1% reduced average cell losses at 6 to 8 weeks
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after intracapsular extraction and Medallion lens implantation from 50% 
when it was not used, to 16% when used from the time of entry into the 
anterior chamber. The author fails to define the significance of this 
result (Pape 1980). Miller and Stegmann (1981) report a similar, highly 
significant reduction in endothelial damage when Binkhorst iris-clip 
lenses were implanted under hyaluronate, cell losses being 18% with the 
use of this agent (20 eyes) and 54% without (20 eyes).

Percival reports cell losses to be reduced with the use of 1% 
hyaluronate during extracapsular extraction and lens implantation. Thus, 
implanting Binkhorst iris-clip lenses, Percival records losses of 30-31% 
with air and 20-21% with hyaluronate (Percival 1981, 1982) and, when 
implanting Boberg-Ans lenses, reports losses of 20-21% with air and 12-14% 
with hyaluronate (Percival 1982, 1985). With intracapsular extraction 
and Boberg-Ans lenses, cell losses were 18-21% with air and 15-16% with 
hyaluronate (Percival 1982, 1985). In none of these papers are statistical 
tests of significance given . With posterior chamber lenses, cell losses 
were similar under air (15% loss) or hyaluronate (13% loss) (Percival 1985).

With uniplanar lenses, angle-supported or posterior-chamber, the 
protective effects of visco-elastic materials might be less marked.
This contention is bourne out by clinical experience.

Endothelial cell losses are decreased slightly after intracapsular 
cataract extraction and angle-supported lens implantation in the presence 
of hyaluronate. Thus, Lazenby and Brocher (1981) record average losses 
of 9.7% (19 eyes) with hyaluronate and 13.7% (21 eyes) without, although 
surgery was subjectively easier in the former group. Similarly, Choyce 
(1981a) reports cell losses of 11.2% without hyaluronate and 13.3% with 
hyaluronate; for secondary lens implantation the figures are 4.2% and 
7.3%, respectively (50 eyes in each group). In this study Choyce (1981a) 
concludes,

"The results of this study indicate that from both the 
surgical and statistical points of view Healon [Hyaluronate] 
represents a significant advance in anterior chamber lens 
implantation."
The lack of statistical evaluation is one of several deficiencies 

in this paper. Other factors inhibiting the interpretation include the 
lack of definition of follow-up time, the uncertainty as to whether 
cases were randomized to the groups or selected, the uncertainty as to 
whether it was a prospective or a retrospective study (probably the 
former) and the lack of definition of the methods of endothelial cell 
density assessment (Choyce 1981a).

158



extraction or as a secondary procedure was associated with less cell 
loss when hyaluronate was used throughout the procedure (Without: 26% 
for both procedures, With: 13% and 23%, respectively); the significance 
of these differences is not given (Perritt 1982).

Primary implantation of Shearing posterior chamber intraocular 
lenses after posterior chamber phacoemulsification caused a 12.5% cell 
loss at an undefined postoperative time with either hyaluronate (31 
eyes) or air (9 eyes) in the anterior chamber (Hoffer 1982).

In a well detailed report, complicated somewhat by exclusion of 9 
and default of a further 15 out of the 90 subjects enrolled, Kerr Muir 
and colleagues (1982) compared endothelial cell losses at greater than 
three months after extracapsular cataract extraction and implantation of 
posterior chamber lenses. These authors contrast the proportions of eyes 
with "significant" cell losses (with respect to preoperative cell density 
estimates for each eye) when intracameral air was used from the time of 
capsular removal (18/19 eyes, 95%), with that when either 1% hyaluronate 
or 2% HPMC was used (13/22 eyes (59%) and 12/25 eyes (48%), respectively). 
The average cell loss with air (16% in 19 eyes) was also significantly 
different to that with hyaluronate (7.9% in 22 eyes) or HPMC (4.9% in 25 
eyes). Since cases with known operative endothelial trauma were excluded 
from the analysis, the authors conclude that short-term intracameral air 
must be toxic to the endothelium.

The present writer considers an alternative explanation as more 
probable. In contrast to visco-elastic substances (HPMC and hyaluronate), 
air fails to provide any surface coating to protect against drag forces 
applied to the endothelium. Thus, whereas hyaluronate or HPMC, by way of 
endothelial coating, protects the whole endothelial surface during nuclear 
expression and the endothelium at the surgical section during repeated 
instrumentation and lens implantation, air fails to prevent endothelial 
attrition from any of these sources. Visco-elastic materials are also 
retained as an ultra-thin coating on the endothelium early in the phase 
of irrigation/aspiration, thereby protecting the endothelium yet further 
from damage due to turbulent irrigating fluids and particulate attrition. 
Furthermore, air is poorly retained within the anterior chamber, being 
held only by surface-tension of the air-fluid interfaces at the surgical 
section; because air frequently needs to be replenished during surgery, 
ocular instrumentation is increased, endothelial trauma greater and the 
risk of contact between the lens implant and the endothelium increased.

Bourne, Liesegang, Waller and Ilstrup (1984) examined, in a well 
detailed report, the cell losses at two months after extracapsular 
cataract extraction and implantation of posteriorly-supported lenses:
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are too small to show an effect (by implication, beneficial) from the use 
of this substance during lens implantation. However, this interpretation 
is probably neither the correct, nor the only explanation for a failure 
to show any significant difference between the groups.

The present writer would submit the most obvious explanation to be 
that in both groups, the "hyaluronate" group and the (nominally) "non- 
hyaluronate" group, the surgeons placed the visco-elastic substance into 
the capsular bag prior to implantation of the intraocular lens, it being 
almost inevitable that the hyaluronate would spill from the capsular bag 
and provide a direct protective coating for the endothelium. The only 
way in which the two groups actually differed was that the "hyaluronate" 
group had the anterior capsulotomy, nuclear expression and irrigation/ 
aspiration of lens cortex performed in the presence of the visco-elastic 
agent. It Is not surprising, therefore, that cell losses were small in 
both groups; being 6.1% in 92 eyes with hyaluronate from the start of 
the procedure and 7.6% in 89 eyes receiving the material from just prior 
to lens implantation.

Furthermore, using the same surgical techniques, the authors propose 
that the reduction of cell losses for the "non-hyaluronate" group in this 
paper (7.6% loss: Bourne et al. 1984) as compared to the 12.4% loss in 
an earlier paper (Liesegang et al. 1984) is attributable to increasing 
implantation experience between the two reports. Such an explanation Is, 
however, most unlikely. Not only were the implantations under hyaluronate 
in the former (7.6% loss) series and under air in the latter (12.4% 
loss) series, but also the results for the "air" series (Liesegang et 
al. 1984) are almost identical with the results of Kraff, an implant 
surgeon of very great experience. Kraff, using air during closed-chamber 
implantation of posteriorly-supported lenses, reports a 12.0% loss in 
262 eyes at 10-26 weeks after extracapsular surgery (Kraff, Sanders & 
Lieberman 1983a). For Bourne and associates to achieve a 7.6% loss at 5- 
16 weeks after surgery would imply not only greater surgical skill in 
all three of the participating surgeons, but also their attaining cell 
losses much lower than any other, based on the use of this technique, 
recorded in the literature; the lowest recorded loss otherwise being 11% 
at two years of follow-up (Azen et al. 1983).

Liesegang, Bourne and Ilstrup (1986) showed the protective effect 
of 1% hyaluronate and 2% HPMC to be comparable during posterior chamber 
lens implantation after extracapsular cataract extraction, the visco
elastic substance being used from the time of anterior capsulotomy. With 
1% hyaluronate there was a 4.8% cell loss in 17 eyes at 9 weeks after 
surgery, this not being significantly different from a mean cell loss of 
4.4% (53 eyes) using 2% HPMC. These figures are also in good agreement 
with those of Kerr Muir and associates (1987), who demonstrated losses, 
at 12 weeks, of 7.9% and 4.9%, respectively.
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7.1.4 Physical Properties of Vlsco-elastlc Materials.

The materials introduced into the anterior chamber of the eye to 
protect the corneal endothelium during surgery should, ideally, have 
several properties, although some of these properties are incompatible. 
Thus, to prevent apposition of the PMMA lens and the endothelium, the 
material requires a high viscosity, whereas a fluid of lower viscosity 
is necessary to reduce drag forces, due to movements of the instruments 
or lens implants, applied to the endothelium. In contrast to the high 
viscosity needed for retention within the anterior chamber and maintenance 
of anterior chamber depth when the surgical section is opened, easy flow 
of the fluid through a fine surgical cannula demands a low viscosity.

Any aqueous-based fluid, therefore, although counteracting the 
hydrophobic properties of dry PMMA, is only a compromise to these 
several requirements for viscosity.

The best compromise must lie with pseudo-plastic (commonly termed 
"visco-elastic") fluids, such as solutions of sodium hyaluronate or HPMC 
(Hammer & Burch 1984); that is, fluids in which the viscosity decreases 
as the shear-rate increases. Chondroitin sulphate solutions do not have 
pseudo-plastic properties, behaving as Newtonian fluids with almost 
constant viscosities at various shear-rates (Hammer & Burch 1984).

In practice, during cataract surgery the surgeon looks to the 
intracameral agent mainly to prevent apposition or close proximity of 
instruments (or lens) and endothelium; this requirement precluding the 
use of low viscosity fluids, including air. Secondly, should the two 
surfaces make contact, then a ready shearing is necessary to prevent 
transmission of the drag force onto the delicate endothelium; this 
shearing not being available with thin layers of high viscosity agents, 
such as 1% hyaluronate (Hammer & Burch 1984). Thin layers of HPMC 1%, 
chondroitin 20% or hyaluronate 0.17% or a thick layer of hyaluronate 1% 
appear best to provide the required properties (Hammer & Burch 1984).

The adhesive and cohesive properties of a visco-elastic material 
may be both advantageous, by prolonging the coating on the endothelium 
during surgery, or disadvantageous, should it act to transmit abrasive 
forces to the delicate endothelial mosaic. Glasser and colleagues (1989) 
attribute a reduction of cell losses, measured after phacoemulsification 
and intentionally traumatic lens implantation in rabbit eyes, to the 
cohesive properties, and hence prolonged intracameral presence of, Viscoat 
(3% hyaluronate/4% chondroitin); this substance being instilled into 
the anterior chamber at the start of surgery.
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thickness of the surface coating, the contact (appositional) force, the 
drag (shearing) force and the shear-rate which explains the extreme 
variability of the results of laboratory investigation of endothelial 
cell damage after dynamic contact with PMMA (Table 7.2, p. 152). Almost 
without exception, these four characteristics were uncontrolled within 
these investigations.

One exception is the study of Miyauchi and Iwata (1984), in which 
the damage caused by PMMA was much less with 1% solutions of high 
molecular weight hyaluronates, these having greater viscosities. It is 
notable, however, that the latter materials failed to prevent damage 
caused by a sharp-edged PMMA test object; a sharp edge would be expected 
to penetrate the thin film and so approximate the endothelium, thereby 
transmitting drag forces to this delicate tissue.

7.2 SURGICAL TECHNIQUES TO PREVENT CORNEAL ENDOTHELIAL DAMAGE.

An established principle of ophthalmic surgery, namely that of 
minimum intervention within the eye, helps to protect the endothelium 
from damage by surgical instruments and the deleterious influence of 
infusion fluids. Of particular relevance, it is advisable, especially 
within the anterior chamber of the eye, to avoid prolonged phacoemulsi
fication of the lens nucleus (Section 5.4, p. 98).

Further sound advice is given by William Mackenzie in an interesting 
extract from his work, "A Practical Treatise on the Diseases of the 
Eye", published over one hundred and fifty years ago -

"The operation of extraction [of cataract] through the cornea 
is too artificial a piece of surgery to be trusted to the 
hands of those who have not made themselves complete masters 
of the subject, and already show a certain share of natural 
and acquired dexterity in operating upon the eye. It is too 
nice and dangerous an operation to be undertaken without the 
utmost precaution, composure and steadiness."
Epstein (1957), reporting experience with Ridley posterior chamber 

intraocular lenses in the early years of lens implantation, recognized 
the serious problems arising from contact between PMMA and the corneal 
endothelium either during or after lens implantation. In this report the 
author advocates use of an "open-sky” technique to minimize "endothelial 
rub" as the lens is introduced into the eye and also the use of an air- 
bubble within the anterior chamber after insertion of the implant, "to 
separate the endothelium and the acrylic at the pupillary area".

Discussing measures to prevent endothelial damage, Nordlohne (1973) 
included the following amongst various surgical principles -
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(a) Utilize smooth instruments,
(b) use a minimum of movements within the anterior chamber of

the eye, these being smooth and gentle,
(c) use gentle corneal elevation, preferably without folding,
(d) avoid excessive irrigation of the anterior chamber,
(e) use an aqueous humour substitute at 28°C for irrigation 

and (f) suppress postoperative uveitis.

Although Epstein (1957) had suggested the use of intracameral air 
to keep the anterior chamber deep after surgery, "open-sky" lens 
implantation, in which the cornea is raised high as the lens is passed 
through the wide-open section, was the usual method until the mid
seventies (see, for example, Binkhorst 1973; Forstot et al. 1977; Noble 
et al. 1984; Sugar et al. 1978d). Only in the latter half of the 1970s 
did "closed-chamber" lens insertion become the accepted practice. This 
change of technique, readily recognizable by ophthalmic surgeons as 
helping with the maintenance of anterior chamber depth during lens 
implantation and reducing postoperative corneal decompensation, was 
rapidly adopted as standard practice (see Binkhorst et al. 1978).

Although difficult to interpret because of different follow-up 
intervals in the two groups studied, the report by Noble and colleagues 
(1984) appears to be the only comparison of "open-sky" and "closed-chamber" 
implantation of iris-supported intraocular lenses after Intracapsular 
extraction. As already discussed (p. 157), the prevalence of contact 
between the lens and the endothelium was significantly lower with the 
closed-chamber technique. It remains uncertain whether these markedly 
reduced cell losses were attributable to a reduction of contact alone; 
other factors leading to a decreased endothelial damage included the use 
of serum-coated lenses and the greater surgical experience with the 
group having closed-chamber implantation.

The protective effect of air during implantation of intraocular 
lenses (Section 6.5.2, p. 138) and the less certain deleterious influence 
of retained intracameral air (Section 3.2.2, p. 46) have already been 
discussed. In order to retain an air bubble within the anterior chamber 
during or after implantation of an intraocular lens, it is imperative to 
avoid opening the section widely and also to avoid pressure on the 
globe. Minimal opening of the section is obtained by passing only slim 
instruments into the eye and by using uniplanar lenses passed in the 
plane of the surgical section (likened to "posting a letter"). Pressure 
on the globe is reduced by lifting the eyelids clear of the globe, by
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massage or the Honan balloon, or by hypocapnic (hyperventilatory) general 
anaesthesia.

Prior to the advent of visco-elastic materials, implantation was 
often facilitated by the use of a single lens glide, placed posteriorly 
to the lens, during surgery (Maida & Sheets 1980) or a double lens glide, 
the second being placed on the endothelial side of the intraocular lens 
implant. The use of a soft contact lens placed over the intraocular lens 
during insertion into the feline eye provides significant endothelial 
protection (Levy et al. 1979), but no such technique has been reported 
in human eyes.

Other authors have described various methods of avoiding contact 
between the implant and the endothelium during and shortly after 
surgery: Thus, Rainin (1979) described a retractor for the elevation of 
the cornea during lens insertion. Rather than everting the cornea and 
exposing the endothelium to the lens and instruments, this retractor was 
designed to roll the cornea inwards on itself; thereby exposing only the 
epithelium to deleterious external forces. Simcoe (1979) proposed an 
unusual technique of keeping lens implants posteriorly by the passage of 
either sutures or a fine metal stylet across the anterior chamber during 
or after lens implantation; the present writer has, however, been unable 
to find any reports indicating a widespread usage of this technique.

The technique of endocapsular cataract extraction has been 
described within the last decade; a technique whereby the lens is 
entered through a linear capsulotomy and the anterior capsule is 
retained during phacoemulsification or during nuclear expression and 
cortical aspiration. There is some evidence that the retained anterior 
capsule may afford protection for the endothelium during surgery.

Thus, after endocapsular surgery in rabbits, cell losses were 
reduced significantly (to 1.2%), as compared to a 6.6% loss when a large 
capsulotomy extracapsular cataract extarction was performed (Solomon et 
al. 1989). Furthermore, cell losses increased, both with the duration of 
ultrasonification and with the volume of fluid used, only in those eyes 
undergoing large capsulotomy extracapsular extraction.

In a series of patient undergoing endocapsular or extracapsular 
extraction with posterior chamber lens implantation, average cell losses 
were significantly less in the endocapsular group (3.9%) than in the 
extracapsular group (10.1%); a solution of 1% hyaluronate was used in 
all eyes throughout the surgical procedures (Patel et al. 1989). Moreover, 
whereas harder lens nuclei and prolonged ultrasonification times were
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extracapsular cataract extraction, this was not so with the endocapsular 
technique.

7.3 PREVENTION OF CORNEAL ENDOTHELIAL DAMAGE - FUTURE DEVELOPMENTS.

The prevention of endothelial damage by polymethyl methacrylate, 
the material from which the majority of lens implants are made, will 
probably develop along four lines.

(i) More effective visco-elastic agents for anterior chamber 
maintenance and lens coating.

(ii) Coating of the PMMA, either fused to the surface or applied at 
the time of surgery, to render it hydrophilic and so less- 
damaging to the endothelium.

(iii) Development of implant materials non-toxic to the endothelium,
(iv) Changes of lens design and surgical techniques to facilitate 

small-incision cataract surgery.

Currently available visco-elastic agents suitable for intraocular 
use include 1% sodium hyaluronate ("Healon" or "Healonid", "Amvisc") 
and a mixture of sodium hyaluronate and chondroitin sulphate ("Viscoat"); 
these two substances, being extracted from animal sources, are also 
expensive. Solutions of hydroxypropyl methylcellulose in 1% or 2% 
concentrations, although having slightly different properties as 
compared to hyaluronate or chondroitin, are very much cheaper to 
manufacture, being derived from cellulose.

It has been possible to fuse or dry coatings onto the surface of 
PMMA (Knight & Link 1979), but this reduces significantly only the 
hydrophobic qualities of the lens surface. Although reducing damage 
during static contact, unless given sufficient time to rehydrate, such 
coatings lack the properties required to reduce shear forces; these 
properties being available with fluid lens coatings. In addition, dry 
lens coating provides neither endothelial coating nor volume maintenance 
for the anterior chamber during surgery; both of which reduce the risk 
of endothelial damage due to contact with instruments.

For these reasons dry coating of intraocular lenses is unlikely to 
supersede the use of intracameral visco-elastic substances, or even gain 
any wide acceptance in ophthalmic surgical practice.

Hydrophilic soft lens materials when used as intraocular lenses 
have produced some encouraging results (Mehta et al. 1978). Although now 
commercially available (for example, the "IOGEL" posteriorly-supported
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remain some uncertainty as to the long-term stability of these materials 
within the eye. Whereas PMMA has been shown to be tolerated within the 
eye for as long as four decades, the soft lens materials have not yet 
received prolonged tests of intraocular bio-degradation.

Small incision cataract surgery appears to provide an interesting 
potential for a more rapid visual rehabilitation with less structural 
weakening of the globe. The use of phacoemulsification to remove a 
cataract through a 3mm incision is accepted practice and does not cause 
excessive endothelial damage when performed in the posterior chamber 
(see Section 5.3.1, p. 90). Until recently, lens implantation required 
the surgeon to enlarge the incision, thereby negating somewhat the value 
of small-incision cataract extraction. However, a silicone rubber intra
ocular lens hasbeen described, implantation of which is performed by 
rolling the lens along its length into a cylindrical configuration; it 
being, by such manoeuvres, possible to pass this lens through a 3mm 
incision. The effect of this severe bending on the physical, chemical 
and optical properties of the lens remains uncertain.

7.4 SUMMARY.

Clinical awareness of the importance of the non-replicative and 
delicate nature of the human corneal endothelium has led to improved 
microsurgical techniques and, in an effort to reduce endothelial cell 
damage during cataract surgery and implantation of intraocular lenses, 
the development of visco-elastic substances for coating polymethyl 
methacrylate intraocular lenses.

Both synthetic and natural viscous liquids for instillation into 
the anterior segment of the eye during cataract surgery have been shown, 
in both laboratory and clinical studies, to reduce endothelial damage 
caused by contact between polymethyl methacrylate lenses and the 
endothelium. It is probable that, in addition to their maintaining 
anterior chamber depth when the eye is open, these substances prevent 
damage by altering the surface properties of the hydrophobic plastic 
lenses and by lowering the drag forces between the endothelium and this 
material, thereby providing a shearing plane whenever the two surfaces 
are in proximity.

For these reasons the visco-elastic substances provide, during 
surgery, a much better protection to the endothelium than that of an 
intracameral cushion of air.

Preservation of the full depth of the anterior chamber by avoiding
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technique, almost certainly reduces endothelial cell damage. The closed 
chamber technique is facilitated by the avoidance of biplaned lens 
implants, that require a wider opening of the section, and by air 
insufflation of the anterior chamber, surface tension allowing a 
slightly wider opening of the section if necessary.

The development of intraocular lenses made from hydrophilic 
materials less damaging to the endothelilum is progressing slowly, as is 
the development of flexible lens implants for use during small incision 
cataract surgery.
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PART 3

THE RESEARCH
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AIMS OF THE RESEARCH, DATA COLLECTION, MEASUREMENT OF
OCULAR CHARACTERISTICS AND ANALYTICAL METHODS.

The aims of the investigations are presented in this chapter. The 
timing and extent of the clinical examinations are also given, together 
with the data record and the surgical questionnaire used during the 
study. The scales of assessment for various ocular characteristics are 
described, these including both established ophthalmic instrumentation, 
such as pachymetry, and also gradings newly established for the purposes 
of this research. The methods of data analysis are also given.

8.1 AIMS OF THE RESEARCH.

Despite the extensive literature concerning the corneal endothelium 
after cataract surgery, a large number of fundamental questions remain 
unanswered.

Four clinically important issues were examined in the present 
investigation -

(i) Endothelial cell loss and cataract surgery.
(ii) The clinical assessment of endothelial cell density.
(iii) Changes of corneal thickness after cataract surgery.
(iv) The formulation of guidelines for the surgical management 

of cataract.

By the detailed preoperative and postoperative examination of the 
eyes of patients undergoing surgery for adult-onset cataract, an attempt 
has been made to identify factors that indicate a predisposition to 
increased losses of corneal endothelial cells. The factors assessed 
included those inherent to the eye itself, those related to the surgical 
techniques used and those changes manifest in the early postoperative 
period, before the time of cell loss estimation.

For the second aim, the relationship between corneal endothelial 
cell density and clinically assessable factors, such as the corneal 
thickness, the density of corneal guttata or the age of the subject, was 
examined. This was done with a view to establishing a method for the 
assessment of cell density, readily applicable for general clinical use.

Changes of corneal thickness in the early postoperative period may 
be representative of the degree of corneal endothelial damage during 
surgery. For the purposes of the third aim, mathematical functions for 
the factors affecting postoperative corneal thickness are proposed and

169



results in a group of patients undergoing cataract surgery. Based on 
these functions, a formula is presented for predicting corneal 
endothelial cell losses from changes of corneal thickness.

Finally, having assessed the factors influencing endothelial cell 
loss, another aim of the research was to provide guidelines to assist 
the surgical management of patients with cataract, these guidelines 
being designed to minimize endothelial cell loss and thereby reduce the 
incidence of late postoperative corneal decompensation. The proposal, by 
Kraff and colleagues (1978), that "a study of surgical technique in 
relation to cell loss could be of value in refining surgical techniques" 
remains an important aim for clinical research.

8.2 EXAMINATION METHOD AND DATA RECORD.

For the study of endothelial cell losses in relation to cataract 
surgery, the data was collected on a standardized record-sheets; as 
illustrated in Figures 8.1a - 8.Id.

8.2.1 Preoperative Assessment.

Both eyes of each study patient were examined by the writer on the 
day before cataract surgery. The examination was performed by use of a 
Haag-Streit 900 slit-lamp biomicroscope, two Haag-Streit pachymeters 
(0-1.2mm for corneal thickness measurement and 0-6.0mm for anterior 
chamber depths) and a Pocklington specular endothelial photomicroscope 
(Keeler-Konan Company). The measurements, together with the range of 
each grading, are given in Figure 8.1a.

Specular photomicrographs of the central corneal endothelium were 
taken after the clinical assessment of the patient. To take the 
photographs, both eyes of the patient were anaesthetized with guttae 
benoxinate 0.4% and a mid-range applanation pressure applied to the 
applanation cone of the camera. Photomicrographs were recorded on Ilford 
FP4 black-and-white 35mm transparency film, using the highest setting of 
flash intensity on the photomicroscope and the film being developed to 
maximum contrast. Dependent on the quality of the image and on the ease 
of photography, between three and twelve photographs of each corneal 
endothelium were taken. It was usual to take five to seven photographs.

Early in the study an unpowered soft contact lens was used to 
increase the image area, but this practice was discontinued later 
because photomicrographs of better quality were obtained without the use 
of a lens and because of problems with sterilizing and packaging the
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CORNEAL ENDOTHELIUM STUDY STUDY PATIENT NO

S U R N A M E ! .............. SYSTEMIC DISEASES: .,

EORENAME1 • SYSTF.MTO MEnTOATTONS; ...

Hnsp. NO.! ............... EYE1 DISEASES - RIGHT: ...

D.O.B.: - T.EET! ...

EYE MEDICATION - RIGHT: ...

- LEFT: ...

PREOPERATIVE ASSESSMENT DATE:

RIGHT EYE LEFT EYE

CORNEA: Visual grading [0 - 5]
Central thickness mm mm
Density of guttata [0 - 5]
Stromal disease [0 - 1]
Degree of arcus [0 - 3]

A.CH.: Central depth mm mm
Irido-corneal distance mm mm
Intraocular pressure mmHg mmHg
Uveitis severity [0 - 8]

LENS: Ant. cortical opac. [0 - 3]
Nuclear opacity [0 - 5]
Poster subcaps. opac. [0 - 5]

(Aphake = 9,9,9; Pseudophake = 2,9,9)

Ranges for measured values within square brackets.

Figure 8.1a Standardized preoperative record sheet.
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8.2.2 Intraoperative Assessment.

To assess the surgical technique and the surgeon's impression of 
the ease of the operation, the author placed a questionnaire with the 
notes of each patient (Figure 8.1b).

8.2.3 Early Postoperative Assessment.

The early postoperative course was assessed from the ophthalmic 
case-notes and by the writer's examination on one occasion; generally on 
the third or fourth day after surgery.

Details extracted from the case-notes for days one and two are 
shown in Figure 8.1c and may be regarded as being open to greater 
observer variations, often being found to be incomplete.

Clinical assessments made during the early postoperative period are 
also given in Figure 8.1c. Early in the study, specular endothelial 
photomicroscopy was performed at this examination, but, because of the 
poor quality of the photographic results, this practice was abandoned 
after eighty-eight patients.

8.2.4 Late Postoperative Assessment.

This examination by the writer took place between ten and thirty 
weeks postoperatively. It combined aspects of both the preoperative and 
the early postoperative assessments (Figure 8.Id), thereby testing both 
the reproducibility of the measurements within unoperated partner eyes 
and also the changes due to surgery in the operated eyes.

The date of operation was omitted from this sheet, in order to 
avoid bias in the assessment of ocular characteristics. Similarly, all 
measurements were made without reference to the results of earlier 
examinations.

8.3 MEASUREMENT OF CORNEAL THICKNESS OR ANTERIOR CHAMBER DEPTH.

These ocular characteristics were quantifiable using established 
ophthalmic instrumentation.

The Haag-Streit pachymeters for central corneal thickness and 
anterior chamber depth are based upon the principle of measurement of 
the apparent image size of an "optical section" of the eye taken along 
its optical axis, the image being viewed from a fixed (40°) angle from 
the plane of the section. Further details of the types of pachymeter and 
the principles of the technique are available in several reviews (Ehlers
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SHEET FOR SURGEON (TO BE ATTACHED TO NOTES WHEN PATIENT GOES TO THEATRE)

CORNEAL ENDOTHELIAL STUDY STUDY NO.: ..................
SURNAME: ....................

DATE OF OPERATION: ................ FORENAME:..................
HOSP. NO.: ..................

Dear Colleague,
We would be most grateful if you could complete the following brief 

questionnaire in relation to this operation.

STATUS OF PRINCIPAL Consultant Senior Reg.
SURGEON

Registrar Senior H.O.

SECTION - Diamond USE OF? - Chymotrypsin
- Razor - A.C. Washout
- Scissors - Miochol
- Other

PUPILLARY SIZE at the time of lens extraction:

LARGE (>7mm) / MEDIUM (3-7mm) / SMALL (<3mm)

A.C. DEPTH: ALWAYS DEEP / SOME COLLAPSE / FREQUENT COLLAPSE

A.C. DEPTH MAINTENANCE: AIR / B.S.S. etc. / OTHER (e.g. Healon)

ANY KNOWN CORNEAL IRIS+VIT FACE / INSTRUMENTS / LENS IMPLANT / NONE 
ENDOTHELIAL TOUCH?

LENS EXTRACTION INTRACAPSULAR - CRYOPROBE / FORCEPS

- DIFFICULT / EASY

EXTRACAPSULAR - SUCTION+IRRIGATION / PHACOEMULS.

- DIFFICULT / EASY

LENS RIGIDITY "UNYIELDING" / "SOFT" LENS / RUPTURED LENS

A.C. AT END OF OP. AIR / B.S.S. / MIOCHOL or OTHER

**** Many thanks for your help **** Geoffrey Rose
M. Falcon, FRCS

Figure 8.1b Standardized surgical questionnaire.
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CORNEAL ENDOTHELIUM STUDY STUDY PATIENT NO

SURNAME:

FDRF.NAMF.! . .

HOSP. NO.: .............

1st POST-OP DAY OPERATED EYE: RIGHT / LEFT DATE: ............

SECTION: CORNEAL / CORNEO-LIMBAL / TRANSCONJ. LIMBAL 

SUTURES: SILK / MONOFIL. CONTINUOUS / INTERRUPTED 

STRIATE KER.............  IOP ........ mmHg

A I R .................... VITREOUS ..............

HYPHAEMA...............  IOL TYPE

2nd POST-OP DAY AIR ........

HYPHAEMA ....

I.O.P.......

EARLY POSTOPERATIVE ASSESSMENT DATE: ......

RIGHT EYE LEFT EYE

CORNEA: Central thickness mm mm
Corneal oedema
Density of guttata

A.CH.: Central depth mm mm
Irido-corneal distance mm mm
Intraocular pressure TrnnHg mmHg
Uveitis severity

Lens matter? ......... Vitreous position

Figure 8.1c Standardized early postoperative record sheet.
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CORNEAL ENDOTHELIUM STUDY STUDY PATIENT NO

SURNAME: ............

FORENAME: ..............

HOSP. NO.: .............

LATE POSTOPERATIVE ASSESSMENT DATE: ......

RIGHT EYE LEFT EYE

CORNEA: Visual grading
Central thickness 
Corneal oedema 
Density of guttata

mm mm

A.CH.: Central depth mm mm
Irido-corneal distance mm mm
Intraocular pressure 
Uveitis severity

•mmHg mmHg

Lens matter? ......... Vitreous position

Figure 8.Id Standardized late postoperative record sheet.
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There are certain errors inherent in the methods, such as the 
assumptions regarding the refractive index of cornea (which alters with 
oedema) and disparity between measurements in the right and the left 
eyes. With Haag-Streit pachymetry, the thickness of the left cornea is 
measured to be greater than that of the right, this disparity arising 
because measurement is taken along the optical axis of the eye, rather 
than along the geometric axis. The bias is a manifestation of the 
asymmetry of the instrument (Ehlers & Kruse-Hansen 1971; Kruse-Hansen 
1971).

Pachymetry was performed using the technique as detailed with the 
handbooks for the instruments. The steady fixation of a slit-light by 
the eye being measured, on which the method is dependent, was not always 
possible during the preoperative measurements in those eyes with very 
dense cataract and in these eyes the writer resorted to an estimated 
optical alignment. Refinements of the instrument that remove the 
dependence on patient fixation, such as the modification of Mishima and 
Hedbys (1968), have been described although the improvement of accuracy 
with this more elaborate instrument has been reported as insignificant 
(Ehlers & Kruse-Hansen 1971). Although such refinements might have 
improved the accuracy and reproducibility of pachymetry during this 
study, the writer was interested in developing a statistical method for 
the prediction of endothelial cell loss that would be widely available, 
and hence of practical value, to the practising ophthalmic surgeon.

In practice, a very narrow, but constant, setting of the slit-width 
was used ("08" on the dial of the Haag-Streit 900 slit-lamp used, although 
this scale can vary between different instruments) with the illumination 
at full intensity. Three or more readings were taken, on each occasion 
the measurement being taken by scaling down the instrument from a reading 
larger than that finally measured, thereby avoiding "back-lash" errors 
in the instruments. Since the readings were generally within the limits 
of error of measurement, namely, within half-a-division (0.005mm for 
corneal thickness and 0.05mm for anterior chamber depth), the modal 
value was adopted.

Corneal thickness measurements were read to include the thickness 
of the tear-film and epithelium.

Two measurements were made with the anterior chamber depth (A.C.D.) 
pachymeter: The first was from the corneal endothelium to the anterior 
capsule of the lens (the central A.C.D.) and the second was from the 
corneal endothelium to the anterior surface of the iris collarette (the
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8.4 ESTIMATES OF CORNEAL ENDOTHELIAL CELL DENSITY.

The estimation of endothelial cell densities consisted of two 
phases, the photography of the endothelium and the assessment of cell 
numbers from the films.

8.4.1 Photography of the Corneal Endothelial Mosaic.

Using a Pocklington specular endothelial photomicroscope (Keeler- 
Konan) as instructed in the instrument handbook, between three and 
twelve photographs of the central corneal endothelium of each eye were 
taken. The central cornea was applanated by having the patient fixate 
with the fellow eye, or, if this was not possible, by looking directly 
into the microscope. By locating the ring-free zone of the central 
cornea (Sherrard & Buckley 1981, 1984), the writer was able to perform 
fine adjustment of the photomicroscope.

The enrolment photographs for the first eighty-eight patients were 
taken with an unpowered soft contact lens in place on the cornea. There
after this practice was abandoned because the facilities for sterilization 
of the lenses were no longer available.

The use of a soft contact lens increases the area of clear specular 
illumination (Poise et al. 1980; Sherrard & Buckley 1981,1984), but 
photographs taken without a contact lens during the research project 
were of adequate area. During calibration (Section 8.4.3), allowance was 
made for the altered magnification with the use of a contact lens.

8.4.2 Assessment of Cell Densities from Specular Photomicrographs.

The specular photomicrographs were projected from a 35mm film-strip 
projector onto a wall-mounted counting grid. The films of the endothelial 
mosaic were magnified by a known factor with this system; which was 
calibrated using photomicrographs, taken through the Pocklington photo
microscope, of a haemocytometer grid.

The technique for counting the cells was based on "fixed frame" 
analysis; namely, those cells lying wholly within the grid are counted 
and also those cells straddling the top and right-hand edges of the grid 
(Bourne & Kaufman 1976a; Bourne et al. 1976). In addition, the counting 
was corrected for the "edge effect", as described by Sperling and Gundersen 
(1978), although the necessity for this correction was extremely infrequent. 
The techniques will be discussed in Section 11.3 (p. 230).

Each square within the grid was equivalent to 0.0099 sq.mm. of
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0.0097 sq.mm. when photographed through a soft contact lens. In general 
either two, four or six of the squares were counted (in a configuration 
of 1x2, 2x2 or 3x2 squares), a number chosen to give a total cell count 
of greater than fifty cells in most cases: Cell counts in excess of this 
number have been shown to be closely representative of endothelial cell 
density, whereas lower numbers tend to give biased estimates of cell 
density (see Section 11.3.1, p. 230).

The cell counts were repeated between three and six times for the 
majority of eyes, using different frames on the film-strips or different 
areas within the same frame. If cell densities appeared to be low, a 
greater number of photographic frames were assessed, this trend being 
manifest in Table 8.1. The difference of average cell density estimates 
for the various numbers of films counted, however, reached statistical 
significance only in the preoperative group (One-way analysis of

Table 8.1

Average cell density for groups of eyes with different numbers of 
photographic frames used to estimate endothelial cell density.

Cell density estimates are presented as "mean + standard deviation"
with the number of eyes in brackets.

Number of Endothelial Cell Density Estimates taken

frames Preoperatively Postoperatively

taken per eye Mean+S.E.M. Number Mean+S.E.M. Number

1 2041+318 (5) 2183+256 (6)

2 2170+440 (14) 2107+467 (17)

3 2294+473 (192) 2235+496 (193)

4 1567+720 (5) -- —

5 -- — 1928+284 (3)

6 1795+581 w 1458 (1)

"S.E.M." denotes standard error of the mean
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8.4.3 Calibration of the System for the Estimation of Cell Density.

To simulate the corneal stroma between the endothelium and the 
applanation surface of the dipping-cone, various known thicknesses of 
soft-contact lens (Optima 81) were placed between the cone surface and a 
haemocytometer grid used for calibration; this contact lens material 
having a refractive index similar to that of corneal stroma.

Photomicrographs of a haemocytometer grid, with known calibrations, 
were projected onto the wall-mounted counting grid from the film-strip 
projector. A calibration chart (Figure 8.2) was constructed; this chart 
relating the projected size of the haemocytometer scale, as measured on 
the counting grid, to the thickness of contact lens material ("cornea") 
interposed.

From Figure 8.2 it will be noted that, at a "corneal thickness" of 
0.55mm (the average value for the present investigation), the unit 
measurement of 0.4mm on the haemocytometer scale was equivalent to 
100.7mm when projected from a specular photomicrograph.

Thus, 0.4mm * M = 100.7mm
or M = 100.7 4“ 0.4

= 251.7

where M is the linear magnification of the system.

The small squares drawn on the wall-mounted counting grid measure 
25mm x 25mm. Therefore, "A", the area at endothelial scale equivalent to 
one square on the counting grid, is given by -

A = 25 * 25 -5- M2 
= 0.0099 sq.mm.

From a known number of cells, "N", in one square of the counting
grid, endothelial cell density (E.C.D.) is given by -

E.C.D. (cells/sq.mm.) = N*^*A
= 101.4 * N

In a similar manner, assuming a thickness of 0.75mm for the cornea
with a contact lens, the appropriate conversion factor for the last 
formula is 102.8

8.5 GRADINGS RELATED TO OTHER OCULAR CHARACTERISTICS.

In the previous section, pachymetry and estimates of cell density 
have been discussed. In this section, the scales of assessment described
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have been largely developed by the present writer for the purposes of
the present investigation; these being designed to more accurately 
quantify ocular characteristics before or after cataract surgery.

A subjective judgement can never approach, in the degree of
certainty, that of objective observation. Furthermore, statistical
inference based on subjective observations cannot provide an objective
assessment. However, statistical methods can often indicate the limits
of applicability for such subjective methods of grouping.

In spite of these limitations, such subjective groupings are the
only practicable way of assessing certain clinical conditions.

In the present work, several such subjective assessments have been
developed, of which a number have proved to be of value in the
prediction of endothelial cell losses.

8.5.1 Assessment of Corneal Characteristics.

(i) Visual grading of the corneal endothelial mosaic.

A method of grading endothelial cell density by the use of a Haag- 
Streit 900 slit-lamp biomicroscope was developed by the writer; this 
method not requiring the use of special graticules or comparison charts 
(Karickhoff 1980; McIntyre 1979)

This grading, which ranges from 0 to 6, is discussed in detail in 
Section 16.1.2 (p. 323).

(ii) Grading of the density of corneal guttata.

The arbitrary scale for the grading of the density of corneal 
guttata within the central 30% of the corneal area was assigned thus -

Grade 0 - no guttata
Grade 1 - a very sparse scattering, with no more than

about 20 in the central area. That is, no more 
than 2 in an area of 3-4 sq.mm.

Grade 2 - a mild scattering of guttata, from 2 up to about 
10 in an area of 3-4 sq.mm.

Grade 3 - moderate density of these excrescences, with a few 
small areas of "confluent", dense clustering

Grade 4 - very dense, mainly "confluent"
Grade 5 - "confluent", bronzed guttata of Fuch's dystrophy

The word "confluent" is used advisedly: Being discrete excrescences 
on Descemet's membrane, the guttata cannot be physically confluent. The 
term is used to indicate an area where the density of guttata is such 
that it masks any detail of the underlying endothelium.
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A simple, two-category grading was applied: Those corneas free of 
stromal disease, with the exception of scars from previous superficial 
foreign-bodies, were graded as "zero". Those corneas with diffuse deep 
or mid-stromal infiltrates, scarring, ghost vessels or active blood 
vessels were classified as "Grade 1".

(iv) Grading of corneal arcus senilis.

The degree and density of corneal lipid arcus tends to increase 
with the age of the patient. Because of this association, this variable 
might be expected to be of value in predicting corneal endothelial cell 
density or the response of the endothelium to surgery.

A grading scale was formulated thus - 
Grade 0 - no arcus senilis
Grade 1 - very early arcus, through which deeper corneal

layers can be seen
Grade 2 - moderate, opaque band of lipid
Grade 3 - very broad and dense arcus

(v) Grading of the degree of early postoperative striate keratopathy.

When making the assessment of the degree of striate keratopathy 
during the early postoperative examination, particular emphasis was 
placed upon the extent and severity of the changes in the central 
one-third of the corneal area (that is, a 5mm diameter central area). 

Grade 0 - no folds in Descemet's membrane
Grade 1 - a very few folds in the central corneal area, with

no more than 2 crossing the central 3-4 sq.mm.
Grade 2 - mild folding, but some larger areas free of folds
Grade 3 - moderate Descemet"s membrane folding over most of

the cornea, but not obscuring the endothelial 
mosaic (as viewed by specular illumination) in 
the areas between the folds

Grade 4 - dense, often confluent folding of Descemet's
membrane, but not a grossly oedematous cornea

Grade 5 - a grossly oedematous cornea with poor detail of
extensive Descemet"s membrane folds.

8.5.2 Assessment of Anterior Chamber Characteristics.

As with the corneal gradings and with the exception of uveitis, 
there are no previously described scales with which to compare those 
developed during this research work.
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The scale used for the severity of uveitis was a modification of the 
generally accepted ophthalmological notation for the signs of anterior
uveitis.

No "flare" and no "cells" .....  score 0 (each)
1+ "flare" and 1+ "cells"   score 1 (each)
2+ "flare" and 2+ "cells"   score 2 (each)
3+ "flare" and 3+ "cells" .....  score 3 (each)
4+ "flare" and 4+ "cells" .....  score 4 (each)
Hypopyon (a collection of pus cells layered at the base of the 

anterior chamber) scores a maximum of 8, irrespective 
of the severity of other signs.

(ii) Presence of air or blood in the anterior chamber.

The presence of air within the anterior chamber during the early 
postoperative examination was graded as follows -

Grade 0 - no air in the anterior chamber
Grade 1 - air present within the anterior chamber

Blood in the anterior chamber was given three categories -
Grade 0 - no evidence of intracameral blood
Grade 1 - non-layered, microscopic hyphaema or blood-clot

within the anterior chamber
Grade 2 - layered hyphaema

(iii) Quantity of residual lens matter.

The presence of residual lens matter can occur whenever the lens 
capsule is breached, either by design (with extracapsular surgery) or 
unintentionally (during intracapsular surgery). The presence of these 
residues within the anterior segment has never been examined in relation 
to endothelial cell losses. For assessment of this factor, it was 
classified into three categories -

Grade 0 - no lens matter after surgery
Grade 1 - minimal residues, with a few small fragments in

the anterior chamber or in the lens capsule 
(posterior chamber)

Grade 2 - considerable residues; enough lens matter to be
in contact with the endothelium or to encroach 
to a marked degree on the pupillary aperture

8.5.3 Assessment of the Degree of Cataract.

After the present research work was complete, two comprehensive 
systems for the objective assessment of cataract were described (Brown
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Clinical assessment in the Oxford system (Brown et al. 1987) is 
based on the extent of opacities in various regions of the lens, as in 
the present research, but also estimates more of the fine morphological 
detail; this latter detail is of particular value for long-term study of 
the progression of cataract, for which purpose the Oxford system was 
designed. In addition, the Oxford system utilizes a grading of photographs 
taken with slit-lamp illumination and with a specially designed retro- 
illumination camera.

The Lens Opacities Classification System II (LOCS II; Chylack et 
al. 1989) is based upon the clinical matching of a cataract to a series 
of slit-lamp biomicroscope and retroillumination photographs. The 
gradings for LOCS II are very similar to those used in the present 
investigation; being gradings for the cortical region (5 standards), 
nuclear region (4 standards) and posterior subcapsular region (4 
standards). The authors demonstrated a high degree of intraobserver and 
interobserver reproducibility (Chylack et al. 1989).

Because the aim of the present work was to assess clinical factors 
readily available to practising ophthalmologists, expensive and specialist 
techniques such as these were avoided.

(i) Opacities within the anterior lens cortex.

This grading was applied to changes in the anterior cortical 
regions of the lens -

Grade 0 - normal, clear cortex
Grade 1 - vacuolation or very fine opacities
Grade 2 - moderate number of opacities, often spoke-like, in

the cortex, but not confluent
Grade 3 - dense, often widely confluent, opacities

obscuring deeper detail

(ii) Opacities within the adult nucleus of the lens (nuclear sclerosis).

The extent of nuclear sclerosis was based on the following -
Grade 0 - normal, clear lens nucleus
Grade 1 - yellowing or sparse and patchy clouding
Grade 2 - uniform clouding and yellowing of the nucleus,

but not obscuring details of the posterior 
subcapsular region

Grade 3 - considerably more dense changes, with the areas
of greater density obscuring parts of the 
posterior subcapsular region

Grade 4 - Uniformly dense and opaque brunescent nuclear
cataract, with no view through it
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Grade 5 - The uniformly white or browny-white mature (or
hypermature) cataract involving the whole lens

(iii) Opacities within the posterior subcapsular region of the lens.

The density of lens opacities in the posterior subcapsular region 
was not always gradable, being sometimes obscured by dense (Grades 4 or 
5) nuclear sclerosis.

Grade 0 - no opacity
Grade 1 - fine lustre on the posterior capsule
Grade 2 - mild and patchy opacity, through which

retro-lenticular detail may be seen
Grade 3 - moderate and confluent opacity obscuring

retro-lenticular detail
Grade 4 - dense, but flat, plaque of opacity
Grade 5 - dense and widespread mass of pearl-like

opacities on the posterior capsule and 
into the posterior cortex

8.6 CLASSIFICATION OF EYE DISEASES.

For reference, the classification used for ocular diseases which 
preceded, or were present at the time of, enrolment is summarized here -

Code "0" - no previous ocular disease
Code m j  •* - previous cataract extraction (fellow eyes only)
Code "2" - previous cataract extraction and intraocular 

lens implant (fellow eyes only)
Code "3" - other anterior segment surgery
Code m4" - posterior segment surgery
Code - anterior and posterior segment surgery
Code "6" - chronic glaucoma
Code t» y it - previous ocular trauma
Code "8" - other diseases, for example, uveitis

The term "Code" is used because the diseases represented do not 
bear any numerical relationship (that is, "grading") with respect to 
each other.

8.7 ANALYTICAL METHODS.

The data record was designed to be as comprehensive as possible; 
both to avoid the omission of important factors during the collection of 
data and to allow an assessment of the reproducibility of measurements.

The analysis was approached in four phases -
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eyes were analysed to determine whether there was any significant 
trend in the measurements or instrumentation, these results being 

presented in Chapter 9 (p. 190).
The analysis of reproducibility was extended to the enrolment 

characteristics of the eyes due for operation. This was both to assess 
any bias during enrolment and also to determine whether there was any 
significant interdependence of the characteristics (Chapter 10, p. 203).

Although replies to the surgical questionnaire are subjective and 
very variable, some cross-validation between questions was incorporated 
into the design (see Figure 8.1b, p. 173). For example -

(a) If pupillary size (Q(iv)) was "small", then the answer to
Q(viii) would reasonably be expected to be "difficult". 
Similarly, if Q(v) was "frequent collapse" or Q(ix) was 
"ruptured lens", these would generally be considered 
"difficult" operations (Q(viii)).

(b) Contact between "Iris or Vitreous face" and the endothelium
(Q(vii)) should have been recorded in all cases of 
"frequent collapse" of the anterior chamber (Q(v)) 
and in most cases of "some collapse".

The consistency of the replies within the questionnaire was examined 
and the results given in Section 9.3.5 (p. 198).

(ii) In the second phase, the cell losses within various subgroups of 
patients were calculated and possible relationships suggested by 
an inspection of the data. Based on a knowledge of the current

status of ophthalmic surgery, causes for such associations were proposed.

(iii) In the third phase the statistical technique of step-wise analysis 
of variance was applied for the examination of factors likely to 
influence endothelial cell losses. Since the number of factors

involved in the study is too large for convenient statistical analysis, 
a number of factors have been eliminated on the grounds that they are of 
minor importance. The factors were selected on the basis of the data 
analysis in Phase (ii) and, in some cases, on the basis of prior surgical 
knowledge.

The analysis of the factors affecting endothelial cell loss was 
considered under three principal groupings -

(a) Those factors inherent to the eye under consideration and 
therefore unalterable, for example, the age of the patient, 
the depth of the anterior chamber or the degree and type of
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cataract.
(b) Those factors over which there is some control, predominantly 

those of surgical technique.
(c) Postoperative measurements, to determine which, if any, were 

the best indices of eventual endothelial cell losses.

The factors considered within these three groupings are set out 
in Table 8.2.

The mathematical technique of analysis of variance is based on an 
assumption that the variables are independent and conform to Gaussian 
distributions. In medical applications, however, such independence can 
rarely be guaranteed; in which case, the technique can be but 
approximate.

However, although theoretically imperfect, the application of 
variance analysis leads to worthwhile results which could not otherwise 
be extracted from available clinical data. In many cases, the use of 
multifactorial variance analysis is less liable to erroneous conclusions, 
using the same clinical data, than multiple paired comparisons.

(iv) As a fourth phase of the analysis of data, three special groups 
were analysed with respect to their preoperative, intraoperative 
and postoperative details. These three groups were -

(a) Those eyes with dense, brunescent cataract (Grade 4 of 
nuclear sclerosis).

(b) Those eyes in which cell loss estimates were less than 0% 
(that is, eyes in which postoperative estimates of density 
were greater than preoperative), as compared with eyes in 
which cell losses were greater than 30%.

The limits for these two groups were chosen because, for 
the whole group of 236 eyes in this study, this corresponds 
approximately to the first standard deviation below (0%) 
and above (30%) the mean endothelial cell loss.

(c) Those eyes with documented operative complications.

Unless otherwise stated, within this research a 5% Type I error was 
considered as being significant.
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Table 8.2

Grouping of factors into classes for step-wise analysis of variance.

Preoperative Intraoperative Postoperative
factors factors factors

Age Status of surgeon Lens hardness - 
judged at surgery

Systemic disease Intra-/Extra-
capsular A.C. behaviour

Previous ocular at surgery
diseases Intraocular lens

type Difficulty with
Corneal stromal surgery

diseases Pupillary size
Residual lens

Corneal guttata Position of matter
density section

Corneal thickness
Preoperative cell A.C. maintenance ratio

density solutions
Degree of striate

Preoperative A.C. reformation keratopathy
A.C. depth solutions

Degree of uveitis
Degree of nuclear Usage of (early postop.)

sclerosis chymotrypsin
Density of guttata 

(late postop.)
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8.8 SUMMARY.

The ocular characteristics assessed at clinical examination are 
described, together with the methods for quantifying them. The assessed 
characteristics include objective measures, such as pachymetry or 
estimates of corneal endothelial cell density, and subjective measures 
for the grading of the density of cataract and the clinical signs of the 
cornea and anterior chamber.

The techniques of endothelial specular photomicroscopy and the 
derivation of estimates of cell density are detailed, together with the 
method for calibrating the endothelial specular photomicrographs.

The methods used for the analysis of data have been presented. The 
analysis includes examination of the reproducibility of measurements, 
for evidence of bias or trends within enrolment characteristics and for 
the factors related to endothelial cell losses.

189



REPRODUCIBILITY OF MEASUREMENTS IN UNOPERATED EYES.

During the research, a large number of observations were based on 
subjective, highly arbitrary scales of assessment, the accuracy and 
reproducibility of which are very hard to quantify.

Three measures using established ophthalmic instrumentation were, 
however, more objective - namely the measurements of corneal thickness 
and anterior chamber depth and the estimates of central endothelial cell 
density.

This chapter records the assessment of the reproducibility of these 
three measurements in the healthy, unoperated eyes of the series.

9.1 MEASURES ASSESSED DURING THE REPRODUCIBILITY STUDY.

The repeated measurements of central corneal thickness (CCT), anterior 
chamber depth (ACD) and endothelial cell density (ECD) in unoperated, 
undiseased eyes were examined with a view to demonstrating -

(i) Time-trends of the enrolment values.
(ii) Time-trends of the late follow-up (ten to thirty week) values,
(iii) The difference between the enrolment and the early follow-up 

(two to four day) values within each subject.
(iv) The difference between the enrolment or the early or late 

follow-up values within each subject.
(v) The rate of change of the difference between measurements at 

enrolment and at late follow-up examination.
(vi) The degree of variability of measurement apportionable to

the variation between subjects, to the variation between 
observation sessions and to the variation inherent to the 
observer or instrumentation.

(vii) Comparative measurements in right and left eyes.

A single measurement of one of these factors is dependent not only 
on the true magnitude of the characteristic, but also on the errors 
introduced into measurement due to seasonal biological changes, time- 
related drift of the instrumentation or observer error or bias. When 
single measurements are taken from a series of subjects enrolled in 
sequence, then a further error can arise from an unintentional, but 
systematic, bias of enrolment.

By an examination of enrolment values for the series of subjects
(i), such bias of enrolment, seasonal variation or instrument-drift
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parallel series.
Repetition of measurement within a single subject supplies a measure 

of reproducibility less dependent on the variation between individuals: 
Measurements repeated within a few days (iii) are likely to be most 
affected by an improvement in patient cooperation and comprehension, by 
repetition, rather than to be caused by instrument drift or seasonal 
variation; in contrast, measurements separated by several months (iv) 
would be affected more by instrument drift or seasonal variation.

Analysis of variance was used to quantify and assess the importance 
of variation of measurement attributable to "between subject" variability, 
"between measurement" variability and measurement (random sampling) 
variation (vi). Data values for all unoperated eyes, both healthy and 
diseased, were included because any variation attributable to previous 
ocular disease or surgery would be apportioned predominantly to the 
"between subjects" component of variance.

If both eyes of a pair were unoperated and healthy at the time of 
enrolment, measurements of corneal thickness, anterior chamber depth and 
cell density made on the right and left eyes were compared (vii). Such a 
comparison was made to assess bias of instrumentation or measurement 
when used in opposite eyes, this making an assumption that biological 
variations are unbiased with respect to side.

In addition to assessing the reproducibility of measurements of 
corneal thickness, anterior chamber depth and endothelial cell density, 
the surgical questionnaire (Figure 8.1b, p. 173) was also examined for 
consistency of response.

9.2 THEORY AND ANALYTICAL METHODS FOR THE REPRODUCIBILITY STUDY.

For each measurement, there were two or three values (enrolment, 
early follow-up and late follow-up), each of which was liable to random 
observer variation, to time-dependent instrument drift and to selection 
or seasonal trend during the study.

From this hypothesis, the following relationships can be proposed -

x = v + d.i + s.i + r
y = x +  d.a+ s.a + r '

and z = y + d.b + s.b + r "
where "v" denotes the true value of the variable, as would be measured

with perfect instrumentation at study datum time,
"x" denotes the observed value at enrolment,
"y" denotes the observed value at early follow-up,
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i" denotes the time of enrolment (from the study datum time), 
a" denotes time between enrolment and early follow-up,
b" denotes time between early and late follow-ups,
d" denotes observer/instrument drift per unit time, 
s" denotes selection/seasonal trend per unit time 

and "r, r', r"" denote random variation (which will be omitted in
future discussion, since, with a large sample, these will

cancel out).

Considering first estimates derived from the whole population -

In relation to (i), the enrolment values ”x " are related to then
time of enrolment "i " by -n

xn ' vn + +
= vn + (d + s).in

where subscript "n" denotes subject 1 , subject 2 ... etc.

Similarly, for (ii) the late follow-up values "z " are related to
the follow-up time "(i + a + b )" by -n n n J

z = v + (d + s)*(i + a + b )n n v / N n n n

If ”d" and "s" remain constant, then linear regression of measured
values ("x " or "zn") with respect to time of measurement has a gradient
tending to an estimate of the quantity "(d + s)" and an intercept ”v" on 
the ordinate. A gradient of "zero" implies either no drift of instrumen
tation or bias of selection, or that these factors have equal magnitude
but opposite effect. The former conclusion is the more probable, since it 
would be extreme coincidence for these factors to be of equal magnitude.

Secondly, considering estimates derived from individual subjects 
and pooled across the whole study population -

To examine objectives (iii) or (iv) (p. 190), the difference between 
paired values (for example, late follow-up minus enrolment values) was 
calculated for each subject and the mean difference for all subjects 
evaluated, together with the 95% confidence limits for this difference.

"Q", the rate of change of a measurement "(z - x)" with respect to 
the interval between the readings, "(a + b)", is given by -

Q = [z - x]/[a + b]
= [x + (d + s).(a + b) - x]/[a + b]
- (d + s)

A pooled estimate of "Q" for the group of subjects is given by the 
linear regression of change of measurement with respect to follow-up
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systems of measurement.

For the assessment of (vii), the mean difference between right/left 
pairs (left minus right) was estimated, together with the standard error 
for this mean.

9.3 RESULTS.

9.3.1 Corneal Thickness Pachymetry.

For healthy unoperated eyes, the enrolment values followed the 
relationship -

CCT(mm) = 0.572 - 0.0010(T) (136 eyes)

where "T" denotes the week of the measurement relative to the study
datum (weeks 1 to 32).

The ordinate intercept ("v", 0.572) has 95% confidence limits 
of +0.014mm and those of the gradient ("(d + s)", -0.0010) are 
+0.0007mm/week.

The late follow-up values conform to the relationship -

CCT(mm) = 0.571 - 0.0007(T) (147 eyes)

For the ordinate intercept (0.571), the 95% confidence limits are 
+0.020mm and those for the gradient (-0.0007) are +0.0006mm/week.

On comparing the differences between each pair of the three 
measurements of central corneal thickness, there is a significant 
difference only between the late follow-up and the enrolment values 
(P<0.05); the analysis is summarized in Table 9.1.

The "Q" value (rate of change of measured corneal thickness per 
unit time), as derived from a linear regression of measurements from 133 
healthy eyes, is 0.0003mm/week. This value of "Q" has 95% confidence 
limits of +0.001lmm/week.

The results of an analysis of variance for corneal pachymetry in 
242 unoperated eyes are summarized in Table 9.2. The "between subject" 
to "within subject" variance ratio is 9.02 (P«0.001) and that of the 
"between occasions" to "within occasions" is 4.50 (P<0.05). The residual 
("within occasions") variance is 0.00032 sq.mm. and the standard deviation 
for corneal pachymetric methods as practised is, therefore, 0.018mm.

193



Reproducibility of corneal thickness pachymetry: Analysis by pairing of
repeated measurements within healthy unoperated eyes.

Difference
of

Measurements

Mean
Difference

(mm)

Standard 
Error of 
Mean (mm)

Number
of
Eyes

Significance 
Level 
of "t"

Early F/U - 
Enrolment -0.0031 0.0022 96 P>0.10

Late F/U - 
Enrolment -0.0045 0.0020 133 PC0.05

Late F/U - 
Early F/U -0.0032 0.0023 95 P>0.10

Table 9.2

Reproducibility of corneal thickness pachymetry: An analysis of
variance within 242 unoperated eyes.

Components of variance
Degrees
of Variance (mm ) 

Freedom
Variance ratio 

[Significance

Total variance 605 0.00138
Level]

Between subject variance 241 0.00296
F = 9.02

Within subjects variance 364 0.00033 [P<0.001]

Between occasions variance 2 0.00145
F = 4.50

Within occasions variance 
("residual" variance)

362 0.00032 [P<0.05]
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In a manner similar to the corneal pachymetry -

Initial ACD(mm) = 2.68 + 0.0061(T) (152 eyes)

Final ACD(mm) = 2.68 + 0.0027(T) (148 eyes)

The 95% confidence limits are +0.135mm (for "Initial ACD" ordinate, 
2.68), +0.0072mm/week (for gradient 0.0061), +D.220mm (for "Final ACD" 
ordinate intercept, 2.68) and +0.0064mm/week (for gradient 0.0027).

In no case of paired measurements was there a mean difference 
significantly different from zero (Table 9.3).

For anterior chamber depths, the value of "Q" is -0.0002mm/week, 
with 95% confidence limits of +0.0033mm/week (160 eyes).

The variance ratio for the "between subject" to "within subject" 
comparison is very highly significant (F = 131.3, P<<0.0001), whereas that 
for the "between occasions" to "within occasions" ("residual" variance) 
is non-significant (F = 0.06; Table 9.4). The estimated standard deviation 
for anterior chamber depth measurements is, therefore, 0.06mm ("residual" 
variance 0.0034 sq.mm.).

9.3.3 Endothelial Cell Densities.

Endothelial cell densities are related to time, "T", thus -

The 95% confidence limits for the parameters are +137 cells/sq.mm., 
+7.3 cells/sq.mm./week, +229 cells/sq.mm. and +6.6 cells/sq.mm./week, 
respectively.

The mean difference between initial and final endothelial cell 
densities is 43 cells/sq.mm. (initial count greater), this mean being 
significantly different from zero (t = 2.42 in 208 eyes; P<0.05).

The average "Q" value for cell density measurements is 0.08 (cells/ 
sq.mm./week) with 95% confidence limits of +9.1 (140 eyes).

The analysis of variance for cell density measurements is presented 
in Table 9.5. The variance ratio for the "between subject" to "within 
subject" variances is very highly significant (F = 27.9, P<0.0001), as is 
that for the "between occasions" to "within occasions" variance (F = 2.0,

A /

P<0.001). The "residual" variance is 12697 (cells /mm ), giving for cell 
density measurements an estimated standard deviation of 113 cells/sq.mm.

Initial ECD (cells/sq.mm.) = 2473 - 5.2(T) (146 eyes)

Final ECD (cells/sq.mm.) = 2545 - 5.8(T) (147 eyes)
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Reproducibility of anterior chamber depth pachymetry: Analysis by
pairing of repeated measurements within healthy unoperated eyes.

Difference
of

Measurements

Mean
Difference

(mm)

Standard 
Error of 
Mean (mm)

Number
of

Eyes

Significance 
Level 
of "t"

Early F/U - 
Enrolment -0.0068 0.0077 111 P>0.30

Late F/U -
Enrolment -0.0024 0.0063 148 P>0.70

Late F/U - 
Early F/U -0.0032 0.0064 108 P>0.60

Table 9.4

Reproducibility of anterior chamber depth pachymetry: An 
analysis of variance in 173 unoperated eyes.

Components of variance
Degrees
of

Freedom
oVariance (mm ) Variance ratio 

[Significance

Total variance 462 0.1689
Level]

Between subject variance 172 0.4480
F = 131.3

Within subjects variance 290 0.0034 [P<0.0001]

Between occasions variance 2 0.0002
F = 0.06

Within occasions variance 
("residual" variance)

288 0.0034 [P>0.05]
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y . Comparison ol Klght and Lett Eye Measurements.

There is a good agreement between the measurements of corneal 
thickness, anterior chamber depth and endothelial cell density in those 
right and left eyes without disease, the correlation coefficients being 
0.860 (in 193 eyes, P<0.001), 0.736 (in 209 eyes, P<0.001) and 0.896 (in 
198 eyes P<0.001), respectively.

There are, however, some cases where extreme differences exist 
between the right and the left eyes of a pair. The extreme values are 
0.08mm for corneal thickness, 1.00mm for anterior chamber depth and 1010 
cells/sq.mm. for endothelial cell density. Based on estimates from 
disease-free eyes, 5% of people have a corneal thickness disparity of 
greater than 0.038mm between their two eyes, an anterior chamber depth 
disparity of greater than 0.64mm and a cell density disparity of greater 
than 359 cells/sq.mm., using the methods of measurement as outlined in 
this work (Sections 8.3 and 8.4, pp. 172 and 177).

In a mixed group of eyes, containing both eyes with and without 
disease, as would be expected, there is a greater right/left disparity 
than that in a group of healthy eyes. This being as great as 0.13mm for

Table 9.5

Reproducibility of endothelial cell density estimates: 
An analysis of variance within 248 unoperated eyes.

Components of variance
Degrees
of Variance (mm ) 

Freedom
Variance ratio 

[Significance

Total variance 1458 97920
Level]

Between subject variance 247 427622
F - 27.9

Within subjects variance 1211 15336 [P<0.001]

Between occasions variance 251 25429
F = 2.00

Within occasions variance 
("residual" variance)

960 12697 [P<0.001]
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cell density.

9.3.5 Reliability of the Surgical Questionnaire.

The response rate to the surgical questionnaire was good with 
133/236 (56%) completed and the others containing replies to many of the 
ten questions set: All answers were available to Questions (i), (iii),
(vi), (viii) and (x), 94% of answers to Questions (iv) and (v) and 59% 
of replies to Question (ix) (Figure 8.1b, p. 173).

Table 9.6

Questions to assess consistency of reply to the surgical questionnaire. 
Number of replies and percentages (in brackets) across the rows.

Independent Judgement of ease 

Question "Difficult"

of surgery 

"Easy"

Chi-square

(Significance.)

(iv) Pupil size at operation
- small 7 (70%) 3 (30%) 14.1
- medium 21 (19%) 88 (81%) (PC0.005)
- large 21 (20%) 83 (80%)

(v) Anterior chamber behaviour at surgery
- always deep 8 (10%) 70 (90%) 56.8
- some collapse 18 (16%) 92 (84%) (P<0.001)
- frequent coll. 23 (74%) 8 (26%)

(ix) Lens rigidity (ICCE/ECCE)
- unyielding 11 (27%) 30 (73%) 13.6
- soft lens 11 (12%) 81 (88%) (P<0.001)
- ruptured lens 4 (67%) 2 (33%)

(ICCE only)

"ICCE" denotes intracapsular cataract extraction 
"ECCE" denotes extracapsular cataract extraction
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Whereas about 20% of operations with "large" or "medium" pupils were 
described as "difficult", 80% of "small pupil" operations were described 
thus (Table 9.6). Similarly, where the anterior chamber remained deep, or 
collapsed infrequently during surgery, about 15% of operations were 
described as "difficult", whereas 74% were "difficult" when there was 
frequent collapse of the anterior chamber.

With rupture of the lens during intracapsular surgery, 67% of 
operations were described as "difficult", in contrast to only 10% where 
this complication did not occur (Table 9.6). It is notable that two 
operations with ruptured lens were classified as "easy" operations. 
Likewise, the pattern of endothelial touch as recorded increased 
significantly with collapse of the anterior chamber during surgery, 
as might be expected (Table 9.7).

9.4 DISCUSSION.

There was a trend towards significantly (P<0.01) thinner enrolment 
values for corneal thickness over the thirty-two weeks of enrolment.
This between-subject trend suggests a drift of instrumentation, observer 
error, an accidental bias of patient selection or a seasonal fluctuation

Table 9.7

Questions to assess consistency of reply in the surgical questionnaire.

Number of replies and percentages (in brackets) across the rows.

Degree of Anterior Chamber during surgery Chi-square
Statistic

Endothelial
Always Some Frequent (Level of

Touch (by) Deep Collapse Collapse Significance)

None 62 (43%) 72 (51%) 8 (6%)

Iris or 4 (13%) 17 (55%) 10 (32%) 35.9
Vitreous

(P<0.001)
Instruments 5 (18%) 16 (57%) 7 (25%)

Lens implant 2 (18%) 4 (36%) 5 (46%)
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in the evaporation of fluid from the corneal surface. Instrument 
variation is the most likely explanation. The follow-up figures show a 
similar significant (P<0.05) trend towards thinner corneal measurements 
later in the study, probably for similar reasons. In addition, the 
average difference between values at enrolment and at late follow-up 
(within-subject measures) is 0.0045mm, or 0.0003mm per week of follow- 
up, with enrolment values the larger.

Although significant, the total drift of both single and repeated 
measurements during the follow-up period is less than 1% of an average 
corneal thickness. Such a drift is, therefore, of no major consequence 
to the results of this research.

Anterior chamber depth estimates appeared to be reproducible within 
the accuracy of the method, showing neither significant drift of 
between-subject values, nor a significant difference between the 
repeated, within-subject measurements.

Although there was no significant trend in the enrolment or the 
follow-up values for the endothelial cell densities when considered 
alone (between subject measures), there was a significant (P<0.05) 
tendency to lower cell densities on repeated, within subject, estimates. 
The average difference, 43 cells/sq.mm. (less than 3 cells/sq.mm./week) 
is, over the whole period of follow-up, only 1-2% of an average cell 
density. It is, therefore, of little importance.

For each of the three measurements, corneal thickness, anterior 
chamber depths or cell densities, the variance within a given subject is 
very much less than the variation between different subjects: This 
difference, of statistical significance at a low Type I error in all 
cases (P<0.001), implies that variation due to measurement errors is 
insignificant in relation to that due to differences in the population 
studied.

With the measurement of corneal thickness or endothelial cell 
density, there was a significantly greater variability attributable to 
time than to the instrumentation or observer variability. This is in 
accordance with the earlier finding, comparing sequential measurements, 
of an apparently time-related drift in these two measurements. With 
estimates of anterior chamber depth, however, there appears to be a 
greater variability attributable to measurement errors than to temporal 
variations.

The estimated 95% confidence limits for a single corneal thickness 
measurement are +0.035mm, this value being approximately +6% of average

200



 -------------- --------- ------- --------- — -----   “ ----------    O ------------------------------------       J

other authors using optical methods of pachymetry (Azen et al. 1979; 
Mishima & Hedbys 1968; Olsen 1980a; Wood & Maumenee 1975; Ytteborg & 
Dohlman 1965). Likewise, anterior chamber depth measurements have 95% 
confidence limits of +0.12mm, or about +4% of an average depth. The 95% 
confidence limits for endothelial cell densities (+220 cells/sq.mm., or 
approximately +10% of average), are of a magnitude similar to that in 
other studies (Azen et al. 1980; Bourne & Kaufman 1976a; Cheng et al. 
1977a, 1977b, 1985; Hirst et al. 1984b; Olsen 1979a, 1979b; Price &
Barbour 1981; Sturrock et al. 1978).

Corneal thickness, anterior chamber depth or cell density estimates 
are similar in the right and left eyes of a pair. However, it is also 
evident from this study that the agreement is not sufficient to form the 
basis for the assumption that measurement of one eye will act as a control 
value for the other eye; an assumption frequently used in case-control 
studies by previous authors (see Sections 5.3.2 and 6.4.2, pp. 92 and 
125). The 95% confidence limits for the comparisons between right and 
left eyes are large, being at best +0.038mm for central corneal 
thickness (a value similar to those reported by Ytteborg & Dohlman 1965 
and Olsen 1980a), +0.64mm for anterior chamber depth and +359 
cells/sq.mm. for endothelial cell densities, or approximately +7%, +24% 
and +14% of average values, respectively. For estimates of cell density, 
or measures of variation, other authors have reported fairly good 
correlation between right and left eyes of a pair or similar measures of 
variation (Cheng et al. 1977b, 1977c, 1985; Laule et al. 1978; OCTET 
1986; Olsen 1979b, 1980b; Price & Barbour 1981; Sawa & Tanishima 1979; 
Stefansson et al. 1982; Sturrock et al. 1978).

A disparity between pachymetric measurements of corneal thickness 
in the right eye and the left eye, with left readings being the greater, 
arises due to the non-axial optics of the eye (Ehlers & Kruse-Hansen 
1971; Kruse-Hansen 1971). It might be possible to compensate for this by 
designing the instrument to rotate about the axis of the light-source, 
thereby reversing the side-to-side bias.

Assessment of the surgical questionnaire suggests that, although 
the replies are not totally consistent on cross-comparison, there was a 
highly significant difference between some of the answers. Such a 
deviation would be expected with accurate reply and interpretation by 
the respondent to the questionnaire.
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A small and clinically insignificant drift of enrolment and late 
follow-up values for corneal thickness measurements has been shown, this 
being towards smaller values later in the study. Anterior chamber depth 
measurements and cell density estimates did not show any such trend.

Repeated measurements of corneal thickness, anterior chamber depth 
and cell density in the unoperated eyes allowed an estimate of the 
reproducibility for the measurement of these variables: For corneal 
thickness and cell density there was a significant difference between 
values at enrolment and at follow-up ten to thirty weeks later, with 
enrolment values larger.

Analysis of variance for each of the three measures showed the 
differences between subjects to be very much greater than that due to 
instrument variation or temporal variation. In addition, estimates of 
the 95% confidence limits for corneal thickness measurements were 
jj).036mm, for anterior chamber depth measurements +0.12mm and for 
endothelial cell density estimates +220 cells/sq.mm.

Although right and left eyes of a pair approximated with respect 
to corneal thickness, anterior chamber depth and cell density, this was 
not absolute and the disparities between the two are greater than that 
attributable to measurement variations.

The responses to the surgical questionnaire show a degree of 
agreement that would be reasonably expected.
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CHAPTER 10

ASSESSMENT OF ENROLMENT CHARACTERISTICS IN PREOPERATIVE EYES.

The reproducibility and time-trends of some of the measurements 
have been assessed in Chapter 9, by examining the unoperated, partner 
eyes to those due for cataract surgery. For this part of the study, the 
enrolment characteristics of the eyes due for operation are examined, 
the aims being three-fold -

(i) To assess whether there was any temporal bias or 
selection with respect to enrolment characteristics 
during the study.

(ii) To assess whether there was any marked degree of 
association between various characteristics 
at the time of enrolment.

(iii) To determine the degree of bias in selection of 
eyes and operative procedures by different 
grades of surgeon.

10.1 ANALYTICAL METHODS.

For continuous variables, such as age, corneal thickness, anterior 
chamber depth or cell density, a linear regression was calculated with 
respect to the time of enrolment. A gradient significantly different 
from zero would Imply a systematic change or bias of the characteristic 
and the ordinate intercept would represent an estimate of the mean value 
for the characteristic at the study datum time (week "zero").

Discrete variables, such as the density of corneal guttata or the 
occurrence of previous eye disease, were examined by calculating the 
frequency of occurrence in enrolments made during four eight-week periods.

10.1.1 Association of Enrolment Characteristics.

For continuous variables likely to conform to Normal (Gaussian) 
distributions, the relationship between pairs of such variables was 
examined by calculation of linear regressions; examples being the age of 
the patients, corneal thickness or anterior chamber depth.

For discrete variables, inhomogeneity between the pairs of 
characteristics was evaluated using the Chi-squared statistic. If the 
latter was significant to less than a 5% Type I error, then, where 
appropriate, a rank correlation coefficient was calculated.

Where a continuous variable was being examined in relation to a
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distribution of the continuous variable amongst the discrete groups. If 
appropriate, a Spearman rank correlation coefficient was estimated when 
there was a significant heterogeneity of the distribution.

10.1.2 Bias of Case Selection by Surgeons.

Using methods detailed in the above paragraphs, the relationship
between the grade of surgeon and various characteristics of the patients
on whom they operated was evaluated. Characteristics examined included
preoperative factors, such as age, previous eye diseases, the degree of
corneal guttata and intraoperative factors, for example, the type of
surgery or style of intraocular lens.

This evaluation was made in order to assess bias of case allocation 
amongst the several grades of surgeon.

10.2 RESULTS.

The ranges of various enrolment characteristics are summarized in 
Table 10.1.

10.2.1 Temporal Bias of Enrolment Characteristics.

During the thirty-two weeks of enrolment, from October 1983 to June
1984, there was a significant trend towards thinner corneal measurements
and greater anterior chamber depths at the time of enrolment (Table 10.2):
The trends occurred at the rate of -0.0008mm/week for corneal thicknesses
and at +0.007 to +0.008mm/week for anterior chamber depths.

There was no significant trend of patient age or endothelial cell
density at enrolment (Table 10.2). Similarly, Chi-squared analysis
failed to demonstrate any bias of enrolment of the twenty-two diseased

2eyes amongst the four phases of enrolment (Table 10.3: % = 15.8, P>0.25). 
In contrast, there appeared to be uneven apportionment of eyes with

O
corneal guttata during the four phases of enrolment (Table 10.3: = 27.4,
P<0.05): Eyes with Grade 1 or Grade 2 density of guttata were in excess 
in the first quarter (weeks 1-8) of enrolment and under-represented in 
the last quarter (weeks 25-32).

10.2.2 Association of Enrolment Characteristics.

Corneal thickness appeared independent of age in preoperative 
healthy eyes, but anterior chamber depth and cell density both 
declined significantly with age (Table 10.4).

Analysis of variance demonstrated an inhomogeneity of ages amongst
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Table 10.1

Distribution of enrolment characteristics in eyes for cataract surgery, 

(a) All eyes (b) Excluding 22 eyes with previous disease or surgery.

Characteristic
Mean

value

Standard

deviation

Minimum

value

Maximum

value

Number 

of eyes

Age (years) a. 69.8 10.7 23 90 236

b. 70.5 10.0 23 90 214

Central a. 0.550 0.036 0.46 0.68 212
corneal

thickness (mm) b. 0.550 0.036 0.46 0.68 194

Anterior a. 2.86 0.47 1.00 4.55 234
chamber
depth (mm) b. 2.87 0.46 1.30 4.55 213

Endothelial a. 2360 417 642 3363 236
cell density
( / sq. mm.) b. 2369 402 642 3228 214

Characteristic
Range of 
grading or 
coding

Numbers in each 
grading or coding 
(respectively)

Median

value

Number 

of eyes

Coding of eye 0 - 8  a. 214/—/—/1/2/—/7/2/10 0 (modal) 236
diseases

Grading of 0 - 5 a. 165/50/8/6/5/2 0 236
density of

corneal guttata b. 150/47/6/5/4/2 0 214

Grading of 0 - 5 a. 4/34/84/40/14/60 2 236
density of

nuclear sclerosis b. 1/33/78/36/12/54 2 214
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Table 10.2

Enrolment characteristics In relation to time of enrolment.

(a) All eyes (b) Excluding 22 eyes with previous disease or surgery.

Analysis by linear regression: "R" = "V" + "G"*(week of enrolment)

Characteristic 
at enrolment 

"RM

Ordinate
intercept»v..

Gradient

”G"

Number
of
eyes

Age (years) a. 71.9
(t=48.5)

-0.126 
(t-1.61, P>0.10)

236

Central
corneal
thickness

a. 0.565
(t=94.8)

-0.0008 
(t=2.77, P<0.01)

212

(mm) b. 0.564
(t-91.1)

-0.0008 
(t=2.55, P<0.05)

194

Anterior
chamber
depth

d. • 2.73 
(t=42.2)

0.0079 
(t=2.32, P<0.05)

234

(mm) b. 2.75
(t-41.1)

0.0073 
(t=2.07, P<0.05)

213

Endothelial
cell

density

a. 2444
(t=42.2)

-4.98 
(t-1.63, P>0.10)

236

(cells/sq.mm.) b. 2467 
(t=42.3)

-5.85 
(t=l.90, P>0.05)

214
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Table 10.3

Enrolment characteristics in relation to time of enrolment.

The time of enrolment is arbitrarily divided into four equal periods. 
Percentages of total frequencies, across the rows, are in brackets.

Characteristic 

and grading

Enrolment time (weeks) during study Number
of
eyes1 - 8 9 - 16 17 - 24 25 - 32

Grading of Gde 0 35 (21) 39 (24) 47 (28) 44 (27) 165
density of 1 21 (42) 11 (22) 15 (30) 3 (6) 50

corneal guttata 2 4 (50) 1 (12) 2 (25) 1 (12) 8
3 - - 4 (67) 2 (33) 6
4 - 2 (40) 2 (40) 1 (20) 5
5 — 1 (50) — 1 (50) 2

Coding of Code 0 55 (26) 52 (24) 59 (28) 48 (22) 214
eye diseases 3 - - 1 - 1

4 - - 1 (50) 1 (50) 2
6 2 (28) - 5 (72) - 7
7 1 (50) 1 (50) - - 2
8 2 (20) 1 (10) 4 (40) 3 (30) 10

Table 10

Age and three ocular characteristics 

Analysis by linear regression: "R" =

.4

in undiseased preoperative eyes. 

"V" + MG"*(week of enrolment)

Characteristic Ordinate Gradient Number
at enrolment intercept of

"R" MV" "G" eyes

Central corneal 0.555 -0.0001 194
thickness (mm) (t=30.4) (t=0.31, P>0.70)

Anterior chamber 3.58 -0.010 213
depth (mm) (t=16.3) (t=3.25, PC0.01)

Cell density 3058 -9.77 214
(cells/sq.mm.) (t=16.0) (t=3.65, P<0.001)
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sclerosis grading and eye disease coding. The inhomogeneity of ages also 
holds true for healthy eyes alone (Table 10.5).

The grading of corneal guttata and age have a Spearman rank 
correlation coefficient (r.c.c.) of 0.266 (P<0.01) for all eyes and 
0.279 (P<0.01) for healthy eyes alone. The Spearman r.c.c. for nuclear 
sclerosis grading and age was non-significant at the 5% probability 
level.

Similarly (Table 10.6), there is a significant negative correlation 
between endothelial cell density and the grading of corneal guttata in a 
group including diseased eyes (F = 3.32, P<0.01; Spearman r.c.c. -0.152, 
P<0.05) and also in healthy eyes alone (F = 4.16, P<0.01; Spearman r.c.c

Table 10.5

Age and three preoperative ocular characteristics.

(a) All eyes (b) Excluding 22 eyes with previous disease or surgery.

Deviance [& D.F.] 
of "ages" (years) 
attributable to:

Residual 
subject) 
[& D.F. ]

(between 
deviance 
of "age"

Variance
ratio
(F)

Rank
correlation
coefficient

Gradings of corneal guttata -
a. 2063 [5] 24686 [230] 3.84

(P<0.01)
+0.266
(P<0.01)

b. 1748 [5] 19590 [208] 3.71
(PC0.01)

+0.279
(P<0.01)

Gradings of nuclear sclerosis -
a. 6688 [5] 20061 [230] 15.3

(P<0.001)
+0.092
(P>0.05)

b. 3858 [5] 17479 [208] 9.18
(P<0.001)

+0.081
(P>0.05)

Codings of eye diseases -
(a.) 1641 [5] 25108 [230] 3.01

(PC0.05)
( Not 

appropriate)

* Correlation inappropriate because codings of eye disease bear no 
logical relationship to the diseases represented 

"D.F." denotes degrees of freedom for a given component of variance model
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-0.163, P<0.05). The grading of corneal guttata is not related to the 
corneal thickness (Table 10.6), to the grading of nuclear sclerosis 
(Table 10.7; X? = 24.5, P>0.50 for all eyes; = 21.4, P>0.50 for 
undiseased eyes) or to antecedent eye diseases (Table 10.8; X2 = 24.2, 
P>0.50).

Analysis of variance demonstrated anterior chamber depth to be
inversely related to the grading of nuclear sclerosis (F = 3.56, P<0.01;
Spearman r.c.c. -0.170, P<0.01), whereas cell density or corneal thickness 
is unrelated to the degree of nuclear sclerosis (Table 10.9).

There was a significant inhomogeneity of eye disease coding with 
respect to nuclear sclerosis grading (Table 10.10: = 71.2, P<0.001).

Table 10.6

Density of corneal guttata and cell density, corneal thickness or age. 

(a) All eyes (b) Excluding 22 eyes with previous disease or surgery.

Deviance [& D.F.] 
attributable to:

Residual (between 
subject) deviance 

[& D.F.] of:
Variance

ratio
(F)

Rank
correlation
coefficient

Gradings of guttata: Cell densities:
a. 2750508 [5] 38108328 [230] 3.32

(P<0.01)
-0.152
(PC0.05)

b. 3129159 [5] 31314848 [208] 4.16
(PC0.01)

-0.163
(P<0.05)

Gradings of guttata: Corneal thickness:
a. 0.00734 [5] 0.27445 [206] 1.10

(P>0.05)
b. 0.01110 [5] 0.24629 [188] 1.70

(P>0.05)
-

Gradings of guttata: Ages:
a. 2063 [5] 24686 [230] 3.84

(P<0.01)
+0.266
(P<0.01)

b. 1748 [5] 19590 [208] 3.71
(P<0.01)

+0.279
(P<0.01)

"D.F." denotes degrees of freedom for a given component of variance model

For P=0.05: F5.12o = 2*29» F5;oG= 2,21
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Numbers enrolled, classed by density of guttata and nuclear sclerosis,

(a) All eyes (b) Excluding 22 eyes with previous disease or surgery.

Grading of 
corneal 
guttata

Grading of nuclear sclerosis Total 
number 
of eyes0 1 2 3 4 5

0 a. 4 29 53 25 11 43 165
b. 1 28 50 22 10 39 150

1 a. — 4 17 14 3 12 50
b. - 4 17 13 2 11 47

2 a. _ _ 5 — — 3 8
b. — — 3 — — 3 6

3 a. — — 5 — — 1 6
b. - - 4 — — 1 5

4 a. _ 1 2 1 0 1 5
b. — 1 2 1 0 0 4

5 a. — — 2 — — — 2
b. - - 2 - - - 2

Table 10.8
Numbers enrolled, classed by density of guttata and previous of eye disease.

Grading of Coding of eye diseases Total
corneal   number
guttata 0 3 4 6 7 8 of eyes

0 150 1 2 3 2 7 165

1 47 - - 1 - 2 50

2 6 - - 2 - - 8
3 5 - - 1 - - 6

4 4 - - - - 1 5

5 2 2
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Table 10.9

Density of nuclear sclerosis and four preoperative characteristics,

(a) All eyes (b) Excluding 22 eyes with previous disease or surgery.

Deviance [& D.F.] 

attributable to:

Residual (between 
subject) deviance 

[& D.F.] of:

Variance
ratio
(F)

Rank
correlation
coefficient

Nuclear sclerosis: Cell densities:
a. 1538835 [5] 39320004 [230] 1.80

(P>0.05)
—

b. 1096251 [5] 33347758 [208] 1.37
(P>0.05)

—

Nuclear sclerosis: Corneal thickness :
a. 0.00795 [5] 0.27384 [206] 1.20

(P>0.05)
—

b. 0.00289 [5] 0.25450 [188] 0.43
(P>0.05)

—

Nuclear sclerosis: Anterior chamber depth:
a. 3.691 [5] 47.253 [228] 3.56

(P<0.01)
-0.170
(P<0.05)

b. 3.277 [5] 41.757 [207] 3.25
(P<0.01)

-0.183
(P<0.05)

Nuclear sclerosis: Ages:
a. 6688 [5] 20061 [230] 15.3

(P<0.001)
+0.092
(P>0.05)

b. 3858 [5] 17479 [208] 9.18
(P<0.001)

+0.081
(P>0.05)

’D.F." denotes degrees of freedom for a given component of variance model 

For P=0.05: F5;120 = 2.29, F5;od= 2.21
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Table 10.10

Numbers enrolled, classed by nuclear sclerosis and previous eye disease.

Grading of 
nuclear 
sclerosis

Coding of eye diseases Total 
number 
of eyes0 3 4 6 7 8

0 1 - - - 1 2 4

1 33 - - - - 1 34

2 78 - - 5 1 - 84

3 36 1 1 1 - 1 40

4 12 -- - - - 2 14

5 54 - 1 1 - 4 60
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1U.Z.3 Bias of Case Selection by Surgeons.

Among the four status of surgeon, one-way analysis of variance failed
to reveal any bias of patient allocation with respect to patient age,
corneal thickness, anterior chamber depth or cell density (Table 10.11).
Similarly (Table 10.12), allocation appears unbiased in relation to the
presence of previous eye disease, density of corneal guttata or grading

2of nuclear sclerosis = 17.8, 20.3, 15.6, respectively; P>0.25,
P>0.1, P>0.25, respectively).

Conversely, Chi-squared analysis showed a considerable disparity of
2allocation of the type of extraction planned (X = 51.2, P<0.0001), the

otype of intraocular lens implanted Qi = 27.4, P<0.001; Table 10.13) and
2the substances used in the anterior chamber during (X = 50.0, P<0.0001)

2and at the end of the operation @C = 28.8, P<0.001; Table 10.14). This 
bias of case allocation must be considered when interpreting endothelial 
cell losses after cataract surgery.

Table 10.11

Status of surgeon and four preoperative characteristics.

Deviance [& D.F.] 
attributable to:

Residual (between 
subject) deviance 

[& D.F.] of:
Variance

ratio
(F)

Rank
correlation
coefficient

Status of surgeon: Cell densities:
a. 165548 [3] 40693292 [232] 0.31

(P>0.05)
—

Status of surgeon: Corneal thickness:
a. 0.0094 [3] 0.27200 [208] 2.39

(P>0.05)

Status of surgeon: Anterior chamber depth:
a. 0.750 [3] 50.194 [230] 1.15

(P>0.05)
1,1 ™

Status
a.

of surgeon: 
385 [3]

Ages:
26364 [232] 1.13

(P>0.05)
—

b. 3858 [5] 17479 [208] 9.18
(PC0.001)

+0.081
(P>0.05)

"D.F." denotes degrees of freedom for a given component of variance model
For P=0.05: F0 , =  2.68, F_ = 2.60 3; 120 * 3;od
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Table 10.12

Distribution of characteristics amongst the four status of surgeon.

Status
of

Surgeon

Coding of eye diseases Total 
number 
of eyes0 3 4 6 7 8

S.H.O. 29 - - 1 - - 30

Registrar 22 - - 2 - 3 27

Senior Regist. 58 - 1 2 0 6 67

Consultant 105 1 1 2 2 1 112

Status
of

Surgeon

Grading of density of corneal guttata Total 
number 
of eyes0 1 2 3 4 5

S.H.O. 18 9 3 - - - 30

Registrar 20 3 1 3 - - 27

Senior Regist. 45 17 1 1 2 1 67

Consultant 82 21 3 2 3 1 112

Status Grading of density of nuclear sclerosis Total
of

Surgeon 0 1 2 3 4 5
number 
of eyes

S.H.O. - 4 14 2 1 9 30

Registrar - 6 7 4 4 6 27

Senior Regist. 2 11 19 11 5 19 67

Consultant 2 13 44 23 4 26 112
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Table 10.13
Distribution of characteristics amongst the four status of surgeon.

Status Type of cataract extraction planned Total
of   number

Surgeon Intracapsular Extracapsular of eyes

S.H.O. 28 (93%) 2 (7%) 30

Registrar 5 (19%) 22 (81%) 27

Senior Regist. 14 (21%) 53 (79%) 67

Consultant 46 (41%) 66 (59%) 112

Status
of

Surgeon

Type of intraocular lens implanted Total 
number 
of eyesNone Iris-clip Posterior Ch.

S.H.O. 28 (94%) 1 (3%) 1 (3%) 30

Registrar 16 (59%) — 11 (41%) 27

Senior Regist. 38 (57%) 3 (5%) 26 (38%) 67
Consultant 53 (47%) 10 (9%) 49 (44%) 112
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Table 10.14

Distribution of characteristics amongst the four status of surgeon.

Status
of

Surgeon

Anterior ichamber fluids during surgery Total 
number 
of eyesAir B. S. S. Hyaluronate

S.H.O. 16 (53%) 14 (47%) — 30

Registrar 13 (48%) 13 (48%) 1 (4%) 27

Senior Regist. 31 (57%) 22 (33%) 13 (20%) 66

Consultant 21 (19%) 36 (32%) 55 (49%) 112

Status
of

Surgeon

Anterior chamber fluids after surgery Total 
number 
of eyesAir B.S.S. Miochol

S.H.O. 9 (30%) 19 (63%) 2 (7%) 30

Registrar 1 (4%) 16 (59%) 10 (37%) 27

Senior Regist. 6 (9%) 48 (72%) 13 (19%) 66

Consultant 9 (8%) 57 (51%) 46 (41%) 112
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1U. J EXCLUSIONS AND LOSSES TO THE STUDY.

Two-hundred and seventy patients (101 men and 169 women) were 
enrolled for the study, between October 1983 and June 1984. In two- 
hundred and thirty-six cases (84 men and 152 women) the records were 
adequate for the greater part of the analysis.

The ratio of females to males was 1.7 at enrolment and 1.8 at 
completion of the study, commensurate with the higher default rate for 
men. It is notable that there was a greater number of female patients 
too frail to complete the enrolment examination.

For the group of 236 patients completing the study, the average age 
at enrolment was 69.8 years (range 23 - 90 years; standard deviation 
10.7 years); the 23 year old was unusually young for idiopathic, adult- 
onset cataract, but was included because no other cause for the cataract 
was evident. The average age of the 84 men was 66.6 years (S.D. 10.8; 
range 23 - 87), in contrast to that of the 152 women, which was 71.6 
years (S.D. 10.2; range 41 - 90). The difference between the ages of the 
men and the women was significant at a Type I error of less than 0.1%
(t = 3.72). Such a difference would be expected because of the natural 
predominance of females in the elderly population.

Reasons for default or incomplete records in thirty-four patients 
not completing the study were as follows -

TOTAL NUMBER OF PATIENTS ENROLLED 270 (101M,169F)

Incomplete initial examination (due to 
frailty or difficulty with photography) 6 (1M,5F)

Not operated 8 (5M,3F)

NUMBER ASSESSED PREOPERATIVELY AND OPERATED 256 (95M,161F)

Died before late follow-up examination 4 (2M,2F)
Reoperated before follow-up examination 3 (1M,2F)
Defaulted from late follow-up examination 8 (6M,2F)
Follow-up examination outside time limits 2 (2M)

NUMBER COMPLETING LATE POSTOPERATIVE ASSESSMENT 239 (84m ,155F)

Inadequate late follow-up photographs 3 (3F)

TOTAL NUMBER OF PATIENTS COMPLETING STUDY 236 (84m ,152F)
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Measurements of corneal thickness in preoperative eyes at enrolment 
showed a trend towards thinner corneas during the study, as already 
described in unoperated partner eyes (Section 9.3.1, p. 193). This trend 
might also be due to instrument drift or observer error, the two values 
being similar: 0.0008mm/week for preoperative eyes and O.OOlOmm/week for 
partner eyes.

There was a small but significant trend towards deeper anterior 
chamber depths as measured at enrolment in preoperative eyes during the 
period of enrolment. A similar increase in the partner eyes did not reach 
statistical significance at the 5% probability level. The rate of increase, 
0.0073mm/week for healthy eyes or 0.0079 mm/week for all eyes, is equivalent 
to an increase of about 0.23mm during the whole period of enrolment, or 
approximately 8% of an average anterior chamber depth.

Chi-squared analysis showed eyes with previous disease or surgery to be
scattered uniformly throughout the four quarters of the enrolment period.
However, there was a clustering of Grade 1 or Grade 2 density of guttata
into the first quarter of enrolment (Table 10.3, p. 207). This clustering is
of little relevance unless there was a similar clustering of the operating
surgeons, when a disproportionate number of potentially troublesome, higher
guttata gradings, might fall to a particular group of surgeons. There was2no such clustering of surgeons (Table 10.15: * 9.24, P>0.25).

Table 10.15

Number of operations, classed by status of surgeon and enrolment time.

Status
of

Surgeon

Enrolment time (weeks) during study Number
of

Eyes1 - 8 9 - 1 6 17 - 24 25 - 32

Senior House
Officer

10 (17) 9 (17) 6 (9) 5 (10) 30

Registrar 5 (8) 4 (7) 7 (10) 11 (21) 27

Senior Registrar 17 (28) 16 (30) 20 (29) 14 (27) 67

Consultant 28 (47) 25 (46) 37 (52) 22 (42) 112
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other studies (Kruse-Hansen 1971).
Similarly, the inverse relationship between age and endothelial 

cell density is very well documented (see Section 2.4.1, p. 27). That 
between age and anterior chamber depth has also been recorded (Tornquist 
1953), probably occurring because of an enlargement of the crystalline 
lens of the eye during life, with a consequent reduction in anterior 
chamber depth. From this population studied, the anterior chamber depth 
decreases by approximately 0.01mm each year.

Analysis of variance suggests that the density of corneal guttata, 
the density of nuclear sclerosis and the occurrence of previous eye 
diseases are not independent of age (Table 10.4, p. 207).

The density of guttata as graded in this research work showed a 
slight increase with age, but this relationship is of no practical value 
(Table 10.16). Similarly, those patients whose eyes do not have nuclear 
sclerosis or who have grade 1 density of sclerosis appear to be younger 
than those patients in the other groups (Table 10.16).

Other variables with a significant degree of mutual dependence 
include an inverse relation between endothelial cell density and the 
density of corneal guttata (see Chapter 16, p. 322), between the grading 
of nuclear sclerosis and anterior chamber depth and, finally, between 
the grading of nuclear sclerosis and the presence of previous eye 
diseases. The inverse relation between anterior chamber depth and the 
degree of nuclear sclerosis might merely reflect the increase of nuclear 
sclerosis and the increase of lens size that both occur with age: As the 
lens size increases, the anterior chamber depth decreases. In contrast 
to the present finding of decreased cell density with increasing corneal 
guttata, Percival and Gillam (1980) were unable to demonstrate a 
significant relationship between the two variables.

The lack of independence between patient or ocular characteristics 
must be considered during the interpretation of the results. This is 
particularly so with analysis of variance of cell losses (see Chapters 
12 to 15), this technique being based on an assumption of independence 
between variables. Analysis of variance is, however, insensitive to the 
presence of some deviations from this requirement.

With respect to seven preoperative characteristics, there has been 
no significant patient selection or bias of allocation, intentional or 
otherwise, amongst the four classes of surgeon (Table 10.11 and 10.12, 
pp. 213 and 214).
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Table 10.16

Ages within subgroups of grading of three ocular characteristics.

Characteristic Grade

Age in years (Mean, st. deviation, number)

All eyes Disease-free eyes

Density of 0 68.0 11.0 165 68.7 10.2 150

corneal 1 74.1 9.0 50 74.4 8.9 47

guttata 2 76.5 4.8 8 78.2 4.3 6

3 69.5 10.5 6 73.4 4.9 5

4 74.2 4.1 5 74.5 4.6 4

5 78.0 7.1 2 78.0 7.1 2

Density of 0 34.2 8.3 4 23.0 - 1

nuclear 1 65.2 9.0 34 65.1 9.1 33

sclerosis 2 72.7 8.9 84 73.2 8.7 78

3 71.7 9.7 40 71.4 10.0 36

4 71.1 10.4 14 72.3 10.4 12

5 69.1 9.6 60 69.9 9.0 54

Coding of 0 70.5 10.0 214

eye 3 67.0 - 1

diseases 4 64.5 26.2 2 (not

6 67.7 9.7 7 applicable)

7 55.5 21.9 2

8 59.7 15.1 10
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is true: The senior house officer appears to have adopted mainly intra- 
capsular cataract extraction without lens implantation, the registrar 
and senior registrar both tended to perform extracapsular extraction (in 
80% of cases) with lens implantation in about 40% of cases. Consultants 
used either intracapsular or extracapsular cataract extraction (41% and 
59% of cases, respectively) with lens implantation in 53% of cases, 80% 
posteriorly-supported and 20% iris-supported (Tables 10.13 and 10.14, 
pp.215 and 216).

The frequent use of sodium hyaluronate by consultants probably 
reflects both a higher proportion of technically difficult eyes, in 
which hyaluronate is of particular value, and also a more liberal 
approach to the use of this expensive material. The junior surgeons used 
the highest proportion of air for maintaining the anterior chamber 
during surgery (Table 10.14, p. 216).

Air to reform the anterior chamber at the end of surgery was used 
mainly by senior house officers, probably reflecting its use in keeping 
the vitreous face away from the surgical section after intracapsular 
cataract extraction. The frequent use of intraocular acetyl choline 
(Miochol) by registrars probably reflects its use during posterior 
chamber intraocular lens implantation, whereas that by consultants 
relates to usage with fourteen iris-supported lenses, with some 
posteriorly-supported lenses and with some intracapsular cataract 
extractions without lens implantation.

Once again, the lack of independence between the operative 
variables must be considered during the data analysis, particularly 
during the analysis of variance.

10.5 SUMMARY.

Within the group of eyes due for cataract surgery there were minor 
trends in some characteristics at enrolment. Several characteristics were 
found to be age-dependent or to be mutually interdependent, although in 
some cases the relationship was rather tenuous.

A marked bias in the selection of surgical practices by different 
status of surgeon would not appear to have been based on preoperative 
characteristics of the patients, but rather on the preferences of the 
surgeon supervizing the operation.

Reasons for default from the study are presented for thirty-four 
patients out of the two-hundred and seventy enrolled.
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THE ESTIMATION OF ENDOTHELIAL CELL LOSS: PROBLEMS OF INTERPRETATION.

The practical details of sampling the endothelial cell mosaic have 
been discussed in Section 2.4 (p. 26) and Section 8.4 (p. 177). In this 
Chapter, the assessment of damage to the corneal endothelial mosaic will 
be considered; this analysis taking four forms -

(i) To examine the theoretical changes that would occur in
sequential samples of the central corneal endothelial mosaic 
after different patterns of endothelial injury.

(ii) To consider which area of the corneal endothelium is repre
sentative of the whole cell population; this being the site 
from which the sample of the mosaic should be drawn.

(iii) To assess the method of interpretation of such a sample.

(iv) To propose a time after surgery at which the sample should 
be taken.

11.1 THEORETICAL PATTERN OF CHANGES IN THE ENDOTHELIAL MOSAIC.

The manner in which human corneal endothelium repairs defects in 
its structural continuity - by a rapid sliding and enlargement of cells, 
followed by a much slower adjustment of cell sizes - has been reviewed 
(Section 3.4.3, p. 56) and it is now of value to consider the measured 
changes of cell density that would be expected after different patterns 
of injury.

11.1.1 Focal Endothelial Cell Loss with Surgery.

The possible changes of cell density, following the loss of a
continuous area of peripheral corneal endothelium ("focal" loss), are
depicted in Figure 11.1.

In this diagram, the line ABH shows the changes of cell 
population which would occur in an eye which suffered no trauma 
due to surgery. It should be noticed that this line is not truly 
horizontal but, due to the loss of cells arising from increasing 
age, slopes slightly downwards.

Point "A" corresponds to the time of operation and at this 
point there is, practically, an instantaneous loss of cells in the 
peripheral part of the cornea; for example, at the site of the 
surgical incision. This loss is denoted by the line "AF".

From point "F", corresponding to the end of the operation, the 
line, representing the number of cells in the whole cornea, can 
follow one of a number of courses; this course depending upon the
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Figure 11.1 Theoretical changes of corneal endothelial population 
that might be expected after focal loss of an area of 
peripheral endothelium: The broken lines ("AFG”, "AFJ”) 
represent the true cell population and the continuous line 
("ABDE") represents apparent changes of cell population as 
estimated from a central sampling area.

2 23



The first possibility is that this line would, as indicated by 
line "FG", have a steadily decreasing slope and, after a reasonable 
follow-up time, become sensibly parallel to the line "OH". Thus, in 
this case, the rate of cell loss would return to the rate of 
natural loss which would have been maintained if the cornea had 
been undamaged by surgery.

The second possibility is that, as suggested by Binkhorst 
(1980), the rate of cell loss decreases with follow-up time but 
does not return to the value corresponding to the line "OH". Such a 
failure of the rate of cell loss to return to that of the unoperated 
eye, shown by line "FJ" on Figure 11.1, would result in a persistent 
divergence of the lines "OH" and "FJ".

It is, of course, possible that this latter hypothesis corres
ponds to the first case, but with a very slow rate of return to 
normality; this being such that, whilst for short follow-up times 
the curve follows the line "FJ", for very long times (as, perhaps,
20 years) it would be found that the slope of the curve had returned 
to, sensibly, that for the unoperated eye.

The apparent number of cells, as estimated from central sampling 
areas (the rectangles on Figures ll.l(i), (ii) & (iii)) remote from 
the area of cell loss, would take a very different course.

Immediately after surgery, the estimated cell population (based 
on measured cell density) would appear normal (line "AB" and Inset
(i) on Figure 11.1); this being because the losses occur away from 
the sampling area. The area of focal cell loss would be covered by 
a fairly rapid bulk migration and enlargement of endothelial cells 
from the main body of the cornea; the enlarging cells within the 
central sampling grid appearing as an apparent decline of cell 
numbers after surgery (line "BD" and Inset (ii) in Figure 11.1).

After the denuded area has been repopulated by migrated cells, 
other endothelial cells throughout the cornea would undergo a slow 
rearrangement and alteration of sizes: In man, this process is 
incomplete and hence postoperative endothelium shows not only a 
greater irregularity of size and shape than the preoperative cornea, 
but also a persistent gradient of cell size directed towards the area 
of cell loss (see Section 3.6, p.60). The slow rearrangement within 
the counting grid, with a small, but significant, net movement of 
cells towards the healed area, would create the appearance of a 
continued decline of cell numbers (line "DE" and Inset (iii) in 
Figure 11.1).

The persistent discrepancy between the estimated cell numbers 
("E") and the true cell numbers ("G" or "J") is the results of non
representative sampling in the estimation of "E"; these discrepancies 
being due to sampling errors or variability and due to a persistent 
gradient of cell density across the postoperative cornea.
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ii. i. z Diliuse Hindothelial (Jell Loss with burgery.

Considering now the loss of the same total area of endothelium as 
that in Section 11.1.1, but distributed uniformly across the cornea as a
large number of small areas of cell loss. Such a pattern of "diffuse"
loss would be expected to produce a different pattern for the estimated 
changes of cell population (Figure 11.2).

The number of cells within the whole corneal endothelium, 
represented by the broken line in Figure 11.2, should take the same 
form as that in Figure 11.1; the same total number of cells having 
been lost in both models.

The changes of endothelial population, as estimated from a 
central sampling area (the rectangles on Figures 11.2(i), (ii) & 
(iii)) would, however, be expected to take a very different form.

A cell loss would be measurable immediately after the loss of 
endothelial cells, because of cell losses occurring within the
sampling area; in this case being cells lost during surgery (line
"AB" and Inset (i) in Figure 11.2).

Thereafter a rapid coverage of the denuded areas would take 
place (Inset (ii) on Figure 11.2), but without the bulk migration 
of the "focal loss" model (Inset (ii) on Figure 11.1); this former 
cellular migration resulting in a relatively rapid phase of apparent 
cell loss ("CD" in Figure 11.2).

A slow phase of cellular rearrangement (Inset (iii) on Figure 
11.2) would be associated with a prolonged period of slowly changing 
estimates of cell population (line "DE" In Figure 11.2).

In the late postoperative period there remains a disparity 
("EG" or "EJ") between the true endothelial cell population and the 
apparent, estimated population; this disparity also applying to 
endothelial cell losses. However, whereas the disparity would be 
relatively large In the case of focal loss (Figure 11.1), this 
being due to a persistent gradient of cell density as well as 
inhomogeneity of cell size, that for the diffuse loss would be 
smaller (Figure 11.2), being due only to inhomogeneity of cell 
size. Where cell losses are diffuse, there is no polarity of 
cellular migration (Inset (ii) in Figure 11.2) and hence no 
subsequent gradient of cell density.

11.1.3 Measured Endothelial Cell Losses after Surgery.

In practice, endothelial cell losses as measured after surgery 
would be a hybrid of the two theoretical models presented in Sections
11.1.1 and 11.1.2. Focal loss of cells would be expected at the cataract 
section; this focal loss arising not only due to damage during the 
creation of the surgical section, but also because the section forms a 
common avenue of manipulation through which all instrumentation is
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Figure 11.2 Theoretical changes of corneal endothelial population that
might be expected after diffuse loss of corneal endothelium: 
The broken lines ("ABFG", "ABFJ") represent the true cell 
population and the continuous line ("ABCDE”) represents the 
apparent changes of cell population as estimated from a 
central sampling area.
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f'
(from instruments or movements of intracameral fluids) and from cellular 
injury due to injurious influences within the anterior segment of the 
eye; for example, that due to air, drugs and preservatives, raised 
intraocular pressure or the products of inflammation.

A combination of these two models might be expected to take the 
form illustrated in Figure 11.3.

Before surgery there is an extremely slow decline of the cell 
population (Phase "A" in Figure 11.3).

After operation there would be a broad zone of sampling error 
within which an estimated cell population would fall. The position 
of the midline (highest probability observation) of this sampling 
zone is dependent on the degree of focal cell loss and the degree 
of diffuse cell loss; being, therefore, indirectly dependent on the 
magnitude of total cell losses.

The Phase "B”, where the sampling zone is broadest, is a phase 
of relatively rapid apparent decline in cell population, occurring 
for an uncertain period after surgery; certainly for several days 
whilst the breaches in the endothelial mosaic are being healed by 
cell migration. Whereas this rapid decline has been interpreted by 
many authors, almost without exception, to be a reduction of cell 
population, the analysis of endothelial dynamics presented here 
would suggest it to be partly, if not in some cases almost entirely, 
due to cellular reorganization rather than cell loss.

A slow phase of apparently declining cell density (Phase "C" 
in Figure 11.3), might be expected after the rapid early cellular 
reorganization has closed areas of denuded Descemet's membrane and 
removed major discrepancies of cell size. This slow phase is likely 
to be due not only to a continued cellular rearrangement, tending 
towards a reduction of both cellular size inhomogeneity and polar 
disparity of density, but also to a continued true loss of cells 
should any adverse influence be acting on the endothelium. Such 
adverse factors might include persistent mild uveitis or alterations 
of intraocular fluid dynamics (endophthalmodonesis - Binkhorst 1980).

A Phase "D" of stability, when the rate of continuing cell 
losses are no greater than that of an untouched cornea, might be 
reached possibly many years after surgery.

As discussed earlier, the difference between the estimated 
cell population and the true, immeasurable, cell population is 
dependent mainly on the polar disparity of cell density. In 
contrast, the width of the zone of sampling errors is influenced 
more by random errors of sampling and residual inhomogeneity of 
cellular size.

It is of interest, that the degree of cell loss, the coefficient of
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Figure 11.3 Theoretical changes of corneal endothelial population that 
might be expected after cataract surgery, in which a 
mixture of "focal" and "diffuse" loss would occur.

228



superior part of the corneal endothelium are all significantly greater 
after intracapsular cataract extraction than after extracapsular surgery 
(Schultz et al. 1986). Such a pattern of changes might reasonably be 
expected with a greater focal cell loss after intracapsular surgery and 
a greater diffuse cell loss after extracapsular surgery (see also 
Section 13.2.1, p. 272).

11.2 POSITION OF SAMPLING OF THE CORNEAL ENDOTHELIAL MOSAIC.

For this part of the discussion the endothelium may be regarded as 
a stable and unaltering mosaic, albeit with a marked variation of cell 
sizes (Jacobi & Strobel 1981; Mishima 1982a, 1982b; Stefansson et al. 
1982) and possibly a vertical disparity of cell densities superimposed 
on the normal differences between central and peripheral endothelia 
(see Section 3.5, p.58).

Irrespective of any heterogeneity of cells, the true endothelial 
cell population could be established if the whole endothelial mosaic 
could be sampled. In practice, all methods of specular microscopy are 
limited to photography of often considerably less than 1% of the corneal 
endothelial area (Sherrard & Buckley 1984). The Pocklington specular 
photomicroscope, the one, amongst commercially available non-scanning 
instruments, capable of photographing the largest area of endothelium, 
still only records less than 1 sq.mm. in a field of specular 
illumination (Jacobs et al. 1982).

To derive an estimate of the corneal endothelial cell population 
from a specular photomicrograph of, for example, less than 1 sq.mm. 
requires an assumption that a measurement sample drawn from this small 
area is representative of the cell-size distribution for the whole 
cornea and hence representative of the total corneal endothelial cell 
population. This assumption is known to be incorrect and, furthermore, 
the degree of error is also dependent on the size of the measured 
sample. This factor will be considered in the next section.

It is, therefore, impossible to define any one area of an adult 
cornea as representative of the endothelial cell population.

The practical solution is, however, simple. The area of cornea with 
greatest clinical importance is that of the central area overlying the 
optical axis. Endothelial failure in this area results in corneal oedema 
and poor vision. Failure elsewhere might cause clinical problems, but 
does not influence visual function to a marked extent. Moreover, the 
very slow readjustment of endothelial cell sizes in man (Mishima 1982a)
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clinically stable for long periods. Thus, although the cells of a central 
endothelium with a higher cell density would eventually migrate towards 
areas with lower cell densities (for example, towards areas of bullous 
keratopathy), this might take many years.

In conclusion, although no single area of corneal endothelium is 
representative of the whole cell population, for clinical investigations 
an examination of endothelial cell densities in the area overlying the 
pupil is the measurement of greatest clinical importance.

11.3 METHOD AND INTERPRETATION OF SAMPLING.

Having taken a specular photomicrograph that might approximate to a 
representative sample of the central corneal endothelium, one is then at 
a stage where an assessment of cell areas must be made in an attempt to 
characterize the cell-size distribution. From a representative cell-size 
distribution it is possible to derive an average cell size and, in turn, 
an average endothelial cell density.

The two principal methods of measurement of cell density used by 
research workers bypass the derivation of a cell-size distribution. The 
methods, although based on the assumption that the measured sample 
conforms to the cell-size distribution for the whole cornea, assess the 
cell density either directly by counting the number of cells lying within 
a known area (termed "fixed frame" analysis) or indirectly from the 
average area of the cells, this being derived from a measurement of the 
area of a known number of cells (so-called "variable frame" analysis).

11.3.1 "Fixed Frame" Analysis.

In this technique the number of cells lying wholly or partially 
within a counting frame is assessed; cells straddling two borders of a 
rectangular frame, for example, the left-hand and bottom edge, are 
excluded, whereas those straddling the other two edges are included 
(Figure 11.4).

When practised as described, there results a small overestimate of 
the cell numbers, although this is significant only when the figures being 
sampled occupy a relatively large area as compared with the sampling area; 
this being the case particularly in endothelia with low cell density. This 
overestimate occurs because the area within which the centre of a cell to 
be counted may fall, the dotted line in Figure 11.5, is slightly larger 
than the area of the rectangular counting frame. This error, termed "edge 
effect" by Sperling & Gundersen (1978), may be compensated for by a
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Figure 11.4 Principle of cell density estimation by "fixed frame" 
analysis. Cells with "dot" centres are included, being 
either within the frame or straddling the top and the right 
borders, whereas those cells with "cross" centres are 
excluded because they straddle the left-hand or bottom 
edges of the frame (thick lines).
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Figure 11»5 Principle of cell density estimation by "fixed frame"
analysis. The dotted line represents the limit within which 
the centre of a cell, radius "r", must lie to be counted.
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Figure 11.6 Principle of cell density estimation by "fixed frame"
analysis, with observation of the "edge-effeet" rule. Cells 
straddling the line AB are also excluded from the census, 
thereby reducing the area within the dotted line to an area 
the same as that of the counting frame.
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The method of fixed frame analysis has been very widely utilized 
in previous studies of endothelial cell density, but previous authors, 
almost without exception, have not allowed for the edge-effect.

The size of the counting frame, rarely considered, is of relevance 
as it indirectly influences the results: The probability for a cell of 
given size to straddle an inclusion border is the same as that for an 
exclusion border and the probability of a cell of a certain size lying 
in a given position is a property of the endothelial mosaic, unaltered 
by the counting technique. However, like any sampling procedure, the 
probability of drawing a non-representative sample from the population 
is increased as the sample size decreases. Thus, if a representative 
sample of the population is required, one should aim to "sample", that 
is, include within a large enough counting frame, over fifty or sixty 
cells. This theory is bourne out by results of Garsd and others (1981), 
Hirst and colleagues (1980, 1984a), Laing and co-workers (1976) and 
Sperling and Gundersen (1978).

11.3.2 "Variable Frame" Analysis.

This technique is less widely used because it requires expensive 
methods of measuring image area, such as an image analyser system or an 
electromagnetic planimeter and microprocessor.

To perform "variable frame" analysis, the specular endothelial image 
is generally traced to provide a clearly-defined image for the analyser 
system and the area of a known number of cells measured. From this area 
an estimate of endothelial cell density may be calculated.

Just as with "fixed frame" analysis, the "variable frame" analysis 
is subject to systematic error under certain circumstances. Although not 
recorded in the literature, the present writer considers it important that 
cell measurement should not extend near to the edge of the photographic 
image; because, if this rule is not observed, there will be a bias of 
sampling towards smaller cells and, consequently, higher estimates of cell 
density. This bias occurs because those cells that are incomplete, and 
hence excluded from measurement, will tend to be those larger cells that 
straddle the edge of the photographic image. Olsen (1981c), in a meticulous 
study of sampling errors showed, in practical terms, that such an error 
does arise when small-field variable frame analysis is used. It is 
possible that this source of error is unrecognized by some investigators 
using "variable frame" analysis.

In addition to the source of error described above, the technique
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being any defined endpoint: The fact that the decision to include or 
exclude a cell from analysis is dependent on the whim of the cell- 
counting technician renders the method liable to a bias towards, for 
example, smaller cells.

The assessment of the specular endothelial photomicrographs for 
this research project was performed by an independent observer using the 
technique of "fixed frame" analysis with compensation for the "edge- 
effect". Although not masked or randomized, the films were not labelled 
as to whether preoperative or postoperative or whether the left or right 
eye was the operated eye. For a given patient, preoperative and 
postoperative films, were assessed many weeks apart and there was 
generally a mixture of preoperative and postoperative photographs from 
different patients on any one film.

11.4 TIMING OF MEASUREMENT: THEORY.

In Sections 11.2 and 11.3 (pp. 229 and 230) the problems associated 
with the sampling of a stable endothelial cell population have been 
discussed, recognizing that there is no way to draw a truly represent
ative sample. Following an injury to the endothelium, such as surgery, 
an even greater difficulty exists: When to draw a sample from a cell 
population in a state of flux. This problem is discussed in editorials 
by Hirst and colleagues (1980) and Sugar (1979), Hirst even suggesting 
that the follow-up time of clinical trials might be standardized, to 
facilitate a cross-comparison between them.

From the discussion in Section 11.1 (p. 222) it will be evident that 
there is no time after surgery at which the true number of endothelial 
cells can be assessed. The cell density as sampled is, at best, an 
approximate measure of cell damage. The best approximation must be that 
taken a long time, perhaps many years, postoperatively, at which time 
there will still be an indeterminate discrepancy with respect to the true 
cell density. The time required for human endothelium to stabilize, if 
it ever does, is impractically long for use in clinical investigations 
of endothelial cell losses, especially prospective trials.

In view of the difficulty of prolonged follow-up in clinical 
trials, the only practical solution lies with either very short-term 
follow-up, for example, reassessment during the in-patient surgical 
admission, or a medium range follow-up of a few weeks, during the 
postoperative out-patient treatment period.
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This period may be regarded as that in which there is a rapid flux 
of the endothelial cells due to three factors -

(i) Mass migration and enlargement of endothelial cells to 
close breaches in the endothelial mosaic.

(ii) Cellular reorganization to reduce inequalities of cell size.

(iii) Death of endothelial cells that have been irreversibly
damaged during surgery or by other adverse influences 
during the postoperative period.

Together with uneven damage to the endothelial mosaic, these 
factors contribute to a range of sampling error that can be expected in 
the early postoperative period (Phase "B” in Figure 11.3, p. 228). Not 
only does this region of error prevent an accurate estimate of cell loss, 
but also the possibility of continued losses render such an estimate a 
poor guide to the final degree of endothelial damage.

Despite the gross limitations inherent to assessing cell losses in 
the early postoperative period, many papers are based on such estimates 
(see Section 5.5, p. 100), with estimates occasionally being taken as
early as one day after surgery.

Conclusions drawn on such evidence can be only tentative.

11.4.2 Cell Loss Estimates during the Late Postoperative Period.

Estimates of cell losses made several weeks to months after 
surgery, although never precise, avoid the majority of the discrepancies 
of early postoperative assessment (see Section 11.4.1) and also allow 
time for the adverse endothelial environment that exists after surgery, 
for example, that due to inflammation, to resolve.

At this time, when an apparently continued slow cell loss might be 
expected (Phase "C" in Figure 11.3, p. 228), the zone of sampling error 
should be less than that immediately after surgery. To separate true 
cell loss from an apparent loss due to cellular reorganization is 
probably impossible: Several authors have reported continued cell losses 
for various times after surgery (see Section 5.3.3 and 6.4.3, pp. 94 and 
125), but it would appear that but few have considered the effects of 
such sampling errors on their estimates.

Despite the limitations of assessing "cell loss" during this phase, 
it is the most convenient time to make this estimate and to assess the 
postoperative status of the endothelium overlying the optical axis, the
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must, however, be recognized.

11.5 TIMING OF MEASUREMENT: RESULTS OF RESEARCH.

It is valuable to consider whether the estimates of endothelial 
cell loss from the present worker's research conform to the model 
already proposed in Figure 11.3 (p. 228).

11.5.1 Relationship between Early and Late Measured Cell Losses.

At the start of the present investigation, specular photomicrographs 
were taken at the time of the early postoperative (generally day 3-4) 
examination, as well as those taken at the late (10-30 week) follow-up.
The early photomicrographs were discontinued after eighty-eight patients 
because they were found to be inadequate to permit reliable analysis. In 
thirty-eight eyes, however, both early and late postoperative films were 
adequate for a comparison of endothelial cell losses.

Figure 11.7 demonstrates, as might be expected on theoretical 
grounds, that there is no useful relationship between estimates of cell 
losses in the early and the late postoperative periods (correlation 
coefficient 0.26; P>0.10). The majority of points lie on the "late loss" 
side of the line of identity, plotted on Figure 11.7, implying that the 
later estimate is generally the larger. The scatter of values taken in 
the early postoperative period would be expected to be greater, because 
the endothelial cell mosaic is undergoing maximum reorganization, and 
hence shows greatest variability, at this time.

Together with theoretical considerations, this evidence suggests 
that reports based on a follow-up period of less than a few weeks are 
probably very misleading. In future discussions within the present 
research work, only the later estimates of cell loss will be considered.

11.5.2 Stability of Measured Late Endothelial Cell Losses.

Late estimates of endothelial cell losses were made between ten and 
thirty weeks after surgery, at which time the majority of eyes had no 
clinical signs of uveitis and were without postoperative complications.

It is imperative to recognize the possibility of erroneous deductions 
when proposing a theory involving a time-dependent phenomenon (time-trend) 
drawn from evidence provided by an investigation conducted over a short 
time interval (commonly termed a "cross-sectional" study); the latter 
being the case with the present research. Although the possibility of
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of the sample used in the present work (236 eyes).
There is a weak direct correlation between the estimated endothelial 

cell losses in 236 eyes and the follow-up period (r = 0.210, P<0.05).
This relationship can be expressed as a linear regression of cell loss 
with respect to follow-up time, this taking the form -

L = -0.4 + 0.881 (H.l)

where "L" is the cell loss (%),
and "I" is the follow-up interval (weeks).

Although the weak correlation must be considered during the 
interpretation of this relationship, the gradient (0.88 %/week) is 
significantly different from zero (t = 3.28, P<0.001); this possibly 
representing a significant continued endothelial cellular reorganization 
or cell loss during the tenth to thirtieth weeks after cataract surgery.
In contrast, the intercept on the ordinate (-0.4%) is not significantly 
different from zero (t * 0.09, P>0.9).

As would be expected, analysis of variance for cell losses shows a 
similar dependence on follow-up period (F = 9.57, P<0.001); the estimated 
rate of apparently continued cell loss by this method of analysis being 
0.85% per week.

To determine whether the late estimates of cell losses within the 
research work conformed to an exponential pattern, as in Phase "C" of 
Figure 11.3 (p. 228), the cell loss was related to the follow-up period 
by the following relationship -

L - 100 [1 - (m e111)] (11.2)
or P = m e11* (11.2a)

where "L" is the estimated cell loss (%),
"I" is the follow-up interval (weeks)
"m" and "n" are parameters 

and "P" is the proportion of endothelial cells remaining after
surgery; that is, (postoperative density - preoperative density).

Taking the natural logarithms of both sides of equation 11.2a, a 
linear function is obtained -

ln(P) = ln(m) + n(I) (11.3)

m, ... . t . . (see Footnote overpage) - ...The least squares solution for this
function, based upon results from a group of 236 eyes in the present 
investigation, is as follows -
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This leading to the expression -

Cell loss (%) = 100 [1 - (1.02 * e"°-012*time)]

The parameter "1.02" is not significantly different from unity 
(t = 0.32, P>0.05), whereas the parameter in the exponent (-0.012) is 
significant at a 1% Type I error (P<0.01); the 95% confidence limits for 
the latter being +0.008.

Most naturally occurring phenomena that expend their motive force 
as the process occurs conform to an exponential decay; an example being 
radioactive decay. The prime driving force for the late phase of apparent 
endothelial loss was proposed to be the inhomogeneity of cell sizes and
also, in the case of focal loss, the vertical disparity of cell sizes;
these forces acting to reduce the inhomogeneity and vertical disparity. 
Thus, endothelial cellular reorganization would be expected to conform 
to an exponential decay model, as drawn in Figures 11.1, 11.2 and 11.3.

However, for the results of the present investigation, the cell 
loss would appear to conform as readily to a linear reduction (correla
tion coefficient, "r" = 0.21) as to exponential decay (r = 0.20).

Although this disparity between the observed result and theoretical 
expectation could arise from a large scatter of the values in this cross- 
sectional investigation, an alternative explanation can be tendered - 

The greater variations of cell size in older corneas and the 
inhomogeneity and vertical disparity of cell sizes persisting after 
surgery imply that the adult endothelium reorganizes only very slowly, 
once the rapid closure of breaches in the endothelium is completed.

With extremely slow reorganization, the observed changes would, 
over short periods (perhaps for several months or years), appear to 
approximate as closely to a linear progression as to a theoretically 
exponential decline; this having been found in the present study.

Footnote* Although a widely accepted practice, the derivation of a
"least squares" solution for such logarithmic functions introduces 
bias to, and complicates the interpretation of, an analysis of 
data.
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11.6 SUMMARY.

The patterns of reorganization of the corneal endothelial mosaic 
that would be expected after focal or diffuse cell losses are considered, 
together with the effect of these patterns upon sampling estimates of 
cell density.

The problems of representative sampling of the corneal endothelial 
mosaic are discussed with regard to the position on the cornea from 
which to sample, the interpretation of such a sample and the time at 
which to make the estimate.

The results of previous investigations, together with those of the 
present research, would suggest not only that the endothelium after 
cataract surgery undergoes a continued cellular reorganization, but also 
that estimates of cell loss taken within a few days of surgery are 
unreliable; such a proposal also being supported by the hypothesis 
presented in this chapter.

It is proposed that estimates taken from the central cornea at 
several weeks to months after surgery probably give the best approximate 
measure of the extent of damage to the mosaic, although it would be 
expected that the mosaic at this time is still undergoing a slow 
reorganization; such a reorganization being compatible with changes 
of cell density, as estimated at between ten and thirty weeks after 
cataract surgery, in the present investigation.
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CHAPTER 12
ANALYSIS OF RESULTS FOR ENDOTHELIAL CELL LOSSES 
IN RELATION TO PREOPERATIVE, PREDICTIVE FACTORS.

Results for the degree of endothelial cell loss in relation to 
preoperative characteristics will be considered in this Chapter; these 
characteristics are inherent to the preoperative eye or the patient and 
are, thus, unalterable. The correct interpretation of the observations 
relating to these factors could, however, give an indication of the 
magnitude of the risk of permanent endothelial cell loss arising from 
cataract surgery.

The methods of assessment of the characteristics and the analysis 
of the measurements were discussed in Chapter 8 (p. 169).

12.1 RESULTS.

The data for individual patients, upon which the following analysis 
is based, is provided in the Appendix (p. 401).

12.1.1 ANALYSIS BY PAIRING OF FACTORS (Characteristic vs. Cell Loss).

(i) Age and cell loss.

The percentage cell loss ("cell loss") was unrelated to age, the 
two variables having a correlation coefficient of 0.084 (P>0.05; 236 
eyes). The gradient of the regression of cell loss with respect to age 
is 0.126 (%loss/year of age), this not being significantly different 
from zero (t = 1.29, P = 0.20).

(ii) Diabetes and cell loss.

The twenty-five diabetics had a mean cell loss of 19.1% (Standard 
error 3.5%) and the non-diabetics a 13.5% mean loss (Standard error 1.09% 
211 eyes). The difference between the two groups was not significant at 
a 5% Type I error (t = 1.66, P = 0.10).

(iii) Previous ocular disease and cell loss.

Patients with previous eye disease, when considered as a single 
group, had lower mean cell losses than the group of disease-free 
patients (Table 12.1), although the differences between the groups with 
various eye diseases are not significant (F = 0.47, P>0.05; for P = 0.05, 
F = 2.21).
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Table 12.1

Endothelial cell losses in eyes with previous ocular disease.
(Code 3 - anterior segment surgery; Code 4 - posterior segment 
surgery; Code 6 - chronic glaucoma; Code 7 - previous ocular 
trauma; Code 8 - other ocular disease, such as uveitis).

Endothelial Coding of previous eye disease

Cell Loss (%) None 3 4 6 7 8

Mean 14.5 12.7 7.5 7.3 7.2 11.6

Standard error 1.1 - 8.4 2.7 14.4 8.4

Number 214 1 2 7 2 10

Table 12.2

Endothelial cell losses in relation to density of corneal arcus.

Grade of Corneal endothelial cell loss (%) Number
corneal --------------------------------------------  of
arcus Mean Standard error eyes

None 13.5 1.3 147

Grade 1 16.0 2.3 46

Grade 2 16.4 2.6 32

Grade 3 6.4 6.0 11
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In ten patients in whom there was corneal stromal disease, there 
was no significant difference in cell losses as compared with other 
patients (9.5% loss vs. 14.2% loss, respectively; t = 0.91, P>0.30).

(v) Degree of corneal arcus and cell loss.

Cell losses were not significantly different (F = 1.35, P>0.05; for 
P = 0.05, F = 2.60) between the four grades of density for corneal arcus 
(Table 12.2).

(vi) Density of corneal guttata and cell loss.

There is a marked, but not statistically significant (F = 2.17, 
P>0.05; for P = 0.05, F = 2.21), variation of cell losses between groups 
of eyes with different densities of corneal guttata (Table 12.3). This 
variation of cell losses between groups might be related to the 
different proportion of eyes implanted with intraocular lenses or the 
variable usage of hyaluronate (Table 12.3).

(vii) Preoperative central corneal thickness and cell loss.

There is a weak positive correlation between cell loss and the 
preoperative central corneal thickness (correlation coefficient = 0.160, 
P<0.05), the variables conforming to the following linear regression -

L = 69.8T - 24.7

where L is the endothelial cell loss (%)
and T is the central corneal thickness (mm).

The corresponding 95% confidence limits for the gradient (69.8%/mm) 
are +58.4 (%/mm), whereas the intercept has 95% confidence limits of 
+32.1%. The latter figure sets estimated 95% confidence limits for the 
intercepts as -76.7% to +7.1%; that is, a range not significantly 
different from zero.

(viii) Anterior chamber depth and cell loss.

Endothelial cell loss was not significantly related to preoperative 
anterior chamber depth, the variables having a correlation coefficient 
of only -0.120 in a group of 234 eyes (P>0.05).

(ix) Severity of preoperative uveitis and cell loss.

In a sample of 230 eyes with no preoperative inflammation, the 
average cell loss in this group being 14.4% (S.E.M. 1.1%). This was not
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Table 12.3

Cell losses within subgroups of grading of corneal guttata density. 
The number of intraocular lenses implanted and usage of sodium 

hyaluronate (Healon) is also presented.

Endothelial Grading of density of corneal guttata

Cell Loss (%) None 1 2 3 4 5

Mean 12.9 17.4 8.8 28.3 17.0 -1.0

Standard error 1.2 2.5 4.0 4.3 6.1 3.5

Number 165 50 8 6 5 2

Number with 
lens implant

73
(44%)

20
(40%)

2
(25%)

4
(67%)

2
(40%)

0

Number using 
hyaluronate

48
(29%)

14
(28%)

2
(25%)

1
(17%)

3
(60%)

1
(50%)
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cell losses of -1.5% (Standard error 0.7%) In three eyes with Grade 1 
inflammatory signs and 6.3% (Standard error 10.1%) in three eyes with 
Grade 2 uveitis.

(x) Density of anterior cortical cataract and cell loss.

Average cell losses were different (F = 3.55, P<0.05) in the 
various gradings of anterior cortical lens opacity (Table 12.4). The 
differences were also significant when the group with Grade 3 density, 
which includes the mature cataract, was omitted (F = 5.92, P<0.005).

(xi) Density of nuclear sclerosis and cell loss.

There was a significant variability of cell losses between the 
several gradings of nuclear sclerosis of the lens (F = 4.22, P<0.001), 
the loss being greatest in a group with the most dense, brunescent 
cataracts (Table 12.4).

(xii) Density of posterior subcapsular cataract and cell loss.

In eyes with various densities of posterior subcapsular cataract 
the mean cell losses were not significantly different (Table 12.4). This 
was the case for all eyes (F = 0.19, 185 eyes; for P = 0.05, F = 2.25) 
or when eyes with Grade 5 density (including mature cataract) were 
omitted (F = 0.27, 118 eyes; for P = 0.05, F = 2.42).

(xiii) Preoperative endothelial cell density and cell loss.

There was no significant relationship between preoperative central 
endothelial cell density and cell loss estimates in 236 eyes undergoing 
a variety of surgeries (correlation coefficient = 0.08, P>0.05).

12.1.2 DATA ANALYSIS BY STEP-WISE ANALYSIS OF VARIANCE.

For this part of the analysis, eight preoperative characteristics 
were considered; as detailed in Table 8.2 (p. 188).

Since cell loss estimates have previously been shown to be related 
to the period of follow-up (Section 11.5.2, p. 237), this factor was 
considered as the first stage in step-wise analysis of variance 
(Table 12.5).

At the second step, nuclear sclerosis grading remained the most 
significant predictor of cell loss (P<0.01); the other preoperative 
factors did not reach statistical significance at a 5% Type I error 
(Table 12.5).
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Table 12.4

Cell losses with different densities of lens opacity 
in each of three regions of the crystalline lens.

In fifty-one eyes the posterior subcapsular lens opacities were 
ungradable, being obscured by nuclear or anterior cortical cataract.

Type and Density of 

Lens Opacity

Endothelial

Mean

cell loss (%) 

Standard Error

Number
of
eyes

Anterior Cortical

None 10.8 1.3 78
Grade 1 13.3 2.1 51
Grade 2 20.7 3.1 40
Grade 3 14.4 2.2 67

Nuclear

None 10.8 8.1 4
Grade 1 11.6 2.3 34
Grade 2 12.0 1.5 84
Grade 3 15.0 2.8 40
Grade 4 31.9 5.2 14
Grade 5 (Mature) 13.6 2.2 60

Posterior Subcapsular

None 7.5 14.7 2
Grade 1 14.0 7.6 2
Grade 2 15.1 3.0 19
Grade 3 13.4 2.1 54
Grade 4 11.7 2.2 41
Grade 5 12.8 2.0 67
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Table 12.5

Examination of endothelial cell losses by step-wise analysis 
of variance: Preoperative characteristics in 233 eyes.

o 2Variance of cell losses (% ) Degrees Variance Signif
icance

Step

Component Value
UI

Freedom Ratio Number

(Total variance) 258 232

Follow-up interval 2380 1
9.57 P<0.01 1

(Residual) 249 231

Nuclear sclerosis 804 5
3.40 P<0.01 2

(Residual) 236 226

Patient age 320 1 1.36 P>0.05 3

Diabetes 580 1 2.47 P>0.05 3

Ocular disease 530 1 2.26 P>0.05 3

Stromal disease 270 1 1.14 P>0.05 3

Guttata density 470 5 2.03 P>0.05 3

Preop. cell density 330 1 1.40 P>0.05 3

Preop. A.C. depth 650 1 2.77 P>0.05 3

For P = 0.05, F1;225 = 3.88 and F5;221 2.25
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nuclear sclerosis, the third step did not reveal any further variables 
predictive for endothelial cell losses (Table 12.5).

12.2 DISCUSSION.

Endothelial cell losses in 236 patients undergoing cataract surgery 
during this study were, in many cases, similar to the results of other 
investigations reported in the literature.

The present investigation suggests that cell losses after cataract 
surgery are unrelated either to the age of the patient or to the presence 
of diabetes, previous ocular disease (or surgery), corneal arcus or 
corneal stromal disease. Moreover, endothelial cell losses were not 
related to preoperative estimates of cell density or preoperative 
inflammation.

These preoperative characteristics would not, therefore, appear to 
be of value as preoperative indices of cell loss.

Cell losses are unrelated to central anterior chamber depth when 
the results for the whole study group were considered. In a later part 
of this study, however, this measurement is found to be predictive of 
cell losses within a selected subgroup of eyes (Section 13.1.2, p. 266).

Other investigators have recorded that cell losses were unrelated 
to age, after intracapsular cataract extraction alone (Olsen 1980c), 
after intracapsular extraction with Medallion lens implantation (Sugar 
et al. 1978d) or after a variety of cataract surgeries (Yang & Kline 
1981). In contrast, Azen and colleagues (1983) showed that the average 
age of a group with excessive (>30%) cell losses after extracapsular 
extraction and Shearing lens implantation was greater than that of 
patients with cell losses of less than 30%; such a difference was not, 
however, observed in an allied comparison which forms part of the 
present investigation (Section 15.2.1, p. 312).

A study by Straatsma and colleagues (1983b) contains a diversity 
of surgeries and spectrum of surgical experience amongst the operating 
surgeons; as was the case with the present author's research reported in 
this work. Although the study by Straatsma had a high rate of default to 
follow-up, these authors report cell losses after cataract extraction 
and lens implantation in diabetic patients to be similar to those of 
non-diabetics; a result similar to that of the present research. Moreover, 
the cell loss of 20.8% in the 7/20 diabetics that completed the study of 
Straatsma is not dissimilar to the 19.1% cell loss of the 25 diabetics
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non-diabetics that completed follow-up in the investigation of Straatsma 
is significantly different from the 13.5% loss in 211 eyes in the 
present study (t = 1.98, P = 0.05).

The lack of a relationship between cell losses and preoperative 
cell density reported in the present study accords with similar results 
by Bourne and associates (1980) and Olsen (1980c). Azen, in contrast, 
suggests that excessive (>30%) losses were associated with lower preoper
ative cell densities in the superior corneal endothelium; although only 
if the latter was "adjusted for age" (Azen et al. 1983). In the present 
investigation, central endothelial cell density was similar in two 
groups with extremes of cell loss (Section 15.2.1, p. 312).

There was a weak positive correlation between the preoperative 
central corneal thickness in 212 eyes and the cell loss after a variety 
of cataract surgeries within the present study. In contradistinction, 
there was no correlation between these variables in 43 eyes after 
intracapsular extraction (Olsen 1980c) nor in 160 patients undergoing a 
variety of cataract surgeries (Bourne et al. 1980).

The reason for the correlation, albeit weak, in this group of 212 
eyes is unclear. The corneal thickness in this particular group is 
unrelated to the density of guttata (F = 1.10, P>0.05; for P = 0.05,
F = 2.25) or to the density of sclerosis of the lens nucleus (F = 1.20, 
P>0.05; for P = 0.05, F = 2.25); the latter factor being strongly 
influential in determining endothelial cell losses (see Section 12.2.2, 
p. 254).

12.2.1 Corneal Guttata and Endothelial Cell Loss.

Olsen (1980c) reports that cell losses at 6 months after intracap
sular cataract extraction were not significantly different in 37 eyes 
without guttata (25% loss) and 6 eyes with sparse guttata (30% loss). 
However, Olsen and Eriksen (1980) suggest, from a study of eyes after 
intracapsular extraction with Fyodorov lens implantation, that the endo
thelium was more susceptible to damage (during or after surgery) in the 
presence of preoperative guttata. In addition, corneal thickness was 
increased significantly at 6 months after intracapsular cataract 
extraction only in those eyes with preoperative guttata (Olsen 1980c).

In the present investigation, endothelial cell loss does not bear a 
clear relationship to the density of guttata (F = 2.17, P>0.05; for 
P = 0.05, F = 2.25. See Table 12.3, p. 245). However, the higher cell
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greater cell damage in the presence of this corneal pathology.
The lower rates of cell loss for eyes with Grades 2 or 5 guttata 

might have resulted from modification of surgical technique when the 
surgeon was preoperatively aware of this abnormality of the cornea.

With reference to Table 12.6, the following provisional conclusions 
as to the use of various techniques emerge -
No guttata (165 eyes): The 44% rate of lens implantation and a 29%

use of hyaluronate is very similar to that for all 236 patients 
(43% and 29%, respectively). The cell loss for the group without 
guttata, namely 12.9%, is very typical of cataract surgery.

Grade 1_ guttata (50 eyes): With this group there was no change in the
rate of lens implantation (40%) or hyaluronate usage (28%).

Grade 2_ guttata (8 eyes): The rate of lens implantation (25%) was
lower, implying a preoperative awareness of the corneal abnormality 
and possibly explaining the reduced average cell losses. However, 
despite this possible awareness, hyaluronate usage (2 eyes, 25%) 
was not increased.

A 6% cell loss in one eye where hyaluronate was used contrasts 
a 34% cell loss after implantation without the use of this protective 
agent.

Grade 3̂ guttata (6 eyes): There was an unusually high rate of lens
implantation (4/6 eyes) in this group, with an abnormally low usage 
of hyaluronate (1/6). These two factors probably contribute to the 
highest average cell loss (28.3%; range 18%-42%), this loss being 
significantly different from that in the 165 eyes without guttata 
(t - 2.40, P<0.05).

On further examination of this group of patients who fared 
badly (Table 12.7), eyes without lens implantation fared better 
than those with posterior chamber lenses. Furthermore, lens implan
tation under air or hyaluronate appears to be less damaging than 
implantation using intracameral Balanced Salt Solution.

The three operations with the highest losses were performed by 
the most junior surgeons; the one operation that was identified 
subjectively as "difficult" having the greatest cell loss.

In the two cases in which Miochol was used, cell losses were 
over 40%; perhaps indicating either that surgery was difficult 
(Miochol often being used to constrict a pupil in front of a lens 
implant) or that Miochol Is possibly toxic to the endothelium. 
Miochol has been shown to cause some damage to cultured bovine 
corneal endothelium (Jay & MacDonald 1978).

Grade 4_ guttata (5 eyes) : The rate of cell loss in this group is
similar to that of the Grade 1 group, with the same rate of lens 
implantation (Table 12.6). The endothelium of eyes with Grade 4 
guttata was probably protected by the universal use of hyaluronate 
during lens implantation. However, the overall use of hyaluronate 
in this group of five eyes was 60%.

Grade 5̂ guttata (2 eyes): The two patients with Grade 5 guttata,
Fuchs" endothelial dystrophy, were identified as such preoperatively 
by the surgeons concerned. Surgery was performed by senior surgeons 
(one consultant and one senior registrar) and lens implantation was 
avoided. In this case, cell losses, as shown in Table 12.6, were low.
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Table 12.6

Cell losses within subgroups of grading of corneal guttata density.

The table also includes the endothelial cell losses in the presence or 
absence of intraocular lens implantation or sodium hyaluronate (Healon).

Figures in brackets represent the number of patients in each category.

Endothelial Grading of density of corneal guttata

Cell Loss (%) None 1 2 3 4 5

Mean for 12.9 17.4 8.8 28.3 17.0 -1.0

whole group (165) (50) (8) (6) (5) (2)

No lens implant, 11.5 19.4 6.5 19.4 22.4 2.5

no hyaluronate
*(80) (28) (5) (2) (2) (1)

No lens implant, 16.3 12.4 -2.0 - -1.0 -4.0

with hyaluronate
*

(ID (2) (1) (1) (1)

With lens implant, 13.6 18.9 34.0 36.7 - -

no hyaluronate (36) (8) (1) (3)

With lens implant, 14.5 12.5 5.8 21.2 20.5 -

with hyaluronate (37) (12) (1) (1) (2)

(*) the results for one eye, without lens implantation, are omitted 
because the usage of hyaluronate was undefined.

252



De
ta
il
s 

of 
pa
ti
en

ts
 

wi
th
 

"G
ra
de
 

3” 
de
ns
it
y 

of 
co
rn
ea
l 

gu
tt

at
a

u3 * '3 v-/ S'!3 r>-3 3 r-4t“) 335 o
< ►J

r-4r-4 3 S'!43 3 00u
S'!

o►J
r—4

to
30)60
33
CO

tou0)ao<D
3a

toCJ•H60
33
CO

X
<U
60X3

3
4-1 30 3 3

O 3
3 43 l—13 60 3
3  3 3
3 3 3
3  CO O
CO CJ

so31 -H o 3 •
H O D  0) . O 3 <Z • s•> _J -Hw •
CJ CJ 3 
CJ • -H 
H  H  <J

<0
60<

to
03
c0W

3 0 •H 31 3 O O •
H  y  CJ

03 •
2 ^ Z  I-I

cfl 3" y i-4W 3
cj u  3
CJ O  tH
W  CJ <!

om
a)
60<

3
03 y CM
3 -o CT\ f'-
3 a rH p—1
CJ 3

Z

to
03toW

31OHO H CO •
- $ <

cja h 
« o

M  ?! 
CJ p° sW 0

i-f 3

cfl (U
cj ta

o00
y
60
<3

S'! s* S'!1—1 CMCM -3- sr

st cn rH
CM rH rH

O o o

Mf CM

CM CM CO

V ’to 353 3 3
3 3 3
W W as

. H HCO 0 O• s: JBco y y• 0 0m •H •H
s 35

3 3 3
►J O 31 O  . ►J o  •
O  *H O  -H O O  X  CJH  3 H  3  • H  3  .

y  • y  < y  <j• y u • y • yCJ 3  • CJ 3  3 CJ 3  3
• < • "H • Xa  h a  h a  i—i

3  3 3  • 3  •- y  -h » y  co • y  w
W  3 w  3  • W  3  •CJ 3  3 O  3  to CJ 3  CO
CJ O  -H CJ o  • CJ 0  •w  CJ c W  CJ PQ W O  M

3 3 3
3 3 33 3 33 3 3
3 3 3
•H •H T-l
60 60 60y y y
a a a

O  00 o  co m  <rCTi CM o m  co
O \o • <*CM CM CO CM CM CM

U
•H

3 3
y y
3 &• 3 3CO 3 •H C/3• 3 OZ 3 z
y

CM CM00 tn y m
40 y 3". 3 y

35 3 •3y 3 y  3 y  360 3 60 3 60 3
<  o <J 33 <  o

to3•H
03• s

41 41 
to  "3 <U

T™i 4) H 
jS 4) 
3  CJ
>W H

CO
M <U 

. 43 ►> 5 
3
4) O  
60 CM 

. 3 
O  cfl p n-i 

•H CO O 
3  H
4) 43 33 JO 3 a

4) 3E w  «  ucfl O 6-1 eflj: X  (0 T3
4) 3

y 3  d)l-i 3 o
O H 3 b
•H Cfl 3 d)3 y cfl u
3  3 S 3
3 3 M-l
3  o 03 (U
cfl CJ 3

3
3 33 3 H  o W  0 434-4 3 3 0 333 

O  *H d) 
jc co w  
4-1 4-1 3  to a  o 3 3 
3  1-X to tw 3  

3  O  3 H  4-1
cfl tfl 3  w
3  0 3  03
4J -H 3 03
c  3  o  03
3  3 a oo 3 3 h

350■H3ya
a3
50HHO4-1
yJC 33 3
60 r-43 y•H 33 3335 333 yy H33 yO JCr-4 3
rH 4-4r-4 Oyy 3•H35 3y O3 33 y•H i—43 y3 3Oy 4-1O3O y4-1 y360 603 y

3o
• • -H3 3 44o o o

•H -H 3  
3  4J COy u ^
3  3
4  4  H  
3  3  CflX Xfl 
3  3  0 •H
43 U  HU U 
3  3 3 3 
3 3
4J 4-1
3  3y y
3  3
3 3
3 33 3

3 Oya  a  i
3  3 3y u s
3 3 3 
3  3  3

3 3 3 r-4 •H XI •H y 3
y y y r-4 y3 3 3 y O 3 3 3 3
o o 0 0 <—1 y y y 0
3 3 3 r-4 3 3 3 3
y y y 3 3 o o 0 y
T5 T5 T5 y 3 3 3 X

3 y y y
: 5 : 0 X5 X) X :
Q Q X

3
y : : : J• • • "O • W W •

(J CJ 31 CO CJ (J CJ
• • • p—\ • CJ CJ .

•< w CO ■ic Z H w H

in 
A.
C.
” 
de
no
te
s 

su
bs

ta
nc

e 
us
ed
 

to 
ma

in
ta

in
 

th
e 

an
te

ri
or

 
ch

am
be

r
of 

the
 

eye
 

du
ri
ng
 

su
rg

er
y.



There is a marked inter-relationship between the degree of opacity
in the various zones of the lens (Table 12.8). With greater anterior
cortical opacity, there is a significant trend toward greater nuclear 

2sclerosis pC = 243, P«0.001; Spearman rank correlation coefficient =
20.72, P«0.001) and greater posterior subcapsular opacity (X = 152,

P«0.001; Spearman r.c.c. = 0.65, P«0.001). Likewise, with greater
nuclear sclerosis there is a significant trend towards greater posterior

2subcapsular opacity (JJC = 204, P«0.001; Spearman r.c.c. = 0.69,
P«0.001).

Thus, although cell loss would appear to vary significantly with 
both grades of anterior cortical lens opacity and grades of nuclear 
sclerosis, only the grading of nuclear sclerosis is considered in the 
step-wise analysis of variance; this decision being based on two reasons. 
First, within the "paired characteristics" analysis (Section 12.1.1 (x) 
and (xi), p. 246), the grading of nuclear sclerosis reached a higher 
level of significance than that of cortical opacities. Secondly, it is 
common surgical experience to find that, whereas the anterior cortical 
zone is often disrupted during cataract surgery (for example, with 
capsulotomy during extracapsular cataract extraction), thereby altering 
the properties of this zone, the characteristics of the lens nucleus 
tend to be better retained.

The density of nuclear sclerosis proves to be the strongest 
preoperative index of adverse endothelial cell losses, this factor being 
identified by multi-variate analysis of variance to a significance level 
of less than 1%.

The major endothelial damage clearly occurs in eyes with the maximum 
density, Grade 4 sclerosis (Table 12.4, p. 247). The 31.9% average cell 
loss in this group is significantly different from that of Grade 1 
(t = 4.15,P<0.0001), Grade 2 (t = 4.83, P<0.0001), Grade 3 (t = 3.03, 
P<0.01) or eyes with mature cataract (t = 3.49, P<0.001). The lack of 
significance of the comparison of the non-sclerotic and Grade 4 
sclerotic eyes (t = 1.96, P = 0.068) is probably attributable to the 
small number of subjects in the former group (four cases).

The Grade 4 density of nuclear sclerosis is a lens in which the 
nuclear portion is densely brunescent and opaque, being illustrated in 
Figures 12.1 and 12.2. At cataract extraction such lenses are generally 
very firm with a large, hard nucleus.

Percival (1981) excluded the results of four eyes with "brown nuclei" 
from a report because this type of cataract was associated with "low
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Table 12.8

Number of cataracts, classified by density of opacity 
in various zones of the lens.

Density and Type Anterior Cortical Posterior Subcapsular

of Cataract 0 1 2 3 0 1 2 3 4 5

0 3 1 - - 1 2 1

1 19 8 5 2 - - 7 6 16 5

Nuclear 2 42 29 12 1 2 1 10 44 24 2

Sclerosis 3 14 10 14 2 2 2
A 3 9 2 (unclassifiable because view of

•J ✓ zone obscured by Grade 4 N.S.)
* *

5 60 - - 60

0 1 - 1 -

1 2 - - -

Posterior 2 10 5 3 1
(*) denotes imature cataract

Subcapsular 3 27 16 9 2

4 19 16 6 -
*5 5 2 60
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Figure 12.1 Slit-lamp biomicroscopic view of a typical dense,
brunescent cataract ("Grade 4" of nuclear sclerosis); 
viewed using diffuse illumination.
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Figure 12.2 Slit-lamp biomicroscopic view of a typical dense, brunescent 
cataract ("Grade 4" of nuclear sclerosis).

Slit illumination demonstrates the brunescent nucleus 
surrounded by somewhat opaque, but less brunescent cortical 
lens matter.
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and lens implantation; Percival ascribes this low density to abrasion of 
the endothelium during extraction of the hard nucleus.

The present work appears to be the first independent confirmation 
of the observation by Percival.

12.2.3 Characteristics of Patients with Dense Brunescent Cataract.

In view of this readily identifiable group of cataract patients in 
whom the endothelium appears at greater risk of cell damage and loss, it 
would be of value to establish reasons for this increased cell loss; 
whether it is an inherent property of eyes with dense brunescent cataract 
(DBC) or whether it is a property related to the technique of surgical 
extraction of the cataract. The former cause might be insurmountable, 
whereas the latter might be open to amelioration or annulment.

A comparison of two groups of patients, those with dense brunescent 
cataract and those with other types of cataract, will now be presented.

There is a significant difference between the follow-up intervals 
for 14 eyes with DBC and that for 222 eyes with other grades of lens 
opacity. The follow-up interval for the group with DBC is, on average, 
two-and-a-half weeks longer (t = 2.44, P<0.05). Although, in the present 
investigation, longer follow-up is associated with greater cell losses 
(Section 11.5.2, p. 237), the estimated cell loss attributable to this 
difference of follow-up times is only about 2%; a figure negligible in 
relation to the 19% difference of endothelial cell losses between the 
two groups.

(i) Age. The two groups of patients are almost matched with respect to 
age, being 71.1 years (standard deviation 10.4) for the group with DBC 
and 69.7 years (10.7 S.D.) for the other patients.

(ii) Diabetes. The proportion of DBC amongst diabetics is not abnormal 
(£2 = 1.84, P>0.10; Table 12.9).

Diabetics with DBC suffer greater cell loss (Table 12.9); in relation 
both to diabetics with other types of cataract (t = 4.58, P<0.001) and 
to non-diabetics with brunescent cataract (t = 2.18, P=0.05). It is, 
however, notable that even non-diabetic patients with brunescent 
cataract had significantly (t = 2.90, P<0.01) greater cell losses than 
non-diabetics with other types of cataract (Table 12.9).

There are no documented adverse events during cataract surgery in 
the three diabetics with DBC; nor were they older than the other groups 
(mean age 70.7 years, standard deviation 8.5 years).
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Table 12.9

Endothelial cell losses, classified by the presence of 
diabetes and dense brunescent cataract.

Endothelial Cell Loss (%) Diabetics Non-diabetics

Grade 4 nuclear Mean loss 51.1% 26.7%

sclerosis Standard error 6.0% 5.5%

Number 3 11

Other grades of Mean loss 14.7% 12.7%

nuclear sclerosis Standard error 2.8 % 1.1%

Number 22 200
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losses shown in the present work is the first demonstration of a 
susceptibility of the corneal endothelium to surgery in diabetics. Even 
though previous evidence recorded in the ophthalmic literature is 
conflicting, it has been suggested that, in diabetics, corneal 
endothelial function and density is abnormal.

Thus, cell density in normal subjects is similar to that in 
unselected long-standing diabetics (Lass et al. 1985; Pardos & Krachmer 
1980; Shetlar et al. 1989), but significantly greater than that in 
insulin-dependent diabetics (Schultz et al. 1984). Although the latter 
group apparently showed a greater decline of endothelial cell density 
with age, this did not reach statistical significance (Busted et al. 
1981). However, corneal thickness was increased significantly in 
diabetics; this implying an abnormal endothelial function (Busted et al. 
1981). This increased thickness is, however, related to the diabetes 
itself, rather than to the neovascularization that was present in some 
of the eyes (Olsen & Busted 1981).

Lass and coworkers (1985) report a significant increase in the 
fluorescein permeability and estimated pump-rate for the endothelium of 
diabetics with respect to control subjects of similar age. In contrast 
to normal eyes, in which increased fluorescein permeability and pump 
function appear related to a reduction in the average area of endothelial 
cells, the former changes in diabetic endothelia were associated with an 
increased cell area. On this evidence, Lass suggests that the endothelium 
of diabetics might be more susceptible to deleterious forces, such as the 
trauma of surgery; others, however, have failed to show, after cataract 
surgery, any such susceptibility in diabetics (dayman et al. 1979; 
Straatsma et al. 1983b).

(iii) Previous ocular disease. Two of the patients with DBC had 
previous ocular disease, a proportion not abnormal in relation to that 
of patients without DBC ( ^  = 4.50, P>0.20).

One, with a previous history of uveitis, had a 26% cell loss after 
intracapsular cataract extraction (no intraocular lens, no hyaluronate). 
The other, with previous laser therapy for diabetic retinopathy, had a 
63% cell loss after extracapsular cataract extraction (again, without 
lens implantation or use of hyaluronate). Although inconclusive because 
of the small sample, prior laser photocoagulation in a diabetic might 
predispose the eye to, or be indicative of an increased risk of, 
endothelial damage; the latter could occur because the diabetic eye 
requiring laser therapy tends to have more advanced pathological
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changes due to diabetes.

(iv) Corneal stromal disease. One patient with cornea farinata and 
DBC had a cell loss similar to a group of 13 patients DBC but no stromal 
disease (26.1% loss and 32.3% average loss, respectively).

(v) Density of corneal guttata. As was discussed in Section 12.2.1 
(p. 250), corneal guttata might adversely influence the degree of 
endothelial cell loss.

Considering the 14 eyes with brunescent cataract. The proportion
of guttate corneas was similar to that in a group with other types of 

2
cataract QC = 1.28; P>0.25). Within the group with DBC, cell losses 
were similar in eleven corneas without guttata (32.6%) and three with 
very mild densities (Grade 1) of guttata (29.3% loss).

(vi) Preoperative endothelial cell density. Average endothelial cell 
densities at enrolment were 2318 cells/sq.mm. in the fourteen patients 
with dense brunescent cataracts and 2363 cells/sq.mm. in 222 other eyes; 
the difference not being significant (t = 0.39, P>0.60).

(vii) Preoperative anterior chamber depth. There was no significant 
difference (t = 0.15, P>0.80) between the mean anterior chamber depths 
in the two groups (2.58mm for DBC and 2.86mm for the others). This 
comparison must be treated with caution, however, because the present 
study has shown a shallow anterior chamber to be associated with an 
increased density of nuclear sclerosis (Section 10.2.2, p. 204).

(viii) Preoperative central corneal thickness. Between the two groups, 
the average central corneal thickness at enrolment differed by only 
0.001mm.

The preoperative characteristics of patients with dense brunescent 
cataract would, thus, appear similar to those of patients with other 
types of cataract. It is, therefore, likely that the cause for the 
greater endothelial injury with a dense brunescent cataract lies with 
the surgical technique, rather than with an inherent abnormality of the 
eye under consideration.

The relationship of surgical technique to endothelial cell losses 
is considered in Chapter 13 (p. 263) and the subgroup of patients with 
dense brunescent cataract is examined further in Chapter 15 (p. 298 ).
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12.3 SUMMARY.

Amongst preoperative characteristics inherent to the patient or the 
eye due for surgery, two factors have emerged as predictive for greater 
endothelial cell losses after a variety of cataract surgery.

The first factor was the density of guttata in the preoperative
cornea. The results of the research have suggested, but not proved, that
corneas with a higher density of guttata fare less well after lens
implantation; although this problem can probably be minimized by the use 
of an intracameral solution of 1% sodium hyaluronate during implantation 
of the intraocular lens.

The relationship between the density of corneal guttata and 
endothelial cell losses requires further investigation.

Secondly, the presence of a dense, brunescent, nuclear sclerotic 
cataract, proved a very highly significant predictor of cell losses. In 
patients with this type of cataract, there does not appear any bias with 
respect to preoperative characteristics. In the diabetic patient, damage 
to the endothelium appears to be particularly great with this type of 
cataract; diabetes does not, however, occur at an abnormal incidence 
within the group with dense brunescent cataract.

Preoperative central corneal thickness appears to bear a weak 
positive correlation to cell loss after a variety of cataract surgery, 
although the relationship is not of practical predictive value.
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ANALYSIS OF RESULTS FOR ENDOTHELIAL CELL LOSSES
IN RELATION TO INTRAOPERATIVE FACTORS.

Within this chapter, those factors over which there is some
degree of control at operation, or during the planning of surgery (Table 
8.2, p. 188), are examined in relation to endothelial cell losses.

The methods of data assessment and anlysis have been discussed 
in Chapter 8 (p. 169) and the data on which the ensuing analysis is 
based is presented in the Appendix (p. 401).

13.1 RESULTS.

13.1.1 ANALYSIS BY PAIRING OF FACTORS (Characteristic vs. Cell Loss).

(i) Grade of surgeon and cell loss.

Senior house officers had the lowest average cell losses at 12.0% 
(S.E.M. 2.4%, 30 eyes), consultants had 13.5% average loss (S.E.M. 1.5%, 
112 eyes), registrars had 14.3% loss (S.E.M. 3.2%, 27 eyes) and finally 
senior registrars had a mean loss of 15.7% (S.E.M. 2.2%, 67 eyes). The 
differences are not significant at a 5% Type I error (F = 0.45, P>0.05; 
for P = 0.05, F = 2.64).

(ii) Intracapsular/Extracapsular surgery and cell loss.

When considered as an overall group, or when considered as groups
with or without lens implantation, intracapular cataract surgery was 
associated with marginally lower endothelial cell losses as compared 
with those after extracapsular surgery (Table 13.1); none of these 
differences, however, reached significance at a 5% Type I error.

(iii) Intraocular lens implantation and cell loss.

The mean cell loss within each class of lens implant is given in 
Table 13.2; the losses are not significantly different (F = 0.62,
P>0.05; for P = 0.05, F = 3.03).

When considered within the subdivision of either intracapsular or 
extracapsular cataract extraction, lens implantation was not associated 
with a significant increase of cell losses (Table 13.1).

(iv) Pupillary size during surgery and cell loss*

Pupillary size at the time of cataract surgery, as recorded by the
surgeon or his assistant, was of no value as a predictor of final cell
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Table 13.1

Endothelial cell loss in relation to the type of cataract surgery.

Endothelial Type of cataract extraction Signif- *
icance

Cell Loss (%) Intracapsular Extracapsular All

Mean loss 12.0 14.8 13.1
Without
lens Standard error 1.6 2.3 1.3 t = 1.00 

P>0.30implant
Number 81 54 135

Mean loss 14.7 15.4 [15.0] 15.3
With
lens
implant

Standard error 

Number

5.2

12

1.8 [1.8] 

89 [87]

1.7

101

t = 0.05 
P>0.90

Mean loss 12.4 15.1
With or 
without Standard error 1.6 1.4 t = 1.29 

P>0.10implant
Number 93 143

#Significance t = 0.58 
P>0.50

r+
 

V 
II

o • 
o

VO 
•

o 
o 00 t = 1.05 

P>0.20

[...] denotes group excluding 2 iris-supported lens implants
denotes significance test for the difference between 
results of intracapsular or extracapsular surgery 

denotes significance test for the difference between 
results of surgery with or without lens implantation

264



Table 13.2

Cell losses with different types of lens implant.

Endothelial Type of intraocular lens implanted

Cell Loss (%) None Iris-clip Posterior chamber

Mean loss 13.1% 17.1% 15.0%

Standard error 1.3% 4.8% 1.8%

Number 135 14 87

Table 13.3

Cell losses with different pupil sizes during surgery.

Endothelial Pupillary size at the time of lens extraction

Cell Loss (%) Large (>7mm) Medium (3-7mm) Small (<3mm)

Mean loss 14.4% 13.4% 15.5%

Standard error 1.7% 1.4% 5.3%

Number 104 109 10

265



(v) Position of surgical incision and cell loss.

Analysis of variance demonstrates average cell losses with each of 
three positions of surgical section to be significantly different (Table 
13.4; F = 3.91, P<0.05). Unpaired "Student" t tests reveal a significant 
greater cell loss after clear corneal section and that after corneo- 
limbal incision (t = 2.59, P<0.05).

(vi) Anterior chamber reformation fluids and cell loss.

Although cell losses were greatest when air was used to reform the 
anterior chamber at the end of surgery, least with Miochol and of inter
mediate degree with Balanced Salt Solution, these groups were not signif
icantly different (Table 13.5; F = 0.50, P>0.05; for P = 0.05, F = 3.03).

The lowest cell losses in the group of eyes in which Miochol was 
used would appear to be at variance with an earlier suggestion, that this 
substance might be toxic to the corneal endothelium (Section 12.2.1, 
p. 250). The latter conclusion was, however, drawn in relation to a 
small sample of eyes with moderately dense corneal guttata.

(vii) Anterior chamber maintenance fluids and cell loss.

With several types of surgery (with or without lens implantation), 
there was no significant difference between cell losses when anterior 
chamber depth was maintained during surgery with Balanced Salt Solution 
(B.S.S.), sodium hyaluronate or air (Table 13.6). This was also the case 
with 87 eyes receiving posterior chamber lens implants after extracapsular 
cataract extraction.

However, with cataract extraction alone the cell losses were 
significantly different between the three modes of anterior chamber 
maintenance (Table 13.6; F = 4.91, P<0.01). Cell losses with air (19.3%) 
were significantly greater (t = 3.05, P<0.01) than those with B.S.S. 
(10.2%); differences between hyaluronate and air or B.S.S. were not, 
however, significant at a 5% Type I error (t = 1.54, P>0.10 and 
t = 0.52, P>0.60 respectively).

13.1.2 DATA ANALYSIS BY STEP-WISE ANALYSIS OF VARIANCE.

Because of the marked difference of surgical techniques with 
intracapsular cataract surgery and extracapsular extraction (Section 
4.1, p. 66), the multivariate analysis of variance was conducted in two 
groups according to this division.
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Table 13.4

Cell losses in relation to the position of surgical section.

Endothelial 

Cell Loss (%)

Position of the surgical section

Clear
corneal

Corneo-
limbal

Transconjunctival
limbal

Mean loss 17.2% 9.4% 13.5%

Standard error 2.1% 1.4% 1.5%

Number 87 48 101

Table 13.5

Cell losses with different substances used to reform the 
anterior chamber at the end of cataract surgery.

Endothelial Anterior chamber reformative fluid

Cell Loss (%) B.S.S. Air Miochol

Mean loss 14.0 16.8 13.1

Standard error 1.4 3.4 1.8

Number 140 25 71

"B.S.S." denotes Balanced Salt Solution 
"Miochol" is a proprietary preparation of acetyl 

choline, for intraocular usage
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Table 13.6

Cell losses in relation to intracameral fluids used during surgery.

Endothelial Anterior chamber maintenance fluids 

Cell Loss (%) B.S.S. Air Hyaluronate

Slgnif-
icance

Mean loss 10.2 19.3 12.3
No lens

Standard error 1.7 2.6 3.0 F = 4.91 
P^O.Olimplant

Number 77 41 16

Mean loss
Posterior

26.2 14.5 13.8
*

chamber Standard error 6.4 3.6 2.0 F = 1.80 
P>0.05implant

Number 7 28 52

Mean loss 22.2 14.6 40.9
Iris-clip
lens Standard error - 5.2 - --
implant

Number 1 12 1

Mean loss
With or

11.7 17.0 13.8
•k

without Standard error 1.7 2.0 1.7 F = 2.31 
P>0.05lens

Number 85 81 69

"B.S.S." denotes Balanced Salt Solution
"Hyaluronate" denotes a 1% solution of sodium

hyaluronate (Healon)

* For P = 0.05, F2;86 3.11 and *2;234 " 3'03
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Within this group of eighty-five patients, the follow-up interval 
had significant influence on the variance model, with a Type I error of 
less than 5% at the first step (Table 13.7).

Of particular interest, the strong influence of the grading of 
nuclear sclerosis on cell losses, demonstrated in the Section 12.2.2 
(p. 254), has been lost within this particular surgical category. It 
has, instead, been replaced by anterior chamber depth (P<0.05) as a 
predictive variable for endothelial cell losses (Table 13.7).

After accounting for the follow-up interval and for preoperative 
anterior chamber depth, no intraoperative factor proves to be of 
significance during intracapsular surgery (Table 13.7).

(II) Extracapsular Cataract Surgery.

In contrast to the group undergoing intracapsular surgery (I) or 
to the intracapsular and extracapsular groups combined, the follow-up 
interval was not related to endothelial loss in a group of 136 patients 
undergoing extracapsular surgery (Table 13.8). However, despite the lack 
of significance, this factor was still used as the first step of the 
analysis of variance; this being for reasons given in the discussion.

In patients undergoing extracapsular surgery, the density of 
nuclear sclerosis is a highly significant predictor of cell losses 
(Table 13.8); this reaching a greater significance (P<0.001) than that 
for the combined group of 236 intracapsular or extracapsular surgeries 
(P<0.01; Table 12.5, p. 248).

As a third step, the position of surgical incision is significant 
at a Type I error of less than 5% (Table 13.8).

After this step, no further intraoperative factor is significantly 
related to the endothelial cell loss after extracapsular surgery.

13.2 DISCUSSION.

The marked selection of surgical techniques amongst the different 
status of surgeon (see Section 10.2.3, p. 213) complicates interpretation 
of the figures. It is probable, however, that the simplest cases were 
assigned to the most junior surgeons (Senior House Officers) and that 
the more complicated cases were operated by more experienced surgeons 
(Senior Registrars and Consultants). Despite the non-random delegation 
of patients to, and the selection of surgical techniques by, surgeons of 
different status, it would appear that the average endothelial cell 
losses within the four groups are similar; naturally, such results do
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Table 13.7

Step-wise analysis of variance: An examination of factors 
during intracapsular cataract surgery in 85 eyes.

2Variance of cell losses (% ) 

Component Value

Degrees 
—  of 

Freedom

Variance

Ratio

Signif
icance

Step

Number

(Total variance) 230 84

Follow-up interval 1280 1
5.87 P<0.05 1

(Residual) 218 83

Preop. A.C. depth 890 1
4.24 P<0.05 2

(Residual) 210 82

Status of surgeon 213 3 1.02 P>0.05 * 3

Intraocular lens 120 1 0.57 P>0.05 * 3

Pupillary size 75 2 0.35 P>0.05 * 3

Position of section 650 1 3.18 P>0.05 * 3

A.C. maintenance fluid 260 1 1.24 P>0.05 * 3

A.C. reformative fluid 115 2 0.54 P>0.05 * 3

Use of chymotrypsin 260 1 1.24 P>0.05 * 3

* For P = 0.05, Fi;81 ' 3-% > F2;80 = 3-11

and F3;79 = 2.72

270



Table 13.8

Step-wise analysis of variance: An examination of factors 
during extracapsular cataract surgery in 135 eyes.

2Variance of cell losses (% ) Degrees Variance Signif- Step
------------------------------- of icance

Component Value Freedom Ratio Number

(Total variance) 278 135

Follow-up interval 870 1
3.18 P>0.05 * 1

(Residual) 274 134

Nuclear sclerosis 1216 5
5.12 P<0.001 2

(Residual) 237 129

Position of section 785 2
3.43 P<0.05 3

(Residual) 229 127

Status of surgeon 193 3 0.84 P>0.05 * 4

Intraocular lens 5 2 0.02 P>0.05 * 4

Pupillary size 125 2 0.54 P>0.05 * 4

A.C. maintenance fluid 545 2 2.44 P>0.05 * 4

A.C. reformative fluid 95 2 0.41 P>0.05 * 4

* For P = 0.05, F1;134 3’90, ^2;125 3 *°7
and F3;124 = 2.68
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for the different groups of surgeons.
The results are similar to those in the literature. Thus, Straatsma 

and colleagues (1983a) record similar cell loss after surgery by junior 
or by senior surgeons, although several authors suggest, as might 
reasonably be expected, that the complication rate is higher with junior 
staff (Holt et al. 1980; Reihart & Annable 1977; Straatsma et al. 1983a; 
Sutton 1980).

The similarity of average cell losses after intracapsular surgery 
or after extracapsular surgery (Table 13.1) accords with deductions from 
a review of the ophthalmic literature (see Section 6.6, p. 143).

Likewise, although in the present investigation cell losses with 
different types of lens implants were not significantly different (Table 
13.2), the average cell losses demonstrate a trend similar to that in 
the ophthalmic literature (Section 6.6); that is, cell losses least when 
an intraocular lens is not implanted, increased somewhat by implantation 
of posterior chamber lenses and greatest in eyes after implantation of 
iris-clip lenses.

As discussed previously (Section 3.2, p. 44 and Section 7.1, p. 149), 
the intracameral fluids used during, and at the end of, surgery might be 
expected to influence cell losses. The present investigation, however, 
has demonstrated a significant difference only in those eyes not 
receiving a lens implant; in this group cell losses were significantly 
greater when intracameral air was used during surgery than when Balanced 
Salt Solution was used. Perhaps because of the large variety of surgical 
techniques in the present study, the other results (Table 13.5, p. 267 
and Table 13.6, p. 268) only reflect a trend towards higher cell losses 
where air is used; a trend compatible with reports by other investigators 
(see Sections 3.2.2, p.45, 3.2.3, p.47 and 7.1, p. 149).

Ophthalmic surgical experience, together with the results of the 
present research (Section 9.3.5, p. 198), suggests that surgery is more 
difficult with a smaller pupil. However, possibly because of the many 
surgical techniques used in the present investigation, average cell 
losses were similar with different sizes of pupil (Table 13.3, p. 265).

13.2.1 Intracapsular Cataract Surgery.

(i) Effect of follow-up period on estimated cell losses.

Eighty-five patients undergoing intracapsular cataract extraction 
with or without lens implantation have demonstrated an apparently
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approximately 0.96% for each week of follow-up.
This finding, from a cross-sectional study, accords with other 

papers in which this matter has been addressed; such reports having been 
discussed in Sections 5.3.3 (p. 94) and 6.4.3 (p. 125). Moreover, the 
significance of apparently continued cell losses was discussed in detail 
in Chapter 11 (p. 222).

The apparently continued cell loss might indicate endothelial damage 
predominantly at the site of surgical incision (see Section 11.1.1, p. 222). 
Such a pattern of cell loss might be expected after intracapsular cataract 
extraction, where the majority of the bulky instrumentation and surgical 
manipulation occurs near the surgical section.

(ii) Anterior chamber depth and intracapsular cataract extraction.

Preoperative central anterior chamber depth bears a significant 
inverse relationship to the degree of cell loss after intracapsular 
cataract extraction (with or without lens implantation); from step-wise 
analysis of variance, cell loss is estimated to increase by approximately 
7.6% for each one millimetre reduction of the preoperative depth of the 
anterior chamber.

This observation, which would appear to be previously unrecorded,
might be explicable on the basis of one or more of several mechanisms -

(a) During intracapsular cataract extraction using a cryoprobe,
the surgical section must be opened wide to keep the cornea
clear of the cryoprobe tip, free of the ice-ball formed on the
lens and to allow the free passage of the frozen mass.

This wide opening severely distorts the cornea and often 
causes folding of the same; such distortion has been shown to 
hasten cell losses and increase the striate keratopathy in 
feline cornea in vivo (Galin et al. 1979a) and in vitro (Bahn 
et al. 1986).

(b) While the cryoprobe tip is being cooled and adhering to the 
lens, it is common to get considerable turbulence of residual 
aqueous humour in the anterior chamber. This cold, turbulent 
fluid must inevitably influence the neighbouring corneal 
endothelium; this being particularly so when the anterior 
chamber is shallow.

(c) Endothelial damage due to the passage of a large frozen
mass through the superiorly-situated surgical section would be 
expected to be maximal at the superior part of the endothelium;
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such damage being greater with a shallower anterior chamber.

This finding in the present investigation would appear to justify a 
concern, expressed in a discussion by Binkhorst (Binkhorst 1973), about 
the effect of cryoprobe extraction of cataract on the endothelium.

(iii) Other factors during intracapsular cataract surgery.

When considered as a combined group of eyes undergoing intracapsular 
or extracapsular cataract surgery, the position of the surgical incision 
influences cell loss. Within the intracapsular group alone, however, the 
number of corneal sections (two, compared with 91 trans-conjunctival 
limbal sections) precludes a meaningful comparison.

Similarly, only air or Balanced Salt Solution (B.S.S.) were used to 
maintain the depth of the anterior chamber during intracapsular surgery, 
this limiting the possible conclusions. However, whereas cell losses were 
very similar when air was used during intracapsular extraction with or 
without lens implantation, the losses with B.S.S. were rather more 
varied (Table 13.9).

Considering now eyes undergoing intracapsular cataract extraction 
alone.

Cell losses were similar in eyes where B.S.S. was used during surgery
and those in which air was used (Table 13.9). Likewise, between these two
groups there was no difference in the behaviour of the anterior chamber 

2during surgery QC “ 5.76, P>0.05), in the degree of early postoperative
2striate keratopathy QC = 1.28, P>0.75) or the severity of early post-

2operative uveitis pC " 3.73, P>0.25). In contrast, a larger proportion
of the "air" group were subjectively classified as "difficult" procedures
(9/29 eyes, 31%), as compared to the "B.S.S." group (2/51 eyes, 4%). This

2significant difference = 11.5, P<0.001) almost certainly arises 
because intracameral air is used particularly when the eye is presenting 
surgical difficulty, rather than air itself being the cause of the latter. 
The significantly greater cell loss (26%) in the "difficult" "air" group, 
as compared to that in the "easy" "air" group (1 0%), would be compatible 
with this hypothesis (Table 13.10).

13.2.2 Extracapsular Cataract Surgery.

(i) Effect of follow-up period on estimated cell losses.

Whilst not reaching significance in the variance analysis for 136 
eyes after extracapsular surgery, the follow-up interval actually had
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Table 13.9

Cell losses in relation to anterior chamber maintenance 
during intracapsular surgery.

Endothelial 
Cell Loss (%)

Type of intracapsular surgery 
No lens With lens

Signif- 
- icance

A.C. Maintenance - 
Balanced Salt 
Solution

Mean loss 10.7 
Standard error 2.1 

Number 51

Mean loss 15.0

22.2

1

14.1

—

Air Standard error 2.6 
Number 29

5.7
11

t = 0.18 
(P>0.80)

Significance t = 1.29 (P>0.20) —

Table 13.10

Cell losses in relation to anterior chamber maintenance and ease
of intracapsular cataract extraction without lens implantation.

Endothelial 
Cell Loss (%)

Ease of intracapsular surgery 
"Easy" "Difficult"

Signif- 
- icance

A.C. Maintenance - 
Balanced Salt 

Solution

Mean loss 11.0 
Standard error 2.1 

Number 49

Mean loss 9.9

2.7
1.4
2

26.4

t = 0.78 
(P>0.40)

Air Standard error 2.5 
Number 20

4.8
9

t = 3.37 (PC0.01)

Significance t = 0.29 (P>0.90) t = 2.24 (P>0.05)
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Not only does this influence approach a 5% Type I error, but the factor 
is also of a magnitude (0.71% loss/week) similar to that significant for 
intracapsular surgery (0.96% loss/week).

These observations strongly suggest that there is, as with intra
capsular surgery, a continued cellular reorganization or loss during the 
ten to thirty weeks after extracapsular surgery.

Since the estimated cell losses are probably dependent on follow-up 
interval for this group also, the writer considered it appropriate to 
use the period of follow-up as a first step in analysis of variance.

(ii) Density of nuclear sclerosis and extracapsular cataract surgery.

During analysis of variance, the influence of nuclear sclerosis 
grading upon cell losses in eyes undergoing extracapsular surgery was 
considerably greater than that in the total group (having either intra- 
or extra-capsular surgery). This difference would suggest that the 
observed effect of nuclear sclerosis density on cell losses is related 
to surgical factors associated with the extracapsular technique, rather 
than to an inherent abnormality of eyes with dense brunescent cataract; 
this originally being proposed in Section 12.2.3 (p. 258).

Within this surgical subgroup, it is, again, eyes with Grade 4 
density of nuclear sclerosis in which the cell losses are greatest 
(Table 13.11).

The 45.8% average cell loss in this group is significantly different 
from that of the groups with Grade 0 (clear lens nucleus), 1, 2, 3 or 5
("mature") nuclear sclerosis (P<0.01, P«0.001, P<0.001, P<0.001 and
P<0.001, respectively). The corresponding losses for intracapsular 
cataract surgery are also given in Table 13.11; the only significant 
difference in cell losses being that of Grade 2 (with an unusually low 
cell loss) and Grade 4 nuclear sclerosis.

In the group of eyes with Grade 4 nuclear sclerosis, losses after
intracapsular surgery are markedly less than those with extracapsular 
cataract surgery (t = 2.86, P<0.02).

There are no comparisons of cell losses after intracapsular or 
extracapsular extraction of dense brunescent cataract recorded in the 
ophthalmic literature. It is notable that Percival (1981) reports "brown 
nuclei" to be associated with "low postoperative cell densities" after 
extracapsular cataract extraction and lens implantation; this author, 
however, treats this group of four eyes by exclusion from the results of 
his study, rather than by further investigation.
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Table 13.11

Cell losses in relation to grading of sclerosis of the lens nucleus.

Endothelial Grading of nuclear sclerosis

Cell Loss (%) None 1+ 2+ 3+ 4+ Mature

Mean 5.2 10.1 15.3 16.2 45.8 13.2
Extracapsular

S.E.M. 8.3 2.6 2.1 3.0 6.6 2.2
Surgery

Number 3 24 50 25 6 35

Intracapsular Mean 27.5 15.3 7.4 13.0 21.5 14.1

Surgery Number 1 10 34 15 8 25

"S.E.M." denotes standard error of the mean
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nuclear sclerotic) cataract are examined further in an extended 
discussion in Section 15.1 (p. 298).

(iii) Other factors during extracapsular cataract extraction.

After allowing for the effect of the various densities of nuclear 
sclerosis, the position of surgical incision proved to be the only 
other variable bearing a significant relationship to cell losses in 136 
eyes after extracapsular cataract extractions with or without lens 
implantation (Table 13.8, p. 271).

From Table 13.12, it will be apparent that cell losses with clear 
corneal or with trans-conjunctival limbal sections were not significantly 
different (t = 0.56, P>0.50 for all eyes; t = 0.66, P>0.50 when excluding 
dense brunescent cataracts). In contrast, cell losses with the corneo
scleral section were significantly reduced when compared with that of 
either clear corneal sections (t = 2.78, P<0.01 for all eyes; t = 2.28, 
P<0.05 when excluding brunescent cataracts) or trans-conjunctival limbal 
sections (t = 3.50, P<0.001 for all eyes; t = 2.98, P<0.01 when excluding 
Grade 4 sclerosis).

There would appear to be no comparable reports in the ophthalmic 
literature. However, the following mechanisms might be proposed for 
these differences:

Perhaps the most likely is that corneo-limbal sections were used 
solely by consultant surgeons, mostly with the use of hyaluronate during 
surgery; in contrast, the trans-conjunctival limbal section was most 
frequently used by junior surgeons (for example, in 97% of cases by 
senior house officers). The transconjunctival limbal section, frequently 
closed with thicker gauge sutures, is generally considered to be an easier 
technique for the inexperienced surgeon; it may be asked whether this is 
still the case, in view of the findings in the present investigation.

Alternatively, estimated cell losses might be greater with clear 
corneal section because direct endothelial damage occurs at a position 
nearer to the visual axis (the point at which cell loss is assessed); 
this being in contrast to that occurring with the backward-shelving 
corneo-limbal section, the inner end of which often lies posterior to 
Schwalbe's line. Access to the retropupillary space is, perhaps, the 
most awkward with trans-con junctival limbal section; instruments being 
passed into the eye almost in the plane of the iris. Moreover, intra
operative complications involving iris tissue, such as iris prolapse or 
laceration, are commoner with the trans-conjunctival limbal incision.

278



Table 13.12

Cell losses in relation to incision used during extracapsular surgery. 

Values in brackets refer to a group excluding dense brunescent cataract.

Endothelial 

Cell Loss (%)

Position of the surgical incision

Clear corneal Corneo-limbal T.C.L.

Mean 17.7 9.4 21.2
(15.8) (9.4) (19.8)

S.E.M. 2.0 1.4 3.1
(2 .0 ) (1.4) (3.1)

Number 85 48 10
(80) (48) (9)

"T.C.L." denotes trans-conjunctival limbal section 
"S.E.M." denotes standard error of the mean

279



increase endothelial damage during trans-conjunctival limbal section.
With lens implantation during extracapsular surgery, hyaluronate or

2air were used significantly Qi - 30.3, P<0.001) more frequently than 
that during extracapsular surgery without lens implantation (Table 13.13).

With cataract extraction alone, cell losses were significantly 
different (F = 3.79, P<0.05) when B.S.S., air or hyaluronate were used 
for anterior chamber maintenance (Table 13.13); the loss with air being 
significantly greater that that with B.S.S. (t = 3.63, P<0.001) or 
hyaluronate (t = 3.08, P<0.01). As with intracapsular surgery (Section 
13.2.1(iii), p. 274), air is frequently instilled into the eye with 
operative difficulty or complication, this probably explaining the 
greater cell loss in such eyes after extracapsular cataract extraction 
without lens implantation.

With cataract extraction and lens implantation, the three groups are 
not significantly different (F = 1.80, P>0.05; for P = 0.05, F = 3.11), 
although losses with B.S.S. were greater than those with hyaluronate 
(Table 13.13; t - 2.07, P<0.05).

13.3 SUMMARY.

The results of the foregoing discussion may be summarized.
In 85 eyes, analysis of variance for endothelial cell losses 

measured between ten and thirty weeks after intracapsular cataract 
surgery, with or without lens implantation, has demonstrated an 
apparently increasing cell loss with prolonged follow-up. This finding 
implies a continued loss or reorganization of endothelial cells, the 
apparent rate of loss being approximately 1% per week during the study 
period.

A similar analysis applied to 135 eyes undergoing extracapsular 
cataract surgery suggested a similar continued cell loss, at 0.76% loss 
per week, although this was not significant at a 5% Type I error.

Anterior chamber depth has been shown to influence the degree of 
endothelial cell loss after intracapsular surgery, endothelial damage 
being less in eyes with deeper anterior chambers. After allowing for 
variable follow-up intervals, the estimated influence of this factor
is approximately 7.6% greater cell loss with each 1mm reduction of
preoperative anterior chamber depth.

The grading of the density of nuclear sclerosis, as has already been
shown to be a strongly predictive preoperative factor in an unselected
group of eyes, is here demonstrated to be related to excessive cell loss
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Table 13.13

Cell losses in relation to anterior chamber maintenance 
during extracapsular surgery.

Percentage frequencies down the columns presented in brackets.

Endothelial 

Cell Loss (%)

Type of extracapsular surgery 

No lens With lens

Signif
icance

A.C. Maintenance -
Mean 9.4 26.2

Balanced Salt 

Solution
S.E.M. 3.0 6.4 t = 2.54 

(P<0.05)
Number 26 (48%) 7 (8%)

Mean 29.8 14.5

Air S.E.M. 5.2 3.6 t = 2.36 
(PC0.05)

Number 12 (22%) 28 (32%)

Mean 12.3 13.8

Hyaluronate S.E.M. 3.0 2.0 t « 0.37 
(P>0.05)

Number 16 (30%) 52 (60%)

*
Significance F = 3.79 (P<0.05) F = 1.80 (P>0.05)

’S.E.M." denotes standard error of the mean

For P = 0.05, F2-85 * 3,11
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in eyes undergoing extracapsular surgery and not in those undergoing 
uncomplicated intracapsular surgery. Eyes with dense brunescent nuclear 
sclerosis are associated with extreme endothelial damage.

It has been found that the corneo-scleral incision during extracap
sular cataract surgery has a significantly lower endothelial cell loss 
as compared to either the clear corneal or the trans-conjunctival limbal 
sections.

The results presented also suggest that proximity to, or contact 
between, the endothelium and the anterior face of the vitreous humour is 
not associated with increased endothelial cell losses.
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CHAPTER 14
ANALYSIS OF RESULTS FOR ENDOTHELIAL CELL LOSSES 
IN RELATION TO POSTOPERATIVE CHARACTERISTICS.

The characteristics examined in this chapter are qualitative or 
quantitative variables, assessed mainly in the early postoperative 
period, which might prove indicative of greater long-term cell losses. 
Such estimates of long-term cell loss can be used for the prediction of 
the likelihood of postoperative corneal decompensation; this latter 
being for possible transmission to the patient.

Some of these factors were subjective judgements made at the time 
of surgery, but which involved factors over which there was little or no 
control; examples being the subjective "hardness" of the lens or the 
subjective "difficulty" of surgery (Table 8.2, p. 188).

Four observation made during the early postoperative period (days 
2-5) were also considered. Some of these were manifestations of corneal 
malfunction that are unalterable, such as the increase of corneal thick
ness and the degree of striate keratopathy. Others were factors that 
could damage the endothelium and are possibly treatable or avoidable; 
for example, the degree of early postoperative uveitis or the quantity 
of residual lens matter after surgery.

Finally, the degree of cell loss was examined in relation to the 
density of corneal guttata and the severity of residual uveitis, as 
judged at the late postoperative follow-up examination.

14.1 RESULTS.

14.1.1 ANALYSIS BY PAIRING OF FACTORS (Characteristic vs. Cell Loss).

(i) Subjective lens hardness and cell loss.

There were small differences amongst the rates of cell loss in each 
of three categories of subjective lens hardness (Table 14.1); these were 
not, however, significantly different (F = 1.23, P>0.05; for P = 0.05,
F = 3.06).

(ii) Anterior chamber behaviour at surgery and cell loss.

There was no obvious relation, nor significant difference (F = 1.43, 
P>0.05; for P = 0.05, F = 3.03), between endothelial cell loss with 
different behaviours of the anterior chamber during surgery (Table 14.2).
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Table 14.1

Cell losses with different judgements of lens hardness.

Endothelial 

Cell Loss (%)

Subjective judgement of lens hardness

Hard Soft Ruptured (ICCE only)

Mean 12.2 16.2 21.5

S.E.M. 2.4 1.8 8.9

Number 41 92 6

"S.E.M." denotes standard error of the mean

Table 14.2

Cell losses with collapse of the anterior chamber during surgery.

Endothelial Anterior chamber behaviour during surgery

Cell Loss (%) Always deep Some collapse Frequent collapse

Mean 11.5 15.2 16.2

S.E.M. 1.7 1.7 3.0

Number 76 109 31

"S.E.M." denotes standard error of the mean
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The average cell loss was significantly greater (t = 2.20, P<0.05) 
in 50 eyes with subjectively "difficult" surgery (18.4%, standard error 
2.7%) than in 183 eyes with "easy" surgery (12.8%, standard error 1.1%).

(iv) Corneal thickness changes and cell loss.

The corneal thickness ratio, "R", being the ratio of the early post
operative corneal thickness divided by the preoperative thickness, was 
significantly correlated with the percentage cell loss, "L" (correlation 
coefficient = 0.44, P<0.001, 154 eyes).

The relationship is given by:

L = -53.9 + 61.1R 

The gradient (61.1%) has 95% confidence limits of +20% (P<0.001).

(v) Degree of striate keratopathy and cell loss.

The degree of striate keratopathy after surgery is a useful index 
of endothelial cell loss (Table 14.3); analysis of variance for cell loss 
demonstrated a very highly significant contribution from variations in 
the gradings of striate keratopathy (F = 10.05, P<0.001).

(vi) Degree of early postoperative uveitis and cell loss.

There appears to be a trend towards increased cell losses for 
severities of uveitis up to "Grade 4" (Table 14.4). The degree of early 
postoperative uveitis is not, however, of practical value as a predictor 
of adverse endothelial cell losses; this being confirmed by one-way 
analysis of variance of cell losses (F = 1.26, P>0.05; for P = 0.05,
F = 2.14).

(vii) Quantity of residual lens matter and cell loss.

Cell losses were greater in 13 eyes with "minimal" lens matter 
residues (26.8%, standard error 5.2%) or 9 eyes with "considerable"
residues (18.8%, standard error 5.3%) as compared to 168 eyes free of
residues (13.6%, standard error 1.3%). These differences are significant
at a less than 5% Type I error (F = 4.11, P<0.05).

"Student" t tests applied to the groups taken as pairs indicates a 
significant difference only between eyes with "no" lens matter residues 
and those with "minimal" residues (t = 2.77, P<0.01).
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Table 14.3

Cell losses with different degrees of striate keratopathy.

Endothelial 

Cell loss (%)

Degree of early postoperative striate keratopathy

None 1+ 2+ 3+ 4+ 5+

Mean 8.4 6.9 16.3 19.5 46.0 63.1

S.E.M. 3.1 1.6 1.7 2.8 6.1 —

Number 15 53 65 52 4 1

"S.E.M." denotes standard error of the mean

Table 14.4

Cell losses and severity of early postoperative uveitis.

Endothelial 

Cell Loss (%)

Degree of early postoperative uveitis

1+ 2+ 3+ 4+ 5+ 6+ 7+

Mean 9.6 12.4 16.1 24.2 13.0 10.9 10.2

S.E.M. 8.1 1.3 2.5 5.3 1.5 —

Number 4 117 50 12 2 1 1

"S.E.M." denotes standard error of the mean
j
f
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As density of corneal guttata has been shown to be inversely related 
to endothelial cell density in the preoperative cornea (Section 10.2.2, 
p. 204), a tenuous relationship might be expected between greater cell 
losses (lower postoperative cell densities) and higher densities of 
guttata in the late postoperative period.

Although a significant difference between the groups is suggested 
by analysis of variance (F = 2.90, P<0.01), reference to Table 14.5 will 
show that this is of no practical value; the difference arising only 
because the two eyes with Grade 5 guttata (Fuch's dystrophy) had 
insignificant endothelial cell losses.

(ix) Degree of late postoperative uveitis and cell loss.

Sixty percent of eyes still had slit-lamp biomicroscopic signs of 
uveitis, although often very mild, at the late postoperative examination; 
these signs of vascular leakage being compatible with observations based 
on postoperative fluorophotometry (Section 4.3.3, p. 80). There was not, 
however, any relationship between the degree of late postoperative 
inflammation and the cell loss estimated at that time (Table 14.6;
F = 1.85, P>0.05; for P = 0.05, F = 2.64).

(x) Cell loss and the position of the anterior vitreous face.

The anterior face of the vitreous humour in 11 eyes was very 
close to, or touching, the endothelium at the late postoperative 
assessment; nine of these eyes had intracapsular cataract extraction and 
two had extracapsular extraction with intraoperative rupture of the 
posterior capsule of the lens.

The average loss in these 11 eyes was 4.8% (standard error 2.2%).
The difference with respect to a 13.2% loss in 84 eyes with vitreous 
humour clear of the endothelium after intracapsular cataract extraction 
not being significant at a 5% Type I error (t = 1.77, P>0.05); with 
respect to an average loss of 14.5% in the other 225 eyes in the 
investigation, however, the difference is just significant (t = 1.99,
P = 0.05).

14.1.2 DATA ANALYSIS BY STEP-WISE ANALYSIS OF VARIANCE.

It should, perhaps, be pointed out that the mathematical technique 
of analysis of variance is based upon an assumption that the variables 
are completely independent. In medical applications, however, such total 
independence can rarely be guaranteed; in which case, the technique can
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Table 14.5

Cell losses in relation to late postoperative density of guttata.

Endothelial 

Cell loss (%)

Grading of late postoperative density of guttata

None 1+ 2+ 3+ 4+ 5+

Mean 11.6 18.4 14.0 22.1 23.2 -1.0

S.E.M. 1.1 2.4 4.3 7.4 8.0 3.5

Number 143 53 21 8 9 2

"S.E.M." denotes standard error of the mean

Cell losses

Table 14.6

and severity of late postoperative uveitis.

Endothelial Degree of late postoperative uveitis

Cell Loss (%) None 1+ 2+ 3+

Mean 16.1 12.4 16.6 2.0

S.E.M. 1.8 1.3 4.3 3.5

Number 94 118 20 4

"S.E.M." denotes standard error of the mean
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However, even though theoretically imperfect, the application of 
such techniques leads to worthwhile results which could not, otherwise, 
be extracted from the available clinical data.

Instances of interaction between the various factors assessed in 
this Chapter are discussed in detail in Section 14.2.

One hundred and twenty-six patients had early postoperative records 
adequate for multivariate analysis. Sixty-one patients had portions of 
their operative questionnaires left unanswered and forty-nine patients 
were unavailable for early postoperative assessment by the writer.

The estimates of cell loss for the 126 eyes increased significantly 
with prolonged follow-up; this factor being, therefore, incorporated as 
the first step of the analysis of variance (Table 14.7).

After allowing for the follow-up period, three measures are shown 
at the second step to be variables significantly predictive of cell 
losses (Table 14.7). These are the degree of postoperative striate 
keratopathy (P<0.001), the quantity of lens matter residues (P<0.01) and 
the surgeon's subjective grading of the difficulty of surgery (P<0.05). 
Interestingly, the corneal thickness ratio, "R", is not significant when 
used as a sole predictive variable, although it becomes significant as 
an additional variable at the third stage of the analysis.

At the third step, after allowing for the effect of follow-up and 
for the predictive influence of striate keratopathy grading, both the 
subjective difficulty of surgery and the quantity of residual lens 
matter have lost their influence (Table 14.8). These two factors have 
been replaced by the corneal thickness ratio, a factor that has now 
gained significance as an additional predictive variable.

The quantity of residual lens matter was the only factor 
approaching, but not reaching, a 5% Type I error during the fourth 
step of the analysis (Table 14.8).

14.2 DISCUSSION.

Despite the heterogeneity of both the surgeons and the types of 
surgery performed, the difficulty of surgery, as judged by the operating 
or assisting surgeon, proved to be a significant predictive variable for 
adverse endothelial cell losses.

Those operations reported as "difficult", for whatever unidentified 
reason, had higher average endothelial cell losses.

As may be seen from Table 14.9, there was a preponderance of extra
capsular cataract surgery amongst those operations classed as difficult,
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Table 14.7

Step-wise analysis of variance: An examination of factors 
assessed during the postoperative period in 126 eyes.

2Variance of cell losses (% ) Degrees Variance Signif Step

Component Value
or

Freedom Ratio
i c a n c e

Number

(Total variance) 231 125

Follow-up interval 1210 1
5.43 P<0.05 1

(Residual) 223 124

Lens "hardness" 275 2 1.24 P>0.05 * 2

Anterior chamber 
behaviour

95 2 0.42 P>0.05 * 2

"Difficult"/"Easy" 1030 1 4.76 P<0.05 2

Corneal thickness 
ratio

270 1 1.21 P>0.05 * 2

Degree of striate 
keratopathy

960 5 5.01 P<0.001 2

Degree of uveitis 122 5 0.54 P>0.05 * 2

Degree of residual 
lens matter

1400 2 6.88 P<0.01 2

Late postoperative 
density of guttata

270 5 1.2 P>0.05 * 2

* For P = 0.05,
Fi*123 - 3‘92>and F_ __ _

F2 ; 122 
= 2.29

3.07
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Table 14.8

Step-wise analysis of variance: Later steps In an analysis of factors 
assessed during the postoperative period in 126 eyes.

2Variance of cell losses (% ) Degrees
of

Freedom

Variance Signif
icance

Step

Component Value Ratio Number

(Total variance) 231 125

Follow-up interval 1210 1
5.43 P<0.05 1

(Residual) 223 124

Degree of striate 
keratopathy

960 5

5.01 PC0.001 2

(Residual) 192 119

Corneal thickness 
ratio

870 1

4.68 P<0.05 3

(Residual) 186 118

Lens "hardness" 330 2 1.80 P>0.05 * 4

Anterior chamber 
behaviour

20 2 0.11 P>0.05 * 4

"Difficult"/"Easy" 540 1 2.95 P>0.05 * 4

Degree of uveitis 64 5 0.33 P>0.05 * 4

Degree of residual 
lens matter

545 2 3.03 P>0.05 * 4

Late postoperative 
density of guttata

120 5 0.64 P>0.05 * 4

* For P = 0.05, F1;117 = 3.92, F2 ; U 6  - 3.07
and F5 ; 1 1 3 = 2.30

291



Table 14.9

Proportion of operations classified as "difficult" or "easy"; 
with respect to the type of surgery, the behaviour of the lens 

during extraction or the grade of the surgeon operating.

Subgrouping Operation classed as - x2
of eyes

"Difficult" ftEasy"
(Level of 
Significance)

Intracapsular Surgery 13 (14%) 80 (8 6%) 4.09
Extracapsular Surgery 37 (26%) 106 (74%) (P<0.05)

"Hard" Lens 11 (27%) 30 (73%)

"Soft" Lens 11 (1 2%) 81 (8 8%) 13.6
(PC0.01)

"Ruptured" Lens 4 (67%) 2 (33%)

Senior House Officer 6 (2 0%) 24 (80%)

Registrar 8 (30%) 19 (70%) 2.21

Senior Registrar 16 (24%) 51 (76%) (P>0.50)

Consultant 20 (18%) 92 (82%)
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of intracapsular surgery (P<0.05). Twenty-seven per cent of operations 
with "hard" lenses and 67% with ruptured lenses were classed as difficult, 
in contrast to 2% of operations on eyes with "soft" lenses. There were 
only small and insignificant differences in the proportion of difficult 
operations in each of the four categories of surgeon (Table 14.9).

This very simple subjective judgement, that of the ease of surgery, 
although not previously reported as such in the ophthalmic literature, 
is allied to findings in certain other studies.

Drews and Waltman (1978) found that a surgeon's recall of surgery 
was inaccurate and these authors classified operations into "difficult" 
or "easy" on the basis of video-recordings. As with the results of the 
present study, Drews and Waltman demonstrated a significantly greater 
cell loss when surgery was difficult.

Other authors have reported increased cell losses with technically 
complicated cataract surgery or with increasing degrees of contact 
between the intraocular lens and the endothelium (see Section 5.4, 
p. 98 and Section 6.5.2, p. 138).

The other subjective factors, anterior chamber behaviour at surgery 
and "hardness" of the lens, prove not to be of predictive value in this 
group of patients; perhaps because of the heterogeneity of surgeons and 
types of surgery. Whilst several authors have stressed the importance of 
maintaining a deep anterior chamber during surgery, especially whilst 
implanting an intraocular lens (see Section 6.5.2, p. 138), none have 
examined cell losses retrospectively in relation to the behaviour of the 
anterior chamber during surgery.

Both early postoperative measures reflecting corneal endothelial 
function provide indices of the degree of cell loss; that is, the degree 
of striate keratopathy and the corneal thickness ratio. Such a relation
ship would be expected; the two measures reflecting the magnitude of 
disturbance to endothelial physiology and, similarly, cell losses 
reflecting the magnitude of anatomical injury.

The degree of striate keratopathy in the early postoperative 
period provided a good guide to endothelial cell loss in the present 
investigation. Striate keratopathy has been similarly quantified in only 
one paper (Yang & Kline, 1981); these authors also showing, after a 
variety of cataract surgery, that greater degrees of striate keratopathy 
are associated with increased cell losses ("<4+" striate in 108 eyes had 
26% average cell loss, ">3+" striate in 14 eyes had 49% cell loss). 
Several other authors report the extent or duration of corneal oedema to
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(Cheng et al 1977a, 1977b, 1977c; Kraff & Sanders 1982).
The increases of corneal thickness during the early postoperative 

period after cataract surgery are well documented (see Sections 5.2 and 
6.2, p. 85 and p. 106) and, in some cases, have been shown to differ 
with various types of operation. Cheng and associates (1988), Holmberg 
and Philipson (1984a, 1984b) and Olsen (1980c) have reported that the 
increase of corneal thickness following surgery is related to endothelial 
cell loss after various types of surgery.

As part of multivariate analysis in the present investigation, 
changes of the corneal thickness ratio, "R", provide a simple predictive 
linear model for endothelial cell losses; the formula being presented on 
page 349. The factors affecting corneal thickness and their relation
ship to cell losses are examined further in Chapter 17 (p. 335).

Early postoperative uveitis, by providing a hostile environment for 
already jeopardized endothelial cells, might be expected to adversely 
influence the survival of the endothelium of the cornea. The present 
investigation does not, however, demonstrate any such trend: Indeed, 
four eyes with the more severe grades of uveitis suffered relatively 
modest cell losses (Table 14.4, p. 286).

These results agree with those of Olsen (1980a, 1981a) and Setala 
(1979a), in which, in a majority of patients, there was no demonstrable 
reduction of cell density in the endothelia of patients with non-surgical 
uveitis.

Hypopyon uveitis, however, would appear to be associated with 
marked endothelial cell losses (Bourne & Kaufman 1976c; Cheng et al.
1977b, 1977c; Forstot et al. 1977). It must remain uncertain, however, 
whether the excessive cell losses were caused by the uveitis or whether 
the uveitis and the loss are independent manifestations of a common 
cause; for example, traumatic surgical technique. Kraff and Sanders 
(1982) assessed the anterior chamber reaction after extracapsular 
cataract extraction with Shearing lens implantation, but did not 
relate this reaction to endothelial cell losses.

The quantity of residual lens matter remaining after surgery provides 
an interesting predictive variable for endothelial cell loss. If taken 
as a sole index of cell loss, the factor was significant. If, however, 
the degree of striate keratopathy is allowed for as a preceding step in 
the analysis, then the influence of lens matter residues is lost. This 
apparent enigma implies that the influence of the latter factor on the 
variance model was exercised, at least in part, through the effect of
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This mutual interdependence is illustrated in Table 14.10; in 
which there is a significant clustering of the higher gradings of 
striate keratopathy in those eyes with "minimal" residual lens matter 
Qt2 = 24.5, P<0.05).

The strong influence of the grading of striate keratopathy also 
eclipses the subjective judgement of the difficulty of surgery from its 
significance when the latter is considered as a sole factor. A similar 
explanation applies for this change of significance as that for lens 
matter residues. That the "difficult" cases had a significantly larger 
number of higher striate keratopathy gradings is readily evident from 
Table 14.11. The median grading for striate keratopathy is "3+" in the 
"difficult" group and "2+" in the "easy" group; Chi-squared analysis of 
the contingency table reveals a significant departure from homogeneity 
(JC2 = 13.52, PC0.05).

Three assessments at the late postoperative examination, namely 
density of corneal guttata, severity of uveitis or the presence of 
vitreous humour in contact with the corneal endothelium, are not of 
value as a predictive variables for endothelial cell loss.

It is of interest that Olsen (1980c) records an increase in the 
density of guttata after intracapsular cataract extraction in eyes with 
this abnormality before surgery, although cell losses were similar to 
those for a group without guttata.

The 9/93 eyes with vitreous humour in proximity to the endothelium
2in the present series is not significantly different “ 3.68, P>0.05) 

from that of 3/100 in the series of Boruchoff (1975); however, neither 
of these incidence could be considered commensurate with the "High 
percentage of patients in whom corneal-vitreous touch occurs after 
intracapsular cataract extraction", as claimed by dayman, Jaffe and 
Galin (1983). Leakey records a 13% incidence of corneo-vitreous contact, 
but also notes that in the majority of cases this is through the 
peripheral iridectomy, rather than centrally; this author suggests 
that contact might predispose to corneal decompensation.

14.3 SUMMARY.

If a single characteristic or measurement assessable during the 
early postoperative period is required to predict endothelial cell 
losses, then the degree of striate keratopathy is the most valuable 
index. The quantity of postoperative residual lens matter provides a 
less useful index of endothelial cell damage, as does the surgeon's
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Cell losses in relation to different degrees of striate keratopathy 
and the amount of residual lens matter after surgery.

Endothelial Degree of postoperative striate keratopathy
Cell Loss 1(%) None 1+ 2+ 3+ 4+ 5+

Mean loss 8.4 6.4 15.0 19.9 46.9
No residual

Std. error 3.1 1.6 1.7 3.3 8.5
lens matter

Number 15 50 58 42 3

Mean loss 21.5 29.3 19.0 43.3 63.1
Minimal

Std. error — 13.7 4.9 — —
lens matter

Number 1 3 7 1 1

Mean loss __ 11.2 25.3 15.1 __
Considerable

Std. error 7.4 6.6 13.2
lens matter

Number 2 4 3

Cell losses

Table 14.11

in relation to different degrees of striate keratopathy 
and the subjective difficulty of surgery.

Endothelial Degree of postoperative striate keratopathy
Cell Loss (%) None 1+ 2+ 3+ 4+ 5+

"Difficult"
surgery

Mean loss 
Std. error 
Number

10.5
15.9

2

10.5
4.8
7

19.6
3.8
12

24.2
5.2
20

38.7
4.6
2

"Easy"
Mean loss 8.1 6.3 15.5 16.5 53.3 63.1

surgery
Std. error 3.1 1.6 1.9 3.2 9.7
Number 13 46 53 32 2 1
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The ratio of early postoperative corneal thickness with respect to 
the preoperative value can be used to estimate endothelial cell losses, 
by use of the formula given on page 349.
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CHAPTER 15

ENDOTHELIAL CELL LOSS AND CATARACT SURGERY;
EYES WITH DENSE BRUNESCENT CATARACT, WITH EXTREME CELL LOSS 

OR WITH OPERATIVE COMPLICATIONS.

A further examination of subgroups of eyes, with certain abnormal 
conditions, is presented in this chapter.

The cell losses for eyes with dense brunescent cataract, in which 
losses were exceptionally great (Section 12.2.2, p. 254), are presented. 
Similarly, the losses are given for eyes with intraoperative or post
operative complications, in which cell losses would be expected to be 
greater. Furthermore, the preoperative, intraoperative and postoperative 
characteristics of eyes with cell losses towards either extreme are 
considered.

15.1 EYES WITH DENSE BRUNESCENT CATARACT.

After extraction of cataracts with Grade 4 density of nuclear 
sclerosis, the dense brunescent cataract (DBC), a gross endothelial 
damage is observed (Table 12.4, p. 247).

The preoperative characteristics of 14 patients with DBC are similar 
to those of 222 patients with other forms of cataract (Section 12.2, p.249). 
However, cell losses in diabetic patients with DBC were significantly 
greater, both in relation to non-diabetics with DBC and in relation to 
diabetics with other types of cataract (Section 12.2.3, p.258).

The evidence considered so far suggests that the cause for greater 
cell losses with DBC lies with a point of surgical technique; this 
relationship now being considered further.

15.1.1 Dense Brunescent Cataract and Surgery.

Stepwise analysis of variance was applied to the cell losses in 14 
eyes with dense brunescent cataract (Table 15.1).

The first step of analysis did not demonstrate continued endothelial 
cell loss. This suggests either that the majority of cell loss occurred 
before the follow-up examination, possibly at the time of surgery, or 
that cell loss is predominantly "diffuse" (see Section 11.1.2, p. 225).

After allowing, at the second stage, for the significant (P<0.05) 
influence of diabetes (as a preoperative factor) on cell loss, the only 
factor of predictive significance was the type of cataract extraction 
planned (P<0.02). The average cell loss with extracapsular surgery in 6 
eyes with DBC was 48%, in contrast to the 21% loss in 8 eyes after
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Table 15.1

Endothelial cell losses in 14 eyes after surgery
for dense brunescent cataract.

2Variance of cell losses (% ) Degrees
of

Freedom

Variance Signif Step

Component Value Ratio
icance

Number

(Total variance) 384 13

Follow-up interval 87 1
0.21 P>0.05 * 1

(Residual) 408 12

Diabetes 1543 1
5.06 PC0.05 2

(Residual) 305 11

Intra/Extracapsular 1519 1
8.27 P<0.02 3

(Residual) 184 10

Status of surgeon 38 3 0.15 P>0.05 * 4

Position of section 126 1 0.66 P>0.05 * 4

Intraocular lens 57 1 0.29 P>0.05 * 4

Anterior chamber 
maintenance fluid

27 1 0.13 P>0.05 * 4

Anterior chamber 
reformative fluid

2 2 0.01 P>0.05 * 4

(After exclusion of one missing value -)

(Residual) 198 9 — —

Pupillary size 206 2 1.06 P>0.05 * 4

* For P = 0.05, F. .. = 4.75, F =  5.121; 12 1; 9
F2;8 = 4'46’ F3;7 " 4‘35

and ^2 * 7 = ^
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At the fourth stage of the stepwise variance analysis, no other 
factor reached significance at a 5% Type I error (Table 15.1).

The cell loss with DBC is not associated with any one particular 
grade of surgeon; cell losses being similar (F = 0.12, P>0.05; for 
P = 0.05, F = 3.41) in all four groups (Table 15.2). The allocation 
of eyes with DBC amongst the four grades of surgeon is, however, 
significantly biased (J(? = 19.6, P<0.001); an abnormally high 
proportion of these eyes being operated upon by registrars and senior 
registrars (Table 15.2).

In eyes with DBC, losses were significantly greater (t = 2.90, P<0.02) 
with corneal section (48% in 5 eyes) than with transconjunctival limbal 
section (23% in 9 eyes); this difference being attributable to all extra- 
capsular surgery being performed through corneal section.

The proportion of eyes with DBC classed as subjectively "difficult" 
operations (6/14; 43%) was significantly different (Jt̂ * 4.19, P<0.05) 
as compared to that of eyes with other types of cataract (44/222; 20%). 
However, although cell losses were greater with extraction of DBC (as 
compared with other types of cataract), both when "difficult" (t = 3.40, 
P<0.01) and when "easy" (t = 2.40, P<0.02), the losses were not 
significantly different (t = 1.59, P>0.10) between the two subgroups of 
DBC (Table 15.3). Thus, although the extraction of DBC was regarded as 
more difficult in a higher proportion of cases than that for other types 
of cataract, cell losses with DBC were significantly higher; this being 
so irrespective of whether surgery was subjectively "difficult" or
«• tteasy .

15.1.2 Dense Brunescent Cataract and Intracapsular Surgery.

Amongst the eight eyes with DBC that underwent intracapsular 
surgery, none received lens implants and none were operated through 
corneal sections.

Compare now these 8 eyes with 85 others undergoing intracapsular 
surgery for other types of cataract. The overall cell losses in each of 
these two groups was 21.5% (Standard error 5.4%) and 11.5% (S.E. 1.6%), 
respectively; these two values not being significantly different at a 5% 
Type I error (t = 1.82, P>0.05). Some of the difference might be 
attributable to a small, but significant (t = 2.11, P<0.05), difference 
in follow-up intervals; these being 19.2 weeks for the 8 eyes with DBC 
and 16.1 weeks for the other 85 eyes. Estimated cell losses after 
intracapsular surgery increase with follow-up interval (Section
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Endothelial cell losses after extraction of dense brunescent or
other types of cataract; classified by status of surgeon operating.

Endothelial Status of Surgeon

Cell Loss (%) S.H.O. Registrar Senior Reg. Consultant

Mean 35.5 27.9 36.0 29.8
Dense brunescent

S.E.M. — 6.8 13.0 8.6
(Gde 4) cataract

Number 1 4 5 4

Mean 11.2 11.9 14.1 12.9
Other types of

S.E.M. 2.3 3.3 2.0 1.5
cataract

Number 29 23 62 108

"S.E.M." denotes standard error of the mean

Table 15.3

Endothelial cell losses after extraction of dense brunescent or 
other types of cataract; classified by subjective "ease" of surgery.

Endothelial Subjective judgement of the ease of surgery

Cell Loss (%) "Difficult" "Easy"

Mean 41.0 25.1
Dense brunescent

S.E.M. 6.6 7.1
(Gde 4) cataract

Number 6 8

Mean 15.4 12.3
Other types of

S.E.M. 2.6 1.1
cataract

Number 44 178

"S.E.M." denotes standard error of the mean
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Table 15.4

Cell losses after intracapsular extraction of dense brunescent or other
types of cataract; classified by behaviour of the lens at surgery.

Endothelial Behaviour of the lens during surgery

Cell Loss (%) Ruptured capsule Intact capsule

Mean 41.0 16.2
Dense brunescent

S.E.M. 5.5 5.2
(Gde 4) cataract

Number 2 5

Mean 11.8 11.9
Other types of

S.E.M. 10.0 1.7
cataract

Number 4 73

"S.E.M." denotes standard error of the mean
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Differences between the two groups become apparent only after 
assessing those eyes in which rupture of the lens capsule occurs during 
intracapsular extraction (Table 15.4). Whereas the cell losses after 
ruptured DBC (41%) are significantly greater (t = 2.71, P<0.05) than 
those with uncomplicated extraction of DBC (16%), with other types of 
cataract the losses are almost identical (11.8% and 11.9%, respectively). 
Furthermore, the incidence of capsular rupture is significantly higher 
(JX? = 5.29, P<0.05) with DBC (29% of 7 cases) as compared to that with 
other types of cataract (5% of 77 cases).

These results suggest not only that the lens with DBC might be larger 
and have a more fragile capsule than that of other cataracts (thereby 
predisposing to capsular rupture during intracapsular surgery), but also 
that it is the exposure of the dense brunescent nucleus which damages 
the corneal endothelium.

Exposure of a hard, brunescent nucleus occurs as part of the 
technique for extracapsular extraction of cataract; a group in which 
cell losses are also exceptionally great.

15.1.3 Dense Brunescent Cataract and Extracapsular Cataract Surgery.

Even though only six out of the fourteen patients with DBC had 
extracapsular cataract extraction, the endothelial cell losses in this 
group were highly influential during analysis of variance (Tables 13.8, 
p. 271 and 15.1, p. 299).

The characteristics of these six patients will now be examined.

(i) Preoperative characteristics.

Two groups undergoing extracapsular cataract surgery, namely 6 eyes 
with DBC and 137 eyes with other types, did not differ significantly 
with respect to age, frequency of diabetes, frequency of previous ocular 
disease, the presence of corneal stromal disease or the proportion of 
corneas with guttata (Table 15.5).

Likewise, preoperative corneal thickness, cell densities and 
anterior chamber depths were similar in the two groups (Table 15.5).

(ii) Intraoperative characteristics.

Operative details for the six patients are summarized in Table 15.6.
The two diabetics (Case numbers 232 and 153) suffered particularly 

high cell losses; especially since these patients did not receive the 
surgical stress of lens implantation. Indeed, the average loss for these
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Table 15.5

Characteristics of patients undergoing extracapsular surgery for dense 
brunescent cataract, as compared to those with other types of cataract.

Characteristic

assessed

Extracapsular surgery for - Test of 
significance

(Level of 
significance)

Dense brunescent 
(Gde 4) cataract

Other types of 
cataract

Age (years) Mean 72.7 69.7 t = 0.63
S.E.M. 3.5 1.0 (P>0.50)
Number 6 137

Diabetics 2/6 14/137 X2 = 1.20
(P>0.25)

Previous ocular 1/6 15/137 X2 = 0.35
disease (Laser photocoag. ) (P>0.50)

Corneal stromal 1/6 3/137 x 2 = °-71
disease (Cornea farinata) (P>0.25)

Corneal guttata 1/6 25/137 X2 = 0.43
density (Grade 1) (Grade 1) (P>0.50)

Corneal Mean 0.528 0.548 t = 1.34
thickness S.E.M. 0.011 0.003 (P>0.10)
(mm) Number 6 126

Anterior Mean 2.82 2.86 t = 0.22
chamber S.E.M. 0.059 0.041 (P>0.80)
depth (mm) Number 6 136

Preop. cell Mean 2276 2389 t = 0.64
density S.E.M. 111 37 (P>0.50)
( /sq.mm.) Number 6 137

"S.E.M." denotes standard error of the mean
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diabetics undergoing extracapsular cataract extraction (without lens
implantation) for other types of cataract (19.7% loss, standard error
4.8%); the difference being significant at a 2% Type I error (t = 3.26).

There was no significant bias of allocation with respect to the
2status of surgeon operating <%, = 2.91, P>0.25) and it is notable that 

high cell losses occur both with operations performed by junior surgeons 
in training (S.H.O.s or registrars) and also after operations performed 
by experienced senior surgeons (Table 15.6).

A corneal incision was used in five out of the six cases. Based 
upon the results in eyes with the use of corneal section during extra
capsular surgery, the 48% loss for eyes with DBC contrasts with a 16% 
loss in 80 eyes with other types of cataract (t = 3.93, P<0.001). The 
one eye with DBC in which a trans-conjunctival limbal section was used 
(with lens implantation by a junior surgeon) had a 34% loss of endothelial 
cells; this cell loss lying within 1.5 standard deviations of the mean 
for 9 cases of limbal-sectioned extracapsular extractions for other 
types of cataract. It is, hence, not an unusual degree of cell loss for 
this procedure. The results are summarized in Table 15.7.

The proportion of DBC eyes implanted with lenses (4/6 eyes) Is not
signicantly different from that (83/137 eyes) of the group with other

2types of cataract (Table 15.8; yC = 0.16, P>0.50). However, cell losses 
were significantly different with the two types of cataract, whether a 
posterior chamber lens was implanted (t = 3.57, P<0.001) or whether not 
(t = 3.67, P<0.001).

The fluids used to maintain the anterior chamber during the extra
capsular extraction of DBC did not significantly influence cell losses, 
although in no case was hyaluronate used with dense brunescent cataracts 
(Table 15.9). Between the results for extracapsular extraction of DBC or 
of other types of cataract, however, there remains a marked difference 
of cell loss, both when using air (t = 3.44, P<0.01) and when using 
"Balanced Salt Solution" (t = 2.81, P<0.01) for the maintenance of the 
anterior chamber depth.

The lack of usage of hyaluronate in the group with DBC is anomalous
2and appears to be a significant cc - 6- 46, P<0.05) departure from the 

random allocation of cases (Table 15.9). When the cases in which 
hyaluronate was used with other types of cataract are omitted, the 
proportions of cases using the other two fluids (air or Balanced Salt 
Solution) were almost matched = 0.37, P>0.50).

"Some collapse" of the anterior chamber during surgery was reported
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Cell losses after extracapsular extraction of dense brunescent or other
types of cataract; classified by position of the surgical section.

Endothelial Position of section with extracapsular surgery

Cell Loss (%) Corneal Transconjunctival limbal

Mean 48.2 33.8
Dense brunescent

S.E.M. 17.5 —
(Gde 4) cataract

Number 5 1

Mean 15.8 19.8
Other types of

S.E.M. 2.0 3.1
cataract

Number 80 9

"S.E.M." denotes standard error of the mean

Table 15.8

Cell losses after extracapsular extraction of dense brunescent or other
types of icataract; classified by type of lens implanted.

Endothelial Type of lens implanted

Cell Loss (%) None Iris-clip Posterior Ch.

Dense brunescent 

(Gde 4) cataract

Mean

S.E.M.

Number

53.4

9.7

2

41.9

8.9

4

Mean 13.3 31.0 13.7
Other types of

S.E.M. 2.1 9.9 1.7
cataract

Number 52 2 83

"S.E.M." denotes standard error of the mean
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Cell losses after extracapsular extraction of dense brunescent or other
types of cataract; classified by anterior chamber maintenance fluid.

Endothelial Anterior chamber maintenance during surgery

Cell Loss (%) Air Balanced Salt Sol^n Hyaluronate

Dense brunescent 

(Gde 4) cataract

Mean

S.E.M.

Number

47.5 42.3 

10.3 1.4 

4 2

Other types of 

cataract

Mean

S.E.M.

Number

16.1 11.0 13.8 

2.8 2.8 1.7 

37 31 69

"S.E.M." denotes istandard error of the mean 

Table 15.10

Cell losses after extracapsular extraction of dense brunescent or other 
types of cataract; classified by pupil size during surgery.

Endothelial Pupillary size during surgery

Cell Loss (%) Large (>7mm) Medium (3-7mm) Small (<3mm)

Dense brunescent 

(Gde 4) cataract

Mean

S.E.M.

Number

57.0 35.0 

8.1 5.1 

3 3

Other types of 

cataract

Mean

S.E.M.

Number

13.3 12.8 16.8 

1.8 2.1 7.2 

77 49 5

"S.E.M." denotes standard error of the mean
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in each of the six eyes with DBC (Table 15.6, p. 305). In a comparable
group of 52 eyes with "some collapse" during extracapsular surgery for
other types of cataract, the average loss of 15% was markedly less than
the 46% loss in the six eyes with DBC (t = 4.39, P<0.001).

Similarly, Balanced Salt Solution was used to reform the anterior
chamber at the end of operation in all six eyes with DBC; the 46% cell
loss being much greater than a 14% average loss for a comparable group
of 72 eyes with other types of cataract (t = 4.97, P<0.001).

With the two groups undergoing extracapsular cataract surgery,
2

there was no evidence (jC = 0.55, P>0.75) of an abnormal frequency of 
adverse pupillary sizes at surgery (Table 15.10). Furthermore, the 
greater loss with a larger pupil size, although not significant (t = 2.31, 
0.1>P>0.05), is unexpected; most surgeons regarding the presence of a 
large pupil as leading to a technically easier operation. The differences 
of cell losses between the two types of cataract (Table 15.10) are 
significant with both a large-sized pupil (t = 4.73, P<0.001) and a
medium-sized pupil (t = 2.49, P<0.05).

(iii) Postoperative characteristics.

The severity of early postoperative uveitis and the quantity of
residual lens matter were not abnormal in frequency or present to an
abnormal extent in the six eyes under consideration. The maximum severity
of uveitis was moderate (Grade 3) in three of the six eyes after extra-

2capsular extraction of brunescent cataracts (Table 15.11; %  = 2.83,
P>0.25). Similarly, the two cases with lens matter residues were not an

2abnormally high proportion (Table 15.12; pt = 1.06, P>0.50).
In contrast, the magnitude of two postoperative factors which

reflect corneal endothelial function were significantly different
between the two groups. Thus, there was a significant difference in the

2gradings for postoperative striate keratopathy (Table 15.13; pC = 17.2, 
P<0.01) and also the mean ratio of postoperative to preoperative corneal 
thickness was significantly greater (t = 3.03, P<0.01) in eyes with DBC 
(mean ratio 1.26, standard error 0.11), than that in 94 eyes with other 
types of cataract (mean ratio 1.11, standard error 0.01).

Although the surgeon's subjective impression of the "ease" of surgery 
has some value in the prediction of endothelial cell loss (Section 14.1.1
(iii), p. 285 and Section 14.1.2, p. 287), the proportion of "difficult" 
operations in this group of six eyes with extracapsular extraction of 
DBC was not different from that of the other 137 eyes (Table 15.14;
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Cell losses after extracapsular extraction of dense brunescent or other
types of cataract; classified by degree of postoperative uveitis.

Endothelial Degree of early postoperative uveitis

Cell Loss (%) 2+ 3+ 4+ 5+ 6+

Dense brunescent 

(Gde 4) cataract

Mean

S.E.M.

Number

30.0

3.8

2

49.2

7.0

3

Other types of
Mean 14.5 13.0 29.9 13.0 10.1

cataract
S.E.M. 2.2 2.8 6.0 1.5

Number 58 25 8 2 1

"S.E.M." denotes standard error of the mean

Table 15.12

Cell losses after extracapsular extraction of dense brunescent or other 
types of cataract; classified by quantity of residual lens matter.

Endothelial Quantity of residual lens matter

Cell Loss (%) None Minimal Considerable

Mean 41.9 63.1 43.7
Dense brunescent

S.E.M. 8.9 — —
(Gde 4) cataract

Number 4 1 1

Mean 14.1 23.8 14.0
Other types of

S.E.M. 1.9 4.6 3.6
cataract

Number 76 12 6

"S.E.M." denotes standard error of the mean
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Cell losses after extracapsular extraction of dense brunescent or other
types of cataract; classified by degree of postoperative keratopathy.

Endothelial Degree of postoperative striate keratopathy

Cell Loss (%) None 1+ 2+ 3+ 4+ 5+

Dense brunescent 

(Gde 4) cataract

Mean

S.E.M.

Number

34.5

5.1

3

53.9

13.0

2

63.1

1

Other types of
Mean 9.6 4.0 17.9 15.2 46.8

cataract
S.E.M. 15.0 3.2 2.4 2.6 8.5

Number 2 15 36 38 3

"S.E.M." denotes standard error of the mean

Table 15.14

Cell losses after extracapsular extraction of dense brunescent or other 
types of cataract; classified by subjective "ease" of surgery.

Endothelial Subjective judgement of "ease" of surgery

Cell Loss (%) "Difficult" "Easy"

Mean 50.5 41.0
Dense brunescent

S.E.M. 8.3 11.3
(Gde 4) cataract

Number 3 3

Other types of
Mean 13.6 13.9

cataract
S.E.M. 2.8 1.5

Number 34 103

"S.E.M." denotes standard error of the mean
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TC = 0.81, P>0.25). Furthermore, although the average cell losses in the 
"difficult" and "easy" extractions of DBC (51% and 41%, respectively) 
were similar (t = 0.68, P>0.50), both values were significantly greater 
than the comparable values for extraction of other types of cataract 
(Table 15.14; t = 3.73 (P<0.001) for "difficult" and t = 3.07 (PC0.01) 
for "easy" extractions).

15.2 EYES WITH EXTREMES OF ENDOTHELIAL CELL LOSS.

The characteristics of two groups of eyes are contrasted, in those 
eyes in which the estimated endothelial cell loss was less than 0% (that 
is, no measurable cell loss) and eyes with losses of greater than 30%.
These figures correspond to about one standard deviation on either side 
of the average cell loss for all 236 eyes in the present investigation.

Any difference between the groups would suggest a factor predisposing 
to, or protecting against, excessive endothelial cell damage.

There is a significant difference, of two-and-a-half weeks, between 
the average follow-up Interval for the two groups (t = 3.17, P<0.01); that 
for the "high loss" group being the greater.

This difference is to be expected, since estimates of endothelial 
cell loss have been shown to be greater with longer follow-up intervals 
(Sections 11.5.2 and 12.1.2, pp. 237 and 246) and, hence, any grouping 
based upon cell losses should exhibit a bias of follow-up intervals. In 
practice, this difference means that probably three or four cases have 
been grouped inappropriately to that which would have arisen if a fixed 
follow-up datum had been assigned. Such cases would either be excluded 
from, or Included in, the two groups; a change dependent on the value of 
follow-up interval chosen as a reference datum.

15.2.1 Preoperative Characteristics.

The 39 eyes without measurable cell losses were similar to the 36 
eyes with losses greater than 30%, with respect of patient age, proportion 
of diabetics, numbers with previous ocular disease or corneal stromal 
disease and with respect to the frequency of guttate corneas (Table 15.15).

In contrast, the Grade 4 of nuclear sclerosis (DBC) has a significant 
influence and is an important preoperative indicator of long-term cell 
loss. As might be expected from the results already presented, those 
patients with this type of cataract occur at an abnormally high rate in 
the group with "high" cell losses, forming 19% of this group, in contrast
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Table 15.15

Preoperative characteristics of eyes with no measurable (<0%)
endothelial cell loss and eyes with high (>30%) cell losses.

Characteristl 
assessed 

(& sub-group)

c
Numbers, or Values, in — Test of 

Significance

(Level of 
significance)

"No loss group 
(39 eyes)

"High" loss group 
(36 eyes)

Age (years) Mean 67.4 72.1 t = 1.69
S.E.M. 14.0 9.6 (P>0.05)

Diabetes - nondiabetic 37 28 7C2 - 3.37
— diabetic 2 8 (P>0.05)

Ocular - none 29 33 X 2 = 4.48
disease - code 4 1 0 (P>0.25)

- code 6 2 1
- code 7 1 0
— code 8 6 2

Stromal - absent 36 36 % 2 = 1.23
disease present 3 0 (P>0.25)

Corneal - none 29 21 X2 = 5.06
guttata - grade 1 7 11 (P>0.25)

- grade 2 1 1
- grade 3 0 2
- grade 4 1 1
grade 5 1 0

Nuclear - grade 4 1 7 X? = 3.97
sclerosis - others 38 29 (PC0.05)

Corneal Mean 0.536 0.555 t = 1.98
thickness S.E.M. 0.005 0.008 (P>0.05)

(mm) Number 36 31

Anterior Mean 2.89 2.71 t = 2.09
chamber S.E.M. 0.058 0.063 (P<0.05)
depth (mm) Number 38 36

Preop. cell Mean 2176 2337 t = 1.58
density S.E.M. 63 82 (P>0.10)
( /sq.mm.) Number 39 39

"S.E.M." denotes standard error of the mean
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It is of interest that anterior chamber depth is significantly 
different in the two groups (Table 15.15; t = 2.09, P<0.05). The average 
anterior chamber depth for the "high loss" group was 0.18mm less than 
that of the "low loss" group; this being about 7% of the average anterior 
chamber depth in this series. This difference might follow from the 
inverse relationship between the chamber depth and cell loss in eyes 
undergoing intracapsular surgery; the possible mechanisms for this 
having already been discussed (Section 13.1.2, p. 266).

Preoperative central corneal thickness and cell density were not 
significantly different in the two groups (Table 15.15).

15.2.2 Intraoperative Characteristics.

The intraoperative characteristics are summarized in Table 15.16.
The only intraoperative factor of significance was the position 

of the surgical incision; this being in agreement with earlier analysis 
in the present research (Section 13.1.1, p. 263). There was a notably 
lower proportion of corneo-limbal sections within the "high loss" group 
(3% of cases), in contrast to the 23% of cases in the "low loss" group 
yL = 6.90, P<0.05). The possible causes of this apparently less 
injurious nature of corneo-limbal section have been discussed (Section 
13.2.2(iii), p. 278).

15.2.3 Postoperative Characteristics.

Two clinical signs of postoperative endothelial impairment were 
significantly greater in the "high loss" group. Thus, the corneal 
thickness ratio was greater (t = 2.69, P<0.01) in the "high loss" group 
and the degree of early postoperative striate keratopathy was different 
from that in the "low loss" group (Table 15.17; = 21.71, P<0.001).
The median grading for early postoperative striate keratopathy was "1+" 
in the "low loss" group and "3+" in the group with higher cell losses.

Similarly, there was a more severe postoperative uveitis (P<0.05) 
and a higher proportion of eyes with residual lens matter after surgery 
in the group with greater cell losses (Table 15.17). It is likely that 
the greater uveitis and the larger proportion with residual lens matter 
are both postoperative manifestations of more difficult or prolonged 
surgery; both prolonged and more difficult surgery would be expected to 
increase cell loss. Other writers have not convincingly demonstrated 
acute uveitis to be associated with greater endothelial cell losses 
(Section 3.3, p. 51).
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Table 15.16

Intraoperative characteristics of eyes with no measurable (<0%)
endothelial cell loss and eyes with high (>30%) cell losses.

Characteristic 
assessed 

(& sub-group)

Numbers, or Values, in — Test of 
Significance

"No" loss group 
(39 eyes)

"High" loss group 
(36 eyes)

(Level of 
significance)

Grade of _ S.H.O. 4 5 7C2 = 0.28
surgeon - Registrar 5 5 (P>0.90)
operating - Senior Reg 15 13

- Consultant 15 13

Surgery - Intracaps. 14 9 yd = 0 . 6 0
planned — Extracaps. 25 27 (P>0.25)

Intraocular — none 25 18 Ho II t—» •

lens - iris-clip 1 2 (P>0.25)
— posterior ch. 13 16

Pupil size - large 16 16 yd = 0.06
at surgery - medium 18 16 (P>0.90)

- small 2 2

Position of — corneal 18 23 yd = 6.90
surgical - corneo-limbal 9 1 (P<0.05)
section - transconj.-

limbal 12 12

Anterior _ air 12 18 yd = 2.62
chamber - B.S.S. 15 10 (P>0.25)
maintenance — hyaluronate 11 8

Anterior - air 4 6 yd = 0.68
chamber - B.S.S. 24 21 (P>0.50)
reformation — Miochol 11 9

Chymotrypsin - used 13 7 yd = 1.71
(ICCE only) not used 0 1 (P>0.10)

"B.S.S." denotes Balanced Salt Solution
"ICCE" denotes intracapsular cataract extraction
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Table 15.17

Postoperative characteristics of eyes with no measurable (<0%)
endothelial cell loss and eyes with high (>30%) cell losses.

Characteristic 
assessed 

(& sub-group)

Numbers, or Values, in — Test of 
Significance

"No" loss group 
(39 eyes)

"High" loss group 
(36 eyes)

(Level of 
significance)

Lens hard 7 5 X,2 = 2.06
hardness - soft 10 17 (P>0.25)

— ruptured 1 3

Anterior - always deep 15 7 9C2 = 3.09
chamber - some collapse 16 18 (P>0.10)
behaviour - frequent

collapse 6 8

Subjective - difficult 8 14 yd - 2.23
judgement ~ easy 31 22 (P>0.10)

Ratio of Mean 1.071 1.190 t = 2.69
corneal S.E.M. 0.017 0.042 (PC0.01)
thicknesses Number 26 26

Degree of - none 4 0 7C2 = 21.7
striate - grade 1 12 1 (P<0.001)
keratopathy - grade 2 7 12

- grade 3 8 15
- grade 4 0 4
- grade 5 0 1

Degree of - grade 1 1 0 X2 = 8.07
uveitis - grade 2 24 16 (PC0.05)

- grade 3 6 11
— grade 4 0 4

Lens matter - none 30 25 yd = 6.73
residues - minimal 0 6 (PC0.05)

— considerable 1 2

Late _ none 27 15 X2 » 7.98
density of - grade 1 5 12 (P>0.10)
corneal - grade 2 4 5
guttata - grade 3 1 2

- grade 4 1 2
grade 5 1 0

"S.E.M." denotes standard error of the mean
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fail to reach significance at a 5% Type I error.

Within surgical subgroups (such as eyes without lens implants), the 
numbers available are only few and so, unfortunately, no comparison can 
be made, with the data available, between the characteristics of the 
"low loss" or "high loss" subgroups.

15.3 EYES WITH INTRAOPERATIVE OR POSTOPERATIVE COMPLICATIONS.

The endothelial cell losses of eyes with known intraoperative or 
postoperative complications are considered; being eyes with loss of 
vitreous humour, with known endothelial touch by the lens implant or, 
in a few cases, eyes with other complications.

The results for eyes with rupture of the lens capsule during intra
capsular surgery have already been discussed (Section 15.1.2, p. 300), as 
have those eyes with contact between vitreous humour and the endothelium 
at the late follow-up examination (Section 14.1.1(x), p. 287).

15.3.1 Eyes with Intraoperative Loss of Vitreous Humour.

Eight eyes suffered a loss of vitreous humour during intracapsular 
surgery, with an average cell loss of 26% (Table 15.18). This figure is 
significantly different (t = 2.64, P<0.01) from the 10.4% cell loss in 
73 eyes after uncomplicated intracapsular cataract extraction alone.

In the present study, the maximum cell loss was 47% after operative 
loss of vitreous humour; a figure not unlike that of 51% reported by 
Bourne and Kaufman (1976c), but differing somewhat from that of a 67% 
loss reported by Cheng and colleagues (1977b).

The loss of vitreous humour during intracapsular cataract extraction
9occurred significantly more often QC = 2.32, P<0.05) with junior 

surgeons (6/33 cases, 18%) than senior surgeons (2/48 cases, 4%); the 
cell losses in the groups are, however, not significantly different 
(Table 15.18; t = 1.10, P>0.20).

The cell loss appears to be similar (Table 15.18) whether the 
vitreous humour at the section is removed by abscision or by use of a 
suction-cutting instrument (such as Ocutome or Kaufman vitrector).

With planned extracapsular cataract extraction, the posterior 
capsule was breached In five eyes, with loss of vitreous humour. The 
average cell loss in this group was 14.4%; this not being significantly 
different from that of eyes after intracapsular extraction with loss of 
vitreous humour (t = 1.36, P>0.20) or after uncomplicated extracapsular
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Table 15.18

Endothelial cell loss after operations with loss of vitreous humour.

Surgical

Procedure

Endothelial cell loss (%) 

Mean Standard error Number

INTRACAPSULAR CATARACT EXTRACTION
With loss of - juniors 22.2 6.3 6
vitreous humour - seniors 36.5 10.5 2

- abscised 26.5 14.5 2
- suck/cutter 26.2 6.5 6

Overall group 26.2 5.5 8

Without loss of 
vitreous humour

EXTRACAPSULAR CATARACT EXTRACTION

10.4 1.7 73

With loss of 
vitreous humour

14.4 6.7 5

Without loss of 
vitreous humour

14.8 2.3 49
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15.3.2 Eyes with recognized endothelial contact during surgery.

In 42 eyes with recorded intraoperative contact between the corneal 
endothelium and either instruments or lens implant, cell losses tend to 
vary considerably (Table 15.19). Perhaps because of the relatively small 
numbers with known contact, the differences between the various groups do 
not reach statistical significance at a 5% Type I error. These findings 
are at variance with those recorded in the ophthalmic literature 
(Section 3.1, p. 41 and Section 6.5.2, p. 138).

The average cell loss after contact by instruments (15.4% in 30 
eyes; standard error 3.0%) is similar (t = 0.21, P>0.80) to that after 
contact by the lens implant (16.7% in 12 eyes; standard error 6.4%).

Considering now cell losses after contact between the lens implant 
and endothelium during extracapsular surgery: Although the use of 
hyaluronate would appear to minimize cell losses (Table 15.19), the 
difference (compared with air and B.S.S. groups) does not reach 
significance at a 5% Type I error (F = 0.91, P>0.05; for P = 0.05,
F = 4.26); this lack of significance probably being attributable both to 
the small numbers and to the wide range of cell losses (-11% to 67%) in 
the "air" group.

15.3.3 Eyes with other complications.

Three eyes required further surgery for postoperative complications 
and the results for these eyes have not been included in the main 
investigation.

One patient underwent operative release of pupillary capture by a 
posterior chamber intraocular lens; the estimated cell loss in this eye 
was 13%.

Rupture of a corneal section on the sixth postoperative day 
occurred in another patient. After surgical repair, this eye had an 
estimated cell loss of 14%.

The third patient developed a late iris prolapse, at three weeks 
after surgery. This was abscised and the section resutured. The cell 
loss for this eye was 7%.
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Table 15.19

Cell losses with known contact between the endothelium 
and surgical instruments or lens implants.

Endothelial 

Cell 

Loss (%)

Anterior maintenance fluid during surgery

Air

Contact by -

B.S.S.

Contact by -

Hyaluronate 

Contact by -

Instr. Lens Instr. Lens Instr. Lens

ICCE Mean 10.5 xxxx 16.6 xxxx —  xxxx
S.E.M. 7.2 xxxx 4.2 xxxx xxxx
Range -5 to 37 xxxx 5 to 41 xxxx xxxx
Number 6 xxxx 8 xxxx xxxx

ICCE Mean 28 4.5 — — —

+ IOL S.E.M. — 1.5
Range — 3 to 6
Number 1 2

ECCE Mean 34 xxxx 3.8 xxxx — xxxx
S.E.M. — xxxx 3.3 xxxx xxxx
Range — xxxx -5 to 19 xxxx xxxx
Number 1 xxxx 6 xxxx xxxx

ECCE Mean 20.5 25.5 41 20.0 19.6 -1.0
+ IOL S.E.M. 13.5 11.5 6.0 10.3 6.0

Range 7 to 43 -11 to 67 —  14 to 26 4 to 60 -7 to 5
Number 2 6 1 2 5 2

"ICCE" denotes intracapsular cataract extraction 
"ECCE" denotes extracapsular cataract extraction 
"IOL" denotes intraocular lens implant 
"S.E.M." denotes standard error of the mean 
"B.S.S." denotes Balanced Salt Solution
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The excessive endothelial damage after extraction of cataracts with 
Grade 4 nuclear sclerosis (dense brunescent cataract) is related to 
exposure of the corneal endothelium to the lens nucleus; this exposure 
occurring during extracapsular cataract extraction and during intracapsular 
extraction complicated by rupture of the lens capsule. The endothelium 
of diabetics is significantly more susceptible to this deleterious 
effect.

With dense brunescent cataract, both the incidence of capsular 
rupture during intracapsular surgery and the proportion of subjectively 
"difficult" procedures are significantly greater. The potential problems 
with extraction of this type of cataract would not appear to have been 
recognized; an abnormally high proportion of these cataracts having been 
allocated to registrars and senior registrars and without the use of a 
visco-elastic protective material, such as sodium hyaluronate.

As compared to eyes with >30% cell loss, those eyes with no measurable 
loss of endothelium had a lower proportion of dense brunescent cataracts, 
a higher proportion of corneo-limbal sections and significantly deeper 
anterior chambers.

The loss of vitreous humour during intracapsular cataract extraction 
occurs significantly more frequently with junior surgeons and is associated 
with significantly higher endothelial cell losses that those after 
uncomplicated surgery. However, after loss of vitreous humour during 
intracapsular surgery, the degree of cell loss appears to be independent 
of the status of surgeon operating or the technique by which the vitreous 
humour was removed. In contrast, loss of vitreous humour during extra
capsular cataract surgery fails to increase endothelial damage.

Contact between the corneal endothelium and instruments or lens 
implant was associated with a wide range of cell loss.
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CHAPTER 16
THE CLINICAL ASSESSMENT OF ENDOTHELIAL CELL DENSITY; A
SYSTEM OF GRADING USING THE SLIT-LAMP BIOMICROSCOPE.

The aims of this part of the research were -

(i) to increase the awareness amongst clinicians of the ease and 
importance of the technique of slit-lamp specular illumi
nation and thereby to increase the use of this method in 
clinical practice,

(ii) to provide a method of conveniently assessing approximate 
cell densities for clinical practice and for future 
reference by the same observer

and (iii) to demonstrate that low endothelial cell densities, of
particular concern surgically, are readily recognizable 
at a slit-lamp biomicroscope.

For the analysis involved in this part of the research, the 
enrolment and the late follow-up examinations of the corneas of two 
hundred and thirty-six of the enrolled subjects were used. Subjects on 
long-term ocular medication were omitted from this part of the study.

Eyes were examined as detailed in Chapter 8 (p. 169) and the ease 
of visualization of the endothelial mosaic was graded using a technique 
described below.

16.1 METHOD AND REPRODUCIBILITY OF THE ASSESSMENT OF THE ENDOTHELIUM.

16.1.1 The Practice of Specular Illumination.

To improve the visibility of the low-reflectance corneal endothelial 
mosaic without the image being saturated by extraneous light from the 
high-reflectance epithelium requires considerable practice. The laws of 
specular (as opposed to diffuse) reflection dictate that the reflection 
of a light beam by a convex surface, such as the cornea, shall, for a 
given position of light-source and observer, lead to a specular 
reflection from but a single point. The practical implication of this is 
that the area illuminated should be kept as small as possible in order 
to reduce extraneous reflected light; in normal practice a slit-beam of 
about 0.5mm x 2mm being adequate. An additional restriction is that the 
specular reflection can only be viewed monocularly; although the use of 
a second ocular (as available on the slit-lamp biomicroscope) can provide
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definition, be sub-optimum. Furthermore, with wider beams of incident 
light, the low reflectance endothelial image is increasingly spoilt by 
light from the high reflectance epithelial surface (Figure 16.1).

In this study, a technique of specular illumination was developed, 
based on the following considerations -

It is imperative to adjust the eyepieces on the slit-lamp 
biomicroscope to observer emmetropia; ametropic settings, 
frequently found, are contributory to a poor visibility.

With the illumination beam locked at 20° to 30° to the 
microscope boom, the endothelial reflection is focussed along the 
antero-posterior axis (AP on Figure 16.2). If focussed deep to the 
endothelium, the specular image bypasses the observer (Obs) to the
side of the illumination (Ray d-SE on Figure 16.2) and vice-versad(Ray s-SE on Figure 16.2). In practice, the intensity of reflected slight is maximized by altering the antero-posterior position of the 
microscope and so bring the mosaic, if it is resolvable, into focus.

If the instrument antero-posterior axis does not correspond 
with the antero-posterior axis of the convex corneal surface 
(Figure 16.3), then the specular reflection will again bypass the 
observer (Obs) even though, when viewed by diffuse illumination, 
the endothelial mosaic is in focus. To remedy this situation, the 
slit-lamp mounting must be moved in an arc in parallel with the 
corneal convexity (line CD in Figure 16.3), until maximum specular 
reflectance of a focussed endothelial Image is achieved.

16.1.2 The Grading of the Endothelial Specular Image.

Using this method of specular endothelial illumination, the 
appearance of the mosaic was graded thus -

Grade 0 - Mosaic not visible at a (xl6) objective setting
on the slit-lamp biomicroscope

Grade 1 - Mosaic barely visible ("grainy" image) at (xl6)

Grade 2 - Mosaic visible at (xl6), after >15 seconds

Grade 3 - Mosaic readily visible at (xl6), within seconds, but
not visible at a (xlO) setting

Grade 4 - Mosaic barely visible ("grainy" image) at (xlO)

Grade 5 - Mosaic visible at (xlO), after >15 seconds

Grade 6 - Mosaic readily visible at (xlO), within seconds
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Figure 16

|
i

A.C.

1_ Ray diagram of the specular corneal reflections produced by
a collimated light source (Lt), only extreme rays being
represented. The endothelium (En), with low reflectance,
produces a zone of low-intensity specular endothelial
reflection (S ), this zone often being overlapped by a n
high-intensity specular reflection (S ) from the epithelium.

P
The degree of overlap is dependent on the width of the 
illumination beam, the thickness and refractive index of 
the cornea and the angle between the light-source beam and 
the observer.
Observation at position "0̂ " would provide an endothelial

image of optimum quality, whereas that at "0 " would beb
saturated by light reflected from the epithelium.
A.C. denotes anterior chamber.
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A.C.

Figure 16.2 Effect on the specular endothelial reflection of adjustment
of the slit-lamp microscope along the anteroposterior (AP)
axis; ray diagram illustrating only single rays, passing
from the light source (Lt) to the observer (Obs). When
focussed deeply (d-d) to the ideal position (f-f), the
specular endothelial reflection bypasses the observer to
reach "SE when focused superficially (s-s), the d
reflection bypasses the observer to "SEs

A.C. denotes the anterior chamber.
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A.C.

Obs

Figure 16.3 Effect of adjustment of the slit-lamp microscope along a
line (cd) parallel to the plane of the corneal endothelial 
surface; ray diagram illustrating only single rays from the 
light source (Lt) to observer (Obs). When displaced (d-d) 
from the ideal position (c-c), the specular reflection from 
the endothelium bypasses the observer to reach "SE". The 
image of the endothelium viewed by the observer at position 
”d" is that due to diffuse (non-specular) reflection at the 
endothelial surface (thin and short arrows).

A.C. denotes anterior chamber.
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The intraobserver variation for the grading of the specular image 
of the endothelium was assessed by a repeated visual grading of 53 
corneas, performed by a single observer at between ten and thirty weeks 
apart (Table 16.1).

There was a slight tendency towards increased visibility (higher 
grading) on repeating the assessment. Thirty-three corneas had the same 
initial and repeated grading, more than the twenty agreements that would 
be expected by chance alone.

16.2 ANALYSIS OF RESULTS.

By the use of generalized linear functions which incorporate the 
statistical techniques of multiple regression and analysis of variance 
(Baker & Nelder, 1978), it is possible to determine the relation between 
the factors assessed clinically and the endothelial cell density as 
derived from specular photomicroscopy.

The first group (Gp.I) consisted of single eyes from 122 subjects, 
these eyes being due for operation.

In the second group (Gp.II), single eyes from 192 subjects were 
examined between ten and thirty weeks after cataract surgery, with or 
without lens implantation; 76 of these postoperative eyes were also 
examined preoperatively in group I.

In the third group (Gp.III) were 53 unoperated eyes, these eyes
having two masked assessments separated by between ten and thirty weeks.

16.3 RESULTS.

The groups were well matched with respect to age: Gp.I Mean 68.7, 
Standard deviation (S.D.) 12.7 years, Gp.II Mean 69.8, S.D. 11.2 years 
and Gp.III Mean 68.2, S.D. 11.7 years. Similarly, the groups were matched
for the proportion of diabetics (Gp.I 10%, Gp.II 10% and Gp.III 8%). The
number of subjects within each of the visual gradings is recorded in 
Table 16.2.

With reference to Table 16.2, both in group I and in group II, 
visual grading proved to be statistically a very highly significant 
predictor of cell density (F-test; P<0.001 for both groups). Within the 
preoperative group (Gp.I), the presence of stromal opacity or disease 
proved also to be a significant additional predictive factor (P<0.01), 
whilst in the postoperative group (Gp.II), the grading of guttata 
appeared to be a weak, but significant, additional factor (P<0.05). In 
neither group was there a significant relation between endothelial cell
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Table 16.1

Reproducibility of the endothelial grading for 53 corneas 
values on the line of identity are underlined.

First Second visual grading
Visual -----------------------------
Grading 0 1 2  3

0 A 6 1 0

1 1 2£ 3 2

2 0 5 8̂ 1

3 0 0 1 1

328



Table 16.2

Clinical grading of endothelial cell density in 122 
preoperative (Group I) and 192 postoperative (Group II) corneas.

Endothelial 
Cell Density 
(cells/sq.mm.)

Visual grading of the corneal endothelium

0 1 2 3 4 5 6

Preoperative Corneas (Group I)

Mean density 2553 2289 2106 1861 642 - -

Standard error 60 40 61 220 - - -

Number of eyes 28 53 34 6 1 0 0

Postoperative Corneas (Group II)

Mean density 2204 2225 1948 1694 1226 614 552

Standard error 79 46 58 75 123 56 -

Number of eyes 22 74 63 22 8 2 1

Preoperative and postoperative Corneas (Groups I & II)

Mean density 2400 2252 2003 1730 1161 614 552

Standard error 54 32 44 74 126 56 -

Number of eyes 50 127 97 28 9 2 1
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of diabetes, the degree of corneal arcus or the central corneal 
thickness. Moreover, within Group II patients, the implantation of an 
intraocular lens was not a significant factor in predicting endothelial 
cell density after taking into account the significance of the visual 
grading.

16.3.1 Visual Grading.

The mean endothelial cell density within each of the clinical 
visual gradings is given in Table 16.2 and, as reasonably expected, 
the ease of visualization (grading scale) increases as the cell density 
decreases (cell size increases). There is a marked similarity between 
the gradings of the preoperative and the postoperative eyes.

16.4 DISCUSSION.

It has been demonstrated that the corneal endothelial mosaic can 
usefully be graded, albeit with some variability, and that this grading 
is closely related to the central corneal endothelial cell density as 
determined by specular photomicroscopy; this demonstration is similar to 
that in the report of Langston and Roisman (1981), in which these 
authors showed it possible to estimate endothelial cell density with 
fair accuracy on the Zeiss slit-lamp biomicroscope. The rapid method 
described in this paper requires neither special grids or graticules nor 
the processing and time-consuming assessment of specular photomicrographs. 
However, the grading described in the present research not only requires 
the observer to have normal visual acuity, but also can be difficult in 
the presence of stromal opacity or of small movements of the eye; indeed, 
the writer considers it to be a wise precaution, in clinical practice, 
to increase the grading by one category in the presence of persistent 
small eye movements.

The grading is subject, without doubt, not only to variability when 
used by one observer, visualization improving somewhat with the practice 
of specular illumination, but also to considerable variation between 
observers. In addition, the observation that the mean cell densities in 
Grades 0-3 are consistently lower in the postoperative compared with the 
preoperative cornea suggests that some postoperative factor is acting to 
reduce the visibility of the corneal endothelial mosaic, although not to 
a statistically significant degree. The causes of this are, possibly, 
minimal corneal oedema or irregularities of Descemet's membrane.

Because of these variations, the method of grading described is a
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cell density, but is not proposed as a substitute for the accurate 
objective record obtained by the use of photomicroscopy. It is hoped, 
also, that the availability of this quick and simple test will lead to a 
renewed interest in the use of specular reflection as a technique for 
cell density determination and as a means of assessing endothelial cell 
losses.

The present investigation suggests that the view of Kraff, Sanders 
and Lieberman (1980a), that specular endothelial photomicroscopy is the 
only way to recognize a low endothelial cell density, is unduly restric
tive and that a simple practical approximate method is available.

16.4.1 Clinical Usage of the Grading System.

Not only does the system of grading provide an indication of the 
mean cell density in both preoperative and postoperative corneas (Table
16.2, p. 329), but also the deductions may be extended to provide a guide 
more useful in clinical practice (Table 16.3).

For each visual grading, the probability of a subject lying within 
one of four surgically relevant cell density ranges (>1500, 1500-1000, 
1000-500 and <500 cells/sq.mm.) can be estimated by use of the mean cell 
density and variance estimates from the combined results of groups I and 
II (Table 16.2). With the exception of "Grade 6", the probabilities are 
derived by use of the distribution of the "Student" t statistic. For the 
group with "Grade 6" visibility, the probabilities are derived by use of 
a pooled estimate of standard deviation (for all of the eyes) and the 
standardized normal deviate.

Thus, if the endothelium of a patient is clinically "Grade 4", 
there is (based on the present series) a 20% probability of the cell 
density being greater than 1500 (and so tolerating major anterior segment 
surgery), a 46% chance of the density being from 1000-1500 (where major 
surgery may jeopardize the corneal compensation), a 28% chance of the 
cell density being 500-1000 (where corneal decompensation becomes likely 
after surgery) and a 6% probability of the density being below 500 
cells/sq.mm.

In clinical practice these "risk" factors could usefully be weighed 
against the necessity of the surgery and the life-expectancy of the 
patient.
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Table 16.3

Percentage probabilities that a cornea, of known 
endothelial visual grading, would lie within each of 

four ranges of endothelial cell density.

Range Visual grading of corneal endothelium Surgical
of cell ----------------------------------------
density 0 1 2  3 4 5 6 comments

>1500 >99% 98% 88% 72% 20% 3% (<1%) "Safe"
Unlikely to 
decompensate, 
even after 

major surgery

1500 - <1% 2% 11% 24% 46% 4% (11%) "Safe" for the
1000 majority of

surgery. "At risk" 
for procedures 
with major or 

continued cell loss

1000 - 0% 0% 1% 3% 28% 73% (39%) "At risk" for
500 majority of

surgery and major 
procedures likely 
to decompensate 
the cornea

<500 0% 0% 0% <1% 6% 20% (49%) Corneal
decompensation

probable
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The angular visual resolution required to resolve those cells at the 
limit of slit-lamp biomicroscopic resolution (that is, those cells in 
Grade 1) can be estimated and, if this estimate approximates to that of 
the known angular resolution of the healthy eye, then this provides some 
confirmation of the efficacy of the clinical method as developed.

Using the mean endothelial cell density of grade 1 visualizations,
a grading at the limits of resolution using a sixteen-fold 
magnification —

"D", the mean ECD (pooled estimate Gpl and Gp.II; 127 eyes) is 
equivalent to -

D = 2250 cells/mm^

"A", the mean cell area is thus given by -
A = 1/D

— 4.4 x 10 mm

Assuming a circular shape for the cells, then diameter "d" is given
by -

d - 2 4  A/1r
“ 2.4 x 10 mm

At the usual slit-lamp microscope image distance of 250mm, the 
angle "G" subtended in the vertical meridian (**) by such a cell 
unmagnified, is given by -

G = d / 250
= 9.5 x 10  ̂radians

But, with xl6 (high-power) magnification, the image subtends an 
angle G', given by -

G' = 16 x G
= 1.5 x 10  ̂radians

Since, however, the cell boundaries form the image visible on 
specular illumination, the limit of resolution is set by the width of 
the cell boundaries. From an analysis of specular photomicrographs, the 
cell boundary width is between about one-seventh and one-tenth of the 
cell "diameters" (personal observation).

** The obliquity of slit-lamp microscope specular illumination results 
in a small reduction in image sizes in the horizontal meridian; this 
"scaling factor" approximates to the cosine of (A), where (A) is the 
angle subtended by the illumination and the observer axes at the corneal 
surface. When specular illumination is practised as detailed, this 
factor varies between the negligible values of 0.98 and 0.96.
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endothelial mosaic under the defined conditions, is given by -
Range of V = G'/7 to G'/IO

= 2.2 x 10  ̂ to 1.5 x 10  ̂radians
= 0.75' to 0.5' of arc

This calculated angular visual resolution (0.5'-0.75') is of the 
same order of magnitude as that generally accepted to be the resolution 
of the healthy eye and, hence, that of a healthy observer with an eye 
free from major defects.

16.5 SUMMARY.

A system of grading of the corneal endothelial specular reflection, 
as assessed using a Haag-Streit 900 slit-lamp biomicroscope, has been 
shown to have a very highly significant relation to the endothelial cell 
density measured by contact specular photomicroscopy. The grading, 
although subjective and therefore not a substitute for the detailed 
record of photomicroscopy, is readily applicable in clinical practice 
and is a useful method of comparing and recording endothelial cell 
densities when assessed by the same observer.
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CHANGES OF CORNEAL THICKNESS AS AN INDEX OF CORNEAL 
ENDOTHELIAL DAMAGE AFTER INTRAOCULAR SURGERY.

Damage to the corneal endothelial mosaic during intra-ocular 
surgery would be expected to impair function; this impairment of 
physiological function being manifest as an increase in corneal 
thickness (Section 2.3.1, p. 25). The largely reversible increases 
of corneal thickness after cataract surgery (Sections 5.2, p. 85 and
6.2, p. 106) are the consequence of such endothelial damage.

Changes of corneal thickness in the early postoperative period have 
been reported to be proportional to estimates of endothelial cell losses 
(Cheng et al. 1988; Holmberg & Philipson 1984a, 1984b; Olsen 1980c).

Other factors affecting early postoperative corneal thickness would 
be expected to include the degree of intra-ocular inflammation or the 
intra-ocular pressure. Although corneal thickness has been shown to alter 
both during and after non-surgical uveitis (Olsen 1980a, 1981a), the effect 
of postoperative inflammation on the corneal thickness does not appear to 
have been recorded. Rises of intra-ocular pressure cause a rather variable 
increase of corneal thickness, possibly related more to the endothelial 
damage present at the time of measurement than to the absolute intraocular 
pressure (Kruse-Hansen 1971; Olsen 1980b; Ytteborg & Dohlman 1965).

Empirical mathematical functions, based on some of the factors 
likely to affect corneal thickness in the early postoperative period are 
proposed in this chapter; these functions being examined in relation to 
measurements, made by the present writer, from one-hundred and fifty- 
four eyes after cataract surgery.

Corneal thickness has been reported to return to normal within 
several months of cataract surgery with or without lens implantation 
(Sections 5.2, p. 85 and 6.2, p. 106). However, in view of the known 
irreversibility of many of the morphological changes in a damaged 
corneal endothelium (Section 3.6, p. 60), it might reasonably be 
expected that some permanent deficit of endothelial function might 
ensue; this latter deficit being manifest as an increase in the 
thickness of the corneal stroma (Section 2.3.1, p. 25).

Several reports of the long-term changes of corneal thickness after 
cataract surgery are re-examined; this being in an attempt to ascertain 
whether there is any evidence of functional deficit after cataract 
surgery.
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17.1 MATHEMATICAL ANALYSIS OF POSTOPERATIVE CHANGES OF CORNEAL THICKNESS.

17.1.1 Early Postoperative Changes of Corneal Thickness.

Clinical experience, confirmed by a study of the literature, 
suggests that the thickness of the cornea (Tpogt) at a time, "t", after 
surgery depends, in some way, upon the original magnitude of cell loss, 
upon the degree of uveitis present and upon the intraocular pressure. It 
would also be reasonably expected that, for a given degree of endothelial 
impairment, postoperative thickness (Tp0 should be proportional to 
the preoperative thickness (Tpre).

In mathematical notation, these relationships may be written as -

where "«J" denotes "a function of the following variable" ,
"L" denotes the estimated cell loss (%),
"t" denotes the time after surgery (days),
"U" denotes the degree of uveitis,
"P" denotes the intraocular pressure (mmHg)

and "R" denotes the ratio of postoperative to preoperative

Throughout this Chapter, these symbols will retain the same 
definitions and units.

The suffixes distinguish the functions, since their forms are not 
necessarily the same and the commas denote that the corneal thickness 
depends in some, as yet unspecified, way upon each of the functions.

In many physical and chemical problems, the forms of the relevant 
relationships may be established by the application of the known laws of 
the subjects, but, for the purposes of the present investigation, no 
such established relationships (or "laws") exist; indeed, it is the aim 
of the present work to attempt to establish the relationships which 
exist between the various variables.

In the absence of any known basic relationships, the functions of 
Equation 17.1a can be related, empirically, in a number of ways; the 
simplest ways being -

(i) Additive; namely

or
TPost = *1<1>> *2M > *3<U>- V P)> TPre 

R = <SX(L), (S2(t), «S3(U), <5a(P)
(17.1)
(17.1a)

corneal thickness.

R = ^(L) + (S2(t) + (S3(C) + <S4(P) (17.2)
and (ii) Multiplicative; namely
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These equations (Table 17.1) will be evaluated in order to establish 
which type best fits the available clinical data. Functions 1 to 5 can be 
solved directly by methods of multiple linear regression (Baker & Nelder 
1978), whereas functions 6 to 10 require derivation of logarithms for

•keach term in the polynomials
Some further comment upon the possible forms which may be taken by 

the various functions is, at this point, worthwhile.
Thus, for example, curves of the inverse power function (l/x11) and

""lexof the exponential function (e ) have a very similar shape for values 
of "x" not too close to zero and so, especially in the case of clinical 
data which is inherently subject to considerable scatter, can be 
difficult to distinguish.

However, as "x" tends to zero, the exponential function tends to 
unity whereas the inverse power function tends to infinity. Since the 
corneal thickness cannot be infinite, it follows that, on purely logical 
grounds, the exponential function is to be preferred.

Similarly, the multiplicative form of the equation (17.3) demands 
that, when the value of any of the variables ("L”, "t", "U" or "P") is 
zero, the value of the corresponding function (<̂ (L) and so on) must be 
finite; otherwise the thickness ratio, "R", becomes zero for a zero 
value of one or more of the variables.

Since, as previously stated, clinical data is liable to considerable 
intrinsic scatter, statistical methods must be used to establish the forms 
of, and relationships between, the various functions. Even so, the 
considerations just discussed could well be of use in the making of a 
final choice between different forms of function when the statistical 
significance of the forms is not markedly different.

A similar series of empirical functions can be created for the 
prediction of cell losses, based on measured changes of corneal

* Although widely practised, the assessment of linear regressions for 
the logarithmic derivatives of basic data is not equivalent to the 
"least squares" solution for the basic data itself; this is so 
because it is the basic data which is assumed to be randomly 
distributed and not the logarithms of that data.
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Table 17.1

Empirical mathematical functions relating changes of corneal thickness 
to characteristics assessed in the early postoperative period.

Function

number

Mathematical function for predicting 

the corneal thickness ratio (R)

1
R 1

=
A 1

+ B 1 L

2
R 2

=
A 2

+ E 2  L  + C 2  1

3 R3 = A3 + B, L +  C, t +  D 3 D +  E 3 P

4 R4 = G4 + H 4 L +  I4 (e_kt)

5 R 5
=

G 5 + H. L +  I. (e”k t ) +  U +  K c5 5 v 5 5
6

R 6
=

M 6
X L (N6>

7 R7 = M7 X L (V  x t (07>

8 R8 = M8 X L(N8} x t(08) x  x  P(S8

9 R9 = V9 X L (V  x e (V )

10 r io 5= V.10 x L ^ I O 5 x  e (X10t) x  D ^ I O 5

"L" denotes cell loss (%)
"t" denotes time after surgery (days)
"U" denotes degree of postoperative uveitis 
"P" denotes intraocular pressure (mmHg)
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mutual substitution of "R" and "L". Thus, for example,

L11 = AU  + B11R

These latter functions (Functions 11-20) are regressions of "L" on 
"R”, in contrast to those of the first series (Functions 1-10), which
are regressions of "R" upon "L".

17.1.2 Assumptions and Limitations of the Analysis of Early
Postoperative Changes of Corneal Thickness.

Because of the variability of sampling of the endothelial cell 
mosaic, a few eyes had "negative" estimates of cell loss: For functions 
6 to 10 and for 16 to 20, in which the logarithms of these values are 
required, these negative values were set at 10 %̂.

Cell loss estimates in a large series of eyes after cataract
surgery have been shown to increase during the period of measurement,
by 0.85% loss per week (Section 11.5.2, p. 237). All estimated cell 
losses for use in this chapter are, therefore, adjusted to a datum of 
about four months after surgery (16.3 weeks - the mean follow-up 
interval for the series of eyes).

All factors, including the nine categories of grading of uveitis, 
were treated as continuous variables during multiple linear regression 
analysis using the facilities of the "GLIM" analysis system of the Royal 
Statistical Society (Baker & Nelder 1983).

17.1.3 Long-term Postoperative Changes of Corneal Thickness.

The factors controlling the long-term resolution of the changes of 
corneal thickness are uncertain. They may be assumed to be alterations 
in cell structure and interactions during the resolution of endothelial 
damage and changes of intracellular physiology as the cellular environment 
alters. Because these alterations and interactions are so diverse and 
also because the theoretical relationships between these factors and the 
corneal thickness are unknown, or, at best, very poorly understood, it 
is impossible to express these relationships in rigid mathematical form.

However, it is readily evident that long-term changes of corneal 
thickness after cataract surgery, as given in several reports (Figures
5.1, p. 88 and 6.1, p. 108), are not simple linear functions; appearing 
rather to be "exponential" or "power" functions of the form -

- m <"Nt> y = M e

339



V, „ “ Nor y = M t

where "N" is a positive parameter.

The results from five reports of the corneal thickness change after 
intracapsular cataract extraction alone (Cheng et al. 1977a; Holmberg & 
Philipson 1984a; Jacob 1985; Olsen 1980c; Tragakis et al. 1977) were 
examined for the degree of agreement with each of four functions; the 
degree of agreement being assessed by evaluation of the correlation 
coefficients. The functions examined are given in Table 17.2.

The function tending to highest correlation coefficients may then 
be used to compare changes between groups of eyes undergoing different 
surgeries; for example, intracapsular extraction with or without lens 
implantation. Furthermore, parameters for this function may be derived 
from a "pooling" of the results in the ophthalmic literature; these 
parameters then being used to predict long-term changes of corneal 
thickness.

17.1.4 Assumptions and Limitations of the Analysis of Long-term
Postoperative Changes of Corneal Thickness.

The endothelium is generally an incomplete mosaic and also subject 
to many detrimental forces (such as uveitis or abnormal intraocular 
pressure) in the immediate postoperative period; so, for this reason, in 
the analysis of long-term changes of corneal thickness, values prior to 
the third postoperative day were excluded.

Where values were recorded as less than preoperative in the late 
postoperative period, linear interpolation was used to provide an 
estimate of the time at which corneal thickness returned to the 
preoperative value.

17.2 ANALYSIS OF EARLY POSTOPERATIVE CHANGES OF CORNEAL THICKNESS.

Data relating to one-hundred and fifty-four patients (56 males, 98 
females) were included in the analysis of early post-operative changes of 
corneal thickness. This group comprised seventy-one intracapsular cataract 
extractions (six with lens implants) and eighty-three extracapsular 
extractions (fifty with lens implants).

The postoperative examination was performed on the third (73 eyes), 
fourth (76 eyes) or fifth (5 eyes) day after surgery.
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Table 17.2

Mathematical functions relating long-term changes of 
corneal thickness and time after surgery.

Mathematical

function

Factors correlated by evaluation 

of the correlation coefficient

R = A + Bt "R" and "t"

R = A e(Bt) "loge(R)" and "t”

R = A tB ,,loge(R)" and "loge(t)"

I = A tB "log (I)" and "log (t)" e e

"R" denotes ratio of postoperative/preoperative corneal thickness 
"t" denotes the time after surgery (days)
"I" denotes the increase of postoperative corneal thickness,

expressed as a percentage of the preoperative value; 
being equivalent to [100(R - 1)].
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17.3 RESULTS.

17.3.1 Early Postoperative Changes of Corneal Thickness.

The estimates for the various parameters in Functions 1 to 10 are
collected in Table 17.3, together with 95% confidence limits for these 
estimates and the number of eyes available for analysis. The only functions 
with all parameters significantly different from zero (at a Type I error
of 5% or less) are Functions 1 and 6, these taking the form:

= 1.066 + 0.0032L (Function 1)

Rg = 1.105 l°*0030 (Function 6)
The "Student" t statistic for the gradient (0.0032) in Function 1 

is 5.82 (P<0.001) and that for the ordinate intercept (1.066) is 88.8 
(P<0.0001). Similarly, the values for Function 6 are 2.18 (for intercept; 
P<0.05) and 2.31 (for Loss exponent; P<0.05). The significance of these 
two functions is presented later in the Discussion (Section 17.4.1, p.347).

Likewise, the parameter estimates for Functions 11 to 20 are given in 
Table 17.4. Function 11 is the only one in which all parameter estimates 
are significantly different from zero, the gradient and intercept having 
"Student" t statistics of 5.78 (P<0.001) and 4.50 (P<0.001), respectively; 
the function being discussed further in Section 17.4.1.

17.3.2 Long-term Postoperative Changes of Corneal Thickness.

As shown in Table 17.5, after simple intracapsular cataract 
extraction the long-term changes of corneal thickness after the second 
postoperative day would appear to conform most closely to functions of 
the form -

R = A tB
* B or I = A t

where "I" denotes the increase of postoperative corneal thickness, 
expressed as a percentage of the preoperative value 

and "A" and "B" are parameters.

The results for Olsen (1980c) are misleading when taken alone, 
because the values were only available for days 3,4 and 180. These 
values therefore approximate to two points; the latter condition for 
which the correlation coefficient is always unity.

342



Table 17.3

Estimates of the parameters in mathematical functions predictive for 
changes of corneal thickness at 3 to 4 days after intraocular surgery.

Function Estimate (with 95% confidence limits) Number
of

Number
Intercept "L" "t" * "U" * ..p.. Eyes

Function 1 1.066
(0.024)

0.0032
(0.0011)

— — — 154

Function 2 1.049
(0.114)

0.0032
(0.0011)

0.0048
(0.0320)

— — 154

Function 3 0.948
(0.061)

0.0022
(0.0011)

-0.0042
(0.0332)

0.052
(0.018)

0.0008
(0.0021)

140

Function 4 1.069
(0.041)

0.0032
(0.0011)

-0.0964^
(0.997)

— — 154

Function 5 0.924
(0.071)

0.0022
(0.0011)

0.245^ 
(1.020)

0.052
(0.018)

0.0009
(0.0021)

140

Function 6 1.105
(1.016)

0.0030
(0.0026)

— — — 154

Function 7 1.088
(1.136)

0.0030
(0.0026)

0.0124
(0.1008)

— — 154

Function 8 0.986
(1.157)

0.0023
(0.0027)

-0.0206
(0.1075)

0.131
(0.055)

0.0091
(0.0302)

140

Function 9 1.087
(1.108)

0.0030
(0.0026)

0.0046
(0.0286)

— — 154

Function 10 0.977
(1.136)

0.0023
(0.0027)

-0.0043®
(0.0153)

0.131
(0.055)

0.0087
(0.0302)

140

* Time and the "grading" of severity of uveitis are treated as
continuous variables

ti -fct ff# denotes function of the form "....+ z e +...."
2kt „@ denotes function of the form ".... * e * ..... "

where "z" denotes the parameter estimate given in the Table 
and "kt" denotes time after surgery (days)
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Estimates of the parameters in mathematical functions predictive for 
endothelial cell losses at four months after intraocular surgery.

Function Estimate (with 95% confidence limits) Number
of

Number
Intercept "R" "t" * "U" * ..p»

Eyes

Function 11 -49.0
(21.8)

56.6
(19.6)

— — — 154

Function 12 -52.6
(26.0)

56.3
(19.6)

1.09
(4.22)

— — 154

Function 13 -45.0
(28.6)

46.6
(23.7)

0.56
(4.83)

1.88
(2.90)

0.0211
(0.3070)

140

Function 14 -48.4
(22.5)

56.5
(19.6)

-17.6# 
(133)

— — 154

Function 15 -43.3
(24.3)

46.5
(23.8)

4.22#
(148)

1.89
(2.90)

0.0342
(0.3068)

140

Function 16 0.242
(3.957)

11.3
(9.73)

— — — 154

Function 17 0.0011
(2222)

11.0
(9.71)

4.29
(6.08)

— — 154

Function 18 0.0001
(9624)

9.51
(10.8)

3.93
(6.81)

0.148
(3.79)

0.964
(1.92)

140

Function 19 0.0027
(500)

11.0
(9.71)

1.27#
(1.72)

— — 154

Function 20 0.0003
(2887)

9.46
(10.8)

1.19#
(1.94)

0.170
(3.79)

0.946
(1.92)

140

* Time and "grading" of severity of uveitis are treated as
continuous variables

-kt
# denotes function of the form "....+ z e +...."

zlc t@ denotes function of the form "..... * e * .... "
where "z" denotes the parameter estimate given in the Table 

and "zt" denotes time after surgery (days)
"R" denotes postoperative/preoperative corneal thickness ratio
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Table 17.5

Correlation coefficients for corneal thickness changes 
with respect to time; derived from reports of intracapsular 

cataract extraction in the ophthalmic literature.

Olsen (1980c) results are unrepresentative, for reasons given in the text.

Author Correlation coefficient for - Number

and

Date

t
&
R

ln( t) 
&
R

ln( t) 
&

ln(R)

ln(t)
&

ln(I)

of

pairs

Cheng et al. 
1977a

0.754 0.944 0.945 0.981 3
(TCL)

Holmberg & 
Philipson 1984a

0.864 0.978 0.980 0.993 3
(TCL)

Holmberg & 
Philipson 1984a

0.859 0.976 0.986 0.998 3
(CS)

Jacob 1985 0.880 0.989 0.990 0.954 5
(CS)

Olsen 1980c 0.997 1.000 1.000 1.000 3
(CS)

Tragakis et al. 
1977

0.842 0.976 0.978 0.978 6
(TCL)

Overall group 0.133 0.850 0.858 0.869

"t" denotes time after surgery (days)
MR" denotes ratio of postoperative/preoperative corneal thickness 
"I" denotes the increase of postoperative corneal thickness, expressed 

as a percentage of the preoperative value.
"TCL" denotes trans-conjunctival limbal section 
"CS" denotes corneal section
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the relationship for changes of corneal thickness after intracapsular 
cataract extraction can be estimated as -

loge(I) = 3.29 - 0.661oge(t) (17.4)

The 95% confidence limits for the gradient (0.66) being +0.18 
("Student" t = 7.75) and for the intercept (3.29) being +0.57 ("Student" 
t = 12.1).

The equivalent expression being -
I = 26.8 t"*0,66 (17.4a)

Similarly, after intracapsular extraction with implantation of 
iris-clip lenses (Cheng et al. 1977a; Jacob 1985; Miller & Stegmann 
1981; Reshmi & Kondrot 1976), the increase of corneal thickness bears 
the following linear relationship with respect to time -

log (I) = 4.16 - 0.89log (t) (17.5)e e

The 95% confidence limits for intercept and gradient are jjD.88 
("Student" t = 10.2) and +0.31 ("Student" t = 6.10), respectively.

This relationship is equivalent to -

I=64.2t-°-89 <17‘5a>

For the two series of intracapsular cataract extractions, one with 
and one without lens implantation, the gradients and intercepts of the 
derived linear equations (17.4 and 17.5) are not significantly different 
("Student" t = 1.43, P>0.05 and "Student" t = 1.31, P>0.05, respectively).

Similarly, it is possible to characterize the recovery of corneal
thickness reported after intracapsular cataract extraction and lens
implantation in the presence of sodium hyaluronate (Jacob 1985). Here 
the changes of corneal thickness are thus -

log (I) = 2.51 - 0.87log (t) (17.6)e e
Whereas the intercept is significantly different ("Student" 

t = 5.16, P<0.001) from that of the series of lens implantations without 
sodium hyaluronate (Equation 17.5), the gradient is not so ("Student" 
t = 0.07, P>0.90

Schneider and Praeger (1977) report changes of corneal thickness 
after phacoemulsification and lens implantation; this providing another 
series for examination -
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Once again, the intercept is significantly different ("Student" 
t = 4.07, P<0.001) from that in equation 17.5, but the gradients are not 
different ("Student" t = 0.39, P>0.75).

The practical interpretation of these several results is discussed 
later in Section 17.4.3 (p. 357).

17.4 DISCUSSION.

17.4.1 Early Postoperative Changes of Corneal Thickness.

The majority of one-hundred and fifty-four eyes showed an increase 
of postoperative corneal thickness, the average increase being 11% (+
1%, standard error) when measured three or four days after cataract 
surgery; this being in accordance with the findings of other studies.

The simplest empirical function (Function 1, p. 338), in which 
increased corneal thickness was directly related to cell loss, has been 
shown to be applicable to the results in this study. The Function 1 
relationship is depicted in Figure 17.1, together with a scatter diagram 
for the data. The correlation coefficient between the two variables is 
0.42 (P<0.001), this being higher than the values (between 0.18 and 
0.28) obtained by Cheng and associates (1988). It is probable that some 
of the variation in the Oxford study is due to the use of absolute 
changes of corneal thickness, rather than a ratio of corneal thicknesses 
("R") as used in the present study. Olsen found changes of corneal 
thickness on the first to fourth days after surgery to be related 
directly to the cell losses estimated at six months after surgery (Olsen 
1980c); the correlation coefficients (between 0.56 and 0.73) for 37 eyes 
undergoing intra-capsular cataract extraction were higher than that of 
the present study, possibly because only one type of surgery was 
performed in the study by Olsen.

With the "power" function (Number 6, p. 338) between the corneal 
thickness ratio, "R", and cell loss, "L", the estimates of the parameters 
barely reach significance (at a 5% Type I error), in contrast to the 
"linear" function (Number 1) in which the Type I errors are less than 0.1%.

The degree of postoperative uveitis, "U", proves to be of considerable 
predictive value in Function 3 (P<0.0001 for the "uveitis" multiplicand, 
"0.052") and also in Functions 5,8 and 10: Indeed, the influence is such 
as to reduce the predictive value for cell loss, "L", in these functions 
(Table 17.3, p. 343); this suggesting either that some of the corneal
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Figure 17.1 Changes of the ratio of early postoperative to preoperative 
corneal thickness in 154 eyes after cataract surgery as 
related to estimates of endothelial cell loss adjusted to a 
reference date of 16 weeks after surgery.

The line represents the linear relationship between 
the two variables.
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and the degree of endothelial damage are related. Favouring the former, 
Olsen (1981a) reports increased corneal thickness in the presence of 
uveitis. However, the greater surgical manipulation of a complicated 
operation would result in both increased endothelial damage and increased 
postoperative inflammation, this justifying the latter proposal.

The parameters for time of measurement, "t", and for intra-ocular 
pressure, "P", in Function 3 are not significantly different from zero 
(P>0.8 and P>0.4, respectively).

The time of measurement had little influence on "R", whether as a 
linear factor (Functions 2,3,7 and 8) or as an exponential factor 
(Functions 4,5,9 and 10); this being in contrast to strong experimental 
evidence that changes of corneal thickness are time-dependent (Sections
5.2, 6.2 and 17.3.2; pp. 85, 106 and 342, respectively). This apparently 
anomalous result almost certainly arises because the range of times for 
the present series is too limited to show any such time-dependence; the 
majority of eyes being assessed on the third and fourth days after 
surgery.

Intra-ocular pressure appears to have negligible effect on the 
corneal thickness ratio (Functions 3,5,8 and 10; Table 17.3, p. 343).

Turning now to the empirical functions for the prediction of 
endothelial cell loss from early postoperative changes of corneal 
thickness.

Function 11, together with its 50% and 90% confidence limits, is 
presented in Figure 17.2 and conforms to the relationship -

L = -49.0 + 56.6R (17.8)

Based on measurements of corneal thickness taken preoperatively and 
at three or four days after surgery, this relationship may be used in 
clinical practice to provide a more authoritative prediction of long-term 
cell losses and outcome after cataract surgery, for possible transmission 
to the patient. Furthermore, relationships between early postoperative 
data and long-term outcome can be of value in relating preoperative 
characteristics to those after surgery.

Cheng and colleagues (1988) present a scatter diagram of cell loss 
(assessed at one month) in relation to absolute change of corneal 
thickness on the fifth day after surgery, but do not define a linear 
regression for their data.
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Figure 17.2 Corneal thickness ratio as a predictor of corneal 
endothelial cell loss after cataract surgery.

"C.L." denotes confidence limits for estimate of the ordinate.
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Postoperative Changes of Corneal Thickness*

Endothelial cell losses in groups with different changes of corneal 
thickness (ACT) are compared by Cheng (Cheng et al. 1988), who report 
that eyes with a larger increase of corneal thickness (lOOjun or more) at 
five days after surgery had significantly greater cell losses (assessed 
at 1 or 6 months after surgery) than groups with lesser changes of 
corneal thickness. Using a similar grouping to allow comparison, the 
estimated cell losses in the present study will be seen to be very 
similar to those reported by Cheng (Table 17.6).

Analysis of variance for the results of the present work and for 
the data of Cheng shows that, at two days after surgery, the cell losses 
within five groups of corneal thickness change were not significantly 
different, whereas by days 3 or 4 or by day 5 the differences are 
significant at less than a 5% Type I error (Table 17.6).

Cheng and colleagues (1988) also use unpaired, two-tail "Student" t 
tests to compare cell losses in the various groups. A comparable series 
of tests being given in Table 17.7. Because multiple comparisons increase 
the risk of eliciting spurious relationships between variables, however, 
such tests should be interpreted with caution.

The same authors also categorize cell loss estimates into four groups 
and compare the average ^CT for each group by multiple "Student" t tests. 
Together with comparable results for the present study, estimates for these 
test statistics are given in Table 17.8. The results from both studies 
suggest that greater cell losses are associated with significantly larger 
increases of corneal thickness (Tables 17.8 and 17.9).

Between the four groups of cell loss, a one-way analysis of variance 
(Table 17.9) for data in the Cheng study shows no significant difference 
of ACT at two days, but a highly significant difference at five days 
after surgery (P<0.005). The thickness ratios in the present study are 
significantly different (P<0.001) in the four groups at 3 to 4 days 
postoperatively (Table 17.9).

Cheng and colleagues used Bayes' theorem to estimate the probability 
of high cell losses (30% or greater) in four groups with different 
increases of corneal thickness. The probability of "high" cell losses, 
although low, was greater when the absolute increase of thickness was 
75pm or more at two days after surgery, or 100pm or more at five days. 
Comparable series of results for the present study and that of Cheng are 
given in Table 17.10; the 3 to 4 day estimates for the present work and 
the 5 day estimates of Cheng being very similar.
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Table 17.6

Cell loss estimates (mean + S.D., with number of eyes in brackets) for 
each of five groups classified by postoperative changes of corneal thickness.

The ranges of corneal thickness change are almost identical for 
the groups within each of the two studies.

Present study: Cheng et al. 1988 study :

Group
Cell loss 

four months
estimates at 
after surgery

Cell loss 
six months

estimates at 
after surgery

Number
ti n  ti .R at 

3 to 4 days
Cell Loss 
(per cent)

"ACT" at 2(b) 
or 5(c) days

Cell Loss 
(per cent)

1 <1.050 8.3+11.4 (47) <25jim 12.9+13.3 (26)b 
11.8+14.9 (65)c

2 1.050 - 
1.099

9.9+14.9 (32) 25-49jjm 9.9+13.9 (37)b 
15.7+13.1 (67)c

3 1 . 1 0 0  - 
1.149

14.7+15.9 (27) 50-74jim 15.6+14.5 (57)b 
14.4+12.8 (65)c

4 1.150 - 
1.199

21.4+16.6 (24) 75-99pm 16.1+13.6 (54)b 
15.1+13.2 (31)c

5 >1.200 20.7+21.8 (24) >100pm 16.8+14.6 (76)b 
24.4+17.3 (23)c

One-way analysis F4;149 = 4.51 F4;245 = 1>76 (p>°-05>b
of variance (P<0.001) F4;246 = 3-54 (p<°-01>C

"R" denotes postoperative/preoperative corneal thickness ratio 
"ACT" denotes absolute change of corneal thickness after surgery
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Table 17.7

Multiple comparison of mean cell losses in five groups, each group 
classified by postoperative change of corneal thickness:

Results for unpaired, two-tail "Student" t tests.

Each block contains "t" statistics for comparisons in the present 
work ("a") and in that of Cheng (Cheng et al. 1988) where corneal 
thickness was assessed at 2 days ("b") and at 5 days ("c") after surgery.

The range of corneal thickness changes in each of the groups (1 tc
5) are detailed in Table 17.6.

Cell loss estimates were taken at four months after surgery in the
present study and at six months in that of Cheng and associates (1988),

Group Group Number
Study

Number
1 2 3 4

a. 0.55
2 b. 0.86 -- - -

c. 1.60

a. 2.01* 1.19
3 b. 0.81 1.89 -- -

c. 1.07 0.58

a. 3.89// 2.710 1.46
4 b. 0.99 2.12* 0.19 --

c. 1.05 0.21 0.25

cl • 3.160 2.20* 1.13 0.12
5 b. 1.20 2.39* 0.47 0.28

c. 3.340 2.52* 2.930 2.24*

"*" denotes P<0.05, "0" denotes P<0.01 and "//" denotes P<0.001
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Table 17.8

Multiple comparisons of postoperative corneal thickness changes in 
groups classified by endothelial cell losses: Results for unpaired,

two-tail "Student" t tests.

Each block contains comparisons of corneal thickness ratios (present 
study - "a") and absolute changes of corneal thickness assessed at two 
days ("b") or five days ("c") after surgery (Cheng et al. 1988).

Estimates of cell loss were taken at one month (Cheng et al. 1988) 
or at four months (present work) postoperatively.

Cell loss 

in group
Study

Cell loss in group

< 10% 10% - 19% 20% - 29%

a. 0.20
10% - 19% b. 0.15 ------- -

c. 0.75

a. 2.22* 2.51*
20% - 29% b. 0.66 0.56 -------

c. 1.46 0.79

a. 3.51// 3.080 0.97
>30% b. 2.46* 2.31* 1.37

c. 3.46// 2.49* 1.41

"*" denotes P<0.05, "@" denotes P<0.01 and "//" denotes P<0.001

354



Table 17.9

Postoperative changes of corneal thickness in groups with comparable 
cell losses in the present study and in that of Cheng et al. (1988).

Figures refer to mean value ("R" or "ACT") with 
standard deviation and number of eyes (in brackets).

Cell Loss Present study: Cheng and associates (1988) study:

Estimates "R" at 3 to 4 
days after surgery

"ACT"(̂ im) 2 days 
after surgery

"ACT,,(̂ im) 5 days 
after surgery

<10% 1.088^.099 (76) 75.1+42.7 (119) 40.6+31.4 (119)

10% - 19% 1.083+0.079 (37) 76.1+34.1 (49) 44.6+29.2 (47)

20% - 29% 1.146+0.104 (18) 81.1+42.5 (27) 50.5+33.8 (27)

>30% 1.197+0.203 (23) 98.0+48.1 (27) 65.0+41.7 (28)

One-way 
analysis 
of variance

^3;150 = 6-38 
(P<0.001)

F = 3; 218
(P>0.

2.32

05)
F3;217 ' 4'42 

(P<0.005)

"R" denotes postoperative/preoperative corneal thickness ratio 
"ACT” denotes absolute change of corneal thickness after surgery (urn)
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Probabilities of high (>30%) or low (<30%) endothelial cell losses for 
various corneal thickness changes after surgery.

Each block contains the probability calculated for the present work and 
those from the study of Cheng ("D2’' are from corneal thickness 

measurements on day 2, "D5" are those from day 5).

Estimated likelihoods and posterior probabilities are calculated using 
a prior probability for high cell loss of 0.15 in the present work 

and 0.12 in that of Cheng et al. (1988).

Grouping 

of corneal 

thickness

Estimated 
likelihood* 
of high loss 
when within 
limits of 

defined gp.

Estimated 
likelihood* 
of low loss 
when outside 
limits of 

defined gp.

Posterior 
probability* 
of high loss 
when within 
limits of 

defined gp.

Posterior 
probability* 
of high loss 
when outside 
limits of 

defined gp.

changes P(T+/D+)//
Sensitivity//

P(T-/D-)//
Specificity//

P(D+/T+)//
Predictive
value//

P(D+/T-)// 
Rate of False 
negatives//

R >1.050 0.91 0.34 0.20 0.04

ACT >25jim (D2)
(D5)

0.93
0.82

0.10
0.29

0.12
0.14

0.09
0.08

R >1.100 0.78 0.56 0.24 0.06

A ct >50pm (D2)
(D5)

0.85
0.61

0.27
0.59

0.14
0.17

0.07
0.08

R >1.150 0.52 0.72 0.25 0.10

ACT >75jim (D2)
(D5)

0.74
0.29

0.51
0.82

0.17
0.18

0.07
0.11

R >1.200 0.17 0.85 0.17 0.15

A ct >100ynm (D2)
(D5)

0.48
0.18

0.73
0.94

0.20
0.30

0.09
0.11

* Terminology as accepted in Bayesian theory.
// Abbreviations and terms used in the study by Cheng et al. (1988). 
Abbreviations "R" and "ACT" are as used in Table 17.9

356



In contradistinction to previous authors who have reported corneal 
thickness to return to normal after intracapsular cataract extraction 
(Section 5.2, p. 85) or after intracapsular extraction with lens 
implantation (Section 6.2, p. 106), evidence from a re-analysis of 
their combined data suggests otherwise.

Long-term changes of corneal thickness after cataract surgery would 
appear to conform most closely to a power function with respect to the 
post-operative interval. Based on these derived functions, estimates for 
the residual changes of corneal thickness at six months after surgery 
are about +0.9% after intracapsular extraction without lens implantation 
and +0.6% with lens implantation; that is, the late postoperative corneal 
thickness is slightly greater than the preoperative thickness.

Moreover, for the data available, the derived functions for 
intracapsular cataract extraction, namely -

loge(I) = 3.29 - 0.661oge(t) (17-4)

and for intracapsular extraction with lens implantation, namely -

log (I) = 4.16 - 0.89log (t) (17-5)e e
appear to have gradients ("Student" t = 1.43, P>0.05) and 

intercepts ("Student" t = 1.31, P>0.05) that are not significantly 
different.

This suggests that the long-term recovery of corneal thickness in 
the presence or in the absence of lens implantation is similar and, 
hence, that underlying mechanisms might be common to the two situations.

In contrast, for phacoemulsification with implantation of iris-clip 
lenses (Schneider & Praeger 1977), the linear regression for changes of 
corneal thickness is thus -

loge(I) = 4.79 - 0.761oge(t) (17.7)

The gradient for this line is not significantly different from that 
for intracapsular cataract extraction with lens implantation ("Student" 
t = 0.39, P>0.05), but the intercepts are different ("Student" t = 4.07, 
P<0.001). These results would imply that the rate of recovery, expressed 
as a proportion of the remaining deficit, is similar in the two groups, 
but the initial impairment is significantly greater; a deduction in 
accord with the reports of significantly greater endothelial cell losses 
with phacoemulsification (Section 6.4, p. 122).
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in the presence of sodium hyaluronate would appear to significantly alter 
the characteristics for recovery of corneal thickness, as compared to 
that in the absence of this visco-elastic material. Thus, although the 
gradients for the two linear functions are not significantly different 
("Student" t = 0.07, P>0.90), the intercepts are different ("Student" 
t = 5.16, P<0.001); the intercept for the hyaluronate group (loge(l) = 
2.51) being lower than that for the other group (loge(I) = 4.16).

The interpretation of this result is similar to that for phacoemul
sification, except that sodium hyaluronate would appear to result in 
less initial impairment of endothelial function. This would be 
compatible with the recognized protection of the endothelium afforded 
by the use of visco-elastic materials during intraocular surgery 
(Section 7.1, p. 149).

17.5 SUMMARY.

Empirical mathematical functions to establish the relationship 
between the change of corneal thickness shortly after intra-ocular 
surgery, and factors likely to affect this, are proposed in this 
chapter. Such factors include the degree of corneal endothelial cell 
loss, the time of postoperative measurement of corneal thickness, the 
severity of uveitis and the intra-ocular pressure.

Practical results from one-hundred and fifty-four eyes after 
cataract surgery suggest a direct correlation (r = 0.42, P<0.001) 
between the corneal thickness at 3 to 4 days after surgery, expressed 
as a ratio ("R") with respect to preoperative thickness, and estimates 
of endothelial cell loss ("L", %) at four months postoperatively. This 
relationship conforms most closely to the following function -

R = 1.066 + 0.0023L

A grading for the severity of postoperative uveitis also relates to 
the increase of the corneal thickness ratio; possibly because complicated 
operations tend to cause both greater uveitis and greater endothelial 
damage.

Over the short time-span of the present study, neither the time of 
measurement nor the intra-ocular pressure was influential in determining 
the corneal thickness ratio.

A formula, namely -

L = -49.0 + 56.OR,
(for the prediction )
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cataract surgery is presented; this formula being based on the ratio 
("R”) of measurements of central corneal thickness at three to four days 
after surgery, taken with respect to preoperative thickness.

Following from the use of data from reports in the ophthalmic 
literature, it would appear that the recovery of corneal thickness from 
the third day after surgery conforms most closely to a power function 
with respect to post-operative interval.

A comparison of "recovery functions" for eyes after intracapsular 
cataract extraction with or without lens implantation suggests that the 
recovery process is similar in the two groups.

However, after phacoemulsification with implantation of intraocular 
lenses, there is a significantly greater initial impairment of endothelial 
function than that after intracapsular extraction with lens implantation, 
although the proportional rate of recovery is similar. In contradistinc
tion, after intracapsular cataract extraction, implantation of lenses in 
the presence of sodium hyaluronate was associated with significantly 
less initial impairment of endothelial function than that seen without 
the use of hyaluronate.
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CHAPTER 18

SUMMARY OF INVESTIGATIONS, GUIDELINES FOR THE SURGICAL
MANAGEMENT OF CATARACT AND METHODS FOR THE ASSESSMENT OF 
LONG-TERM ENDOTHELIAL CELL LOSS AFTER CATARACT SURGERY,

A review of the clinically significant findings from the present 
investigation is presented in this chapter. Methods for the management 
cataract likely to be least damaging to the corneal endothelium are 
proposed and techniques for the prediction of cell loss are reviewed.

18.1 SUMMARY OF THE RESULTS OF INVESTIGATION.

Before considering the results of the investigations, it is 
important to review significant findings during the assessment of
methods used in the present research.

18.1.1 Results relating to Investigational Methods.

The significant findings with respect to the methods and 
reproducibility of measurements are as follows -

Observation 1: The confidence limits for estimates of central corneal
thickness, central anterior chamber depth and endothelial 
cell density (Section 9.4, p. 199) during the present 
investigation are similar to those in other, comparable 
studies.

Observation 2: Some shift of enrolment values and follow-up measures of 
corneal thickness and cell density occurred over the 
period of investigation (Sections 9.3.1, p. 193 and 9.3.3, 
p. 195); this possibly being a result of instrument or 
observer variation. This shift was not, however, of 
magnitude sufficient to impair interpretation of the 
subsequent parts of the investigation.

Observation 3: Some characteristics of the 236 cases used for studying
the relationship between cataract surgery and endothelial 
cell loss showed various degrees of age-dependence or 
mutual interdependence (Section 10.2.2, p. 204). Such 
interdependence of variables can influence the outcome of 
the analysis of variance and, if extreme, invalidate this 
technique and must, therefore, be considered whilst 
interpreting the results of statistical tests.
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work (Section 11.1, p. 222) and from the results of the 
present investigation (Section 11.5.2, p. 237), it would 
appear that human corneal endothelium is still undergoing 
a cellular reorganization or loss between 10 and 30 weeks 
after surgery.

This change of estimated cell population, be it cell 
loss or reorganization, accords with the work of other 
investigators (Sections 5.3.3, p. 94 and 6.4.3, p. 125). 
Moreover, the present writer proposes that estimates of 
cell population taken several weeks to months after surgery 
provide the best practical approximation to the actual 
extent of endothelial damage (Section 11.4.2, p. 236).

18.1.2 Results relating to Endothelial Cell Loss after Cataract Surgery.

After allowing for the aspects of technique described above, 
several clinically important conclusions may be drawn from the major 
part of the investigation.

Observation 5: The density of nuclear sclerosis of the lens, assessed at 
preoperative examination (Section 8.5.3(ii), p.184), is a 
strong determinant of cell loss; with extreme cell losses 
occurring during extraction of lenses with dense brunescent 
nuclear sclerosis (Section 12.1(xi), p. 246).

Observation 6: The marked cell loss with dense brunescent nuclear 
sclerosis occurs only after planned extracapsular 
surgery (Section 13.2.2(ii), p. 276) or after unplanned 
extracapsular surgery (that is, with capsular rupture 
during intracapsular surgery; Section 15.1.2, p. 300)

CONCLUSION: CONTACT BETWEEN THE CORNEAL ENDOTHELIUM AND A DENSE
OPACITY OF THE LENS NUCLEUS, ESPECIALLY IF BRUNESCENT, 
LEADS TO EXTREME ENDOTHELIAL DAMAGE; THIS DAMAGE ALMOST 
CERTAINLY BEING CAUSED BY DIRECT ABRASION.

Observation 7: Extracapsular extraction of dense brunescent cataracts in 
diabetics leads to a greater cell loss than that of either 
non-diabetics or diabetics with other types of cataract, 
although the incidence of dense nuclear sclerosis is not 
abnormal in diabetics (Section 12.2.3(ii), p. 258).
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endothelium to have an increased susceptibility to 
intraocular surgery; this probably being the first clear 
demonstration of such a phenomenon (Section 12.2.3(ii), 
p. 258). Diabetics are recognized to have, in several 
tissues, impaired cellular adherence to basement membranes 
and the results of the present study might indicate a 
similar impairment of adhesion between the corneal 
endothelium and Descemet's membrane; such limited 
adherence promoting greater endothelial damage for a 
given degree of unavoidable surgical injury.

CONCLUSION: THE CORNEAL ENDOTHELIUM OF DIABETICS APPEARS TO BE AT
GREATER RISK OF SURGICAL INJURY THAN THAT IN NON-DIABETICS; 
THIS SUSCEPTIBILITY TO INJURY POSSIBLY BEING DUE TO REDUCED 
ADHERENCE BETWEEN THE ENDOTHELIUM AND DESCEMET'S MEMBRANE.

Observation 8: The present investigation suggests, when allowance is
made for variations of surgical technique, that there is 
a trend towards higher endothelial cell losses with greater 
densities of corneal guttata (Section 12.2.1, p. 250).

This adverse effect of corneal guttata might, as in 
diabetic eyes, be due to an interference with cellular 
adherence to basement (Descemet's) membrane; corneal 
guttata being excrescences situated between Descemet's 
membrane and the endothelial cell monolayer.

Clearly this important aspect of endothelial function 
justifies further investigation.

CONCLUSION: CORNEAL GUTTATA COULD WELL INCREASE THE RISK OF
ENDOTHELIAL CELL LOSS DURING INTRAOCULAR SURGERY.
SUCH A RISK COULD ARISE FROM A REDUCED ENDOTHELIAL 
CELL ADHERENCE TO UNDERLYING DESCEMET'S MEMBRANE IN 
THE PRESENCE OF CORNEAL GUTTATA.

Observation 9: In the present work, in contrast to reports in the 
ophthalmic literature, endothelial cell loss after 
cataract surgery demonstrated a weak positive correlation 
to preoperative central corneal thickness (Section 
12.1.1(vii), p. 244). This correlation is, however, so
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Observation 10: With intracapsular cataract surgery, cell losses were 
significantly increased with decreasing preoperative 
depth of the anterior chamber; the average cell loss 
being 7.6% more for every 1mm reduction of central 
anterior chamber depth (Section 13.2.1(ii), p. 273).

CONCLUSION: INTRACAPSULAR CATARACT EXTRACTION BY USE OF A CRYOPROBE 
PRESENTS AN INCREASED RISK TO THE CORNEAL ENDOTHELIUM IN 
THE PREOPERATIVE PRESENCE OF A SHALLOW ANTERIOR CHAMBER.

Observation 11: Capsular rupture during intracapsular surgery is
significantly more frequent with dense nuclear sclerosis 
than with other types of cataract; possibly because these 
lens nuclei tend to be larger than those in other forms 
of cataract (Section 15.1.2, p. 300).

Observation 12: Loss of vitreous humour during intracapsular surgery 
occurred more frequently with junior surgeons and was 
associated with a significantly increased endothelial 
cell loss (Section 15.3.1, p. 317).

CONCLUSION: THE PROBABILITY OF COMPLICATIONS DURING INTRACAPSULAR
SURGERY APPEARS TO BE INCREASED WITH JUNIOR SURGEONS AND 
ALSO WHEN THE CATARACT DISPLAYS DENSE NUCLEAR SCLEROSIS.

ENDOTHELIAL CELL LOSS IS ALSO INCREASED WITH 
INTRAOPERATIVE LOSS OF VITREOUS HUMOUR.

Observation 13: Endothelial cell losses were least in eyes where extra
capsular surgery was performed through a corneo-limbal 
section (based at the limbal vascular arcades); sections 
through clear cornea or conjunctiva having significantly 
higher losses (Section 13.2.2(iii), p. 278).

It is probable that the differences of cell loss are 
due to variations of technique by the operating surgeon, 
but other tenable hypotheses may be advanced (Section 
13.2.2(iii), p. 278).

This issue warrants further investigation.
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CAPSULAR CATARACT SURGERY MAY WELL BE ASSOCIATED WITH A 
SURGICAL SECTION BASED UPON THE LIMBAL VASCULAR ARCADES.

Observation 14: During extracapsular cataract extraction alone, the mean 
cell loss was significantly greater when intracameral air 
was used during surgery than that when either Balanced Salt 
Solution or 1% hyaluronate was used (Section 13.2.2(iii), 
p. 278). This difference might be due to the intraoperative 
use of intracameral air (to maintain the depth of the 
anterior chamber) when the eye was presenting operative 
difficulty - as, for example, with frequent collapse of 
the anterior chamber.

Some authors have suggested that short-term intra
cameral air might be toxic to the corneal endothelium, 
but this is probably an incorrect conclusion (Sections 
7.1.3(1) and 3.2.2, pp. 155 and 46). Other investigators 
suggest that long-term intracameral air might damage the 
endothelium (Section 3.2.2, p. 46), but for this there 
was no corroborative evidence in the present 
investigation (Section 13.1.1(vi), p. 266).

CONCLUSION: WHEN USED DURING CATARACT SURGERY, INTRACAMERAL AIR WOULD 
APPEAR TO PROVIDE INADEQUATE ENDOTHELIAL PROTECTION.

Observation 15: Based on the current investigation, there would appear 
to be only little difference in the average cell losses 
for the following pairs of groups -

(a) Intracapsular surgery, as compared to extracapsular 
cataract surgery (Section 13.1.1(11), p. 263).

(b) Cataract extraction without lens implantation, 
as compared to that with lens implantation 
(Section 13.1.1(iii), p. 263).

(c) Iris-supported lenses, as compared to posterior 
chamber lenses (Section 13.1.l(iii)).

These findings, although contrary to widely-held views, are in 
accordance with a review of the ophthalmic literature (Section 6.6, 
p. 143).
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CAUSE SIMILAR DEGREES OF ENDOTHELIAL DAMAGE; UNCOMPLICATED 
LENS IMPLANTATION ADDING BUT A LITTLE TO THIS LOSS.

ALTHOUGH AVERAGE CELL LOSSES WITH OR WITHOUT LENS 
IMPLANTATION MAY BE SIMILAR, IT IS PROBABLE THAT THE 
RANGE OF CELL LOSSES IS LARGER WITH LENS IMPLANTATION.

18.2 SURGICAL GUIDELINES FOR THE MANAGEMENT OF CATARACT.

Having presented the principal observations and conclusions drawn 
from the results of this research (Section 18.1), it is of value to 
formulate guidelines for the optimum surgical management of cataract.

Because of the relatively infrequent use of intracapsular cataract 
extraction in recent years, these guidelines are mainly directed to 
extracapsular techniques of surgery; including the variant termed 
"endocapsular" cataract extraction (Section 4.1.2, p. 67).

18.2.1 Preoperative Decisions.

Eyes with dense nuclear sclerosis and, perhaps, those with greater 
densities of corneal guttata are open to the risk of considerable endo
thelial cell loss; this risk, in the former group, being even greater if 
the patient is diabetic.

It is adviseable, therefore, that such cases are identified 
preoperatively and operated upon by the most skilled surgeon available.

Likewise, eyes with relatively low preoperative endothelial cell 
densities have fewer cells with which to compensate for the inevitable 
losses of intraocular surgery. Using the technique of clinical assessment 
developed in the present research (Chapter 16, p. 322), it is possible 
to readily identify such corneas during preoperative examination; thereby 
allowing appropriate surgical decisions to be made prior to surgery.

Although intracapsular cataract surgery is practised less 
frequently than previously, the presence of a shallow anterior chamber 
at preoperative assessment might be regarded as a contraindication to 
this technique.

18.2.2 Position and Form of the Surgical Section.

A backwardly-sloping section, based at the apex of the normal 
limbal vascular arcades (termed here "corneo-limbal" section) would seem 
to provide an optimum entry to the globe.

The inner edge of the backwardly-sloping section lies near to, or

365



occurring with clear corneal incision. Moreover, the oedema that forms 
near the corneo-limbal section during surgery obscures a lesser part of 
the operative field than that with a clear corneal section.

Intraoperative iris-prolapse and iris trauma tends to occur less 
frequently with corneo-limbal section than with transconjunctival limbal 
section; the latter incision lying nearer to the plane of the iris.

Although, perhaps, not as advantageous as transconjunctival limbal 
section with regard to minimizing postoperative astigmatism, the corneo- 
limbal section would be expected to create less corneal distortion than 
the clear corneal incision.

18.2.3 Corneal Protection during Surgery.

The most significant cause for endothelial loss is almost certainly 
that attributable to direct abrasion of the endothelium during expression 
of the lens nucleus. Contact between the surface of the lens nucleus and 
the endothelium may be reduced by several means -

(a) The presence of a pseudoplastic (so-called "viscoelastic") 
fluid of moderate viscosity, such as 1% hydroxypropyl methyl- 
cellulose (Section 7.1.4, p. 161), Instilled throughout the 
anterior chamber prior to nuclear expression. This has been 
shown, in both animals (Alpar 1986, 1987) and man (Alpar 1986), 
to reduce endothelial cell losses during this manoeuvre.

(b) The use of endocapsular surgery (Section 4.1.2, p. 67), 
whereby the anterior leaf of capsule protects the corneal 
endothelium during nuclear expression and during subsequent 
surgical manipulations.

(c) Nuclear expression may be achieved in many ways, but is 
probably best accomplished with the following technique:

First, the upper pole of the nucleus is 
dislocated by application of pressure about 6mm 
peripheral to the superior limbus. After dislocation 
(which may be readily seen), supplementary pressure 
may be applied at the inferior limbus; both 
pressure-points being relaxed slowly as the 
nucleus passes from the eye.

With such a technique, the anterior force of the lens 
nucleus, which is inevitable during nuclear expression, is 
applied over the maximum area of corneal endothelium; the 
convexity of the nuclear surface approximately matching the
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Application of pressure directly onto the clear cornea, 
as with so-called "follow-through" techniques, is to be strongly 
discouraged. These methods serve only to reduce the endothelial 
concavity (frequently even reversing the corneal curvature) 
and, hence, reduce the area over which the abrasive action of 
the nuclear surface is bourne; the reduced area of contact 
leading to increased bearing force within the area of contact. 
Such increased force must, almost inevitably, lead to increased 
endothelial damage at points of contact between the lens 
nucleus and the endothelium.

It has been clearly shown, in both animal studies (Alpar 
1986, 1987) and in man (Alpar 1986), that endothelial cell 
losses are very much greater after extracapsular surgery if 
direct pressure is applied to the cornea during nuclear 
expression.

Manipulations, other than nuclear expression or direct contact 
between the corneal endothelium and the intraocular lens surface, have 
not convincingly been shown to lead to marked endothelial cell damage, 
although it is probably advisable to instill a pseudoplastic ("visco
elastic") material from the time of capsulectomy and to replenish this 
whenever necessary. Materials of moderate viscosity, such as a 1% or 2% 
solution of hydroxypropyl methylcellulose, probably offer the best 
endothelial protection during surgery (Section 7.1.4, p. 161), whereas 
air fails to provide an adequate protection.

18.2.4 Other Surgical Procedures.

As discussed, careful and uncomplicated implantation of intraocular 
lenses would appear to cause only a minor increase in endothelial damage 
as compared to that of cataract extraction alone.

It is probably advisable to remove air or pseudoplastic materials 
from the anterior chamber of the eye at the end of surgery; this being 
to reduce the probability of postoperative rise of intraocular pressure 
(with the viscous materials) and to prevent the possible detrimental 
effect of long-term intracameral air.
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OF ENDOTHELIAL CELL LOSSES AFTER CATARACT SURGERY.

The factors affecting endothelial function after intraocular 
surgery and, hence, the changes and recovery of corneal thickness, are 
ill-understood. Such factors might include, however, the degree of 
endothelial cell loss, the time after surgery, the severity of 
postoperative uveitis and the prevailing intraocular pressure.

18.3.1 Early Postoperative Change of Corneal Thickness.

By the use of empirical mathematical functions (Table 17.1.1, 
p. 336) applied to results of the present investigation, changes of 
corneal thickness in the early postoperative period were found to be 
closely related to estimates of endothelial cell loss (Section 17.3.1, 
p. 342). The relationship, as derived from the results for 154 eyes, is 
as follows -

R = 1.066 + 0.0032(L)

where "R" denotes the ratio of postoperative corneal thickness
(day 3 to 5) / preoperative thickness

and "L" denotes estimated cell losses (%) at 4 months after surgery.

A grading for the severity of postoperative uveitis was also related 
to the changes of corneal thickness (Table 17.3, p. 343). However, 
although uveitis might lead to an impairment of endothelial function, 
it is possible that a more severe uveitis merely reflects a complicated 
operation with greater cell losses (Section 17.4.1, p. 347).

18.3.2 Late Postoperative Recovery of Corneal Thickness

Several empirical mathematical functions have been applied to the 
long-term changes of corneal thickness, as reported in the ophthalmic 
literature. The results of such investigations suggest that the long
term recovery of corneal thickness after cataract surgery correlates 
most intimately with an inverse power function (Section 17.3.2, p. 342).

Such a power function, in turn, might imply that corneal thickness 
would not be expected to return to preoperative values in the late 
postoperative period (Section 17.4.3, p. 357); this being in contra
distinction to several reports within the ophthalmic literature 
(Sections 5.2 and 6.2, pp. 85 and 106).

The parameters for the power function were evaluated for recovery 
of corneal thickness after several different types of cataract surgery.
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similar for the various types of surgery, but that, in some cases, the 
initial degree of endothelial impairment may be significantly different 
(Section 17.3.2, p. 342).

Thus, recovery parameters are similar after intracapsular cataract 
extraction and after intracapsular extraction with lens implantation 
(Section 17.4.3, p. 357); such similarity of corneal thickness changes 
(endothelial impairment) being compatible with the similar endothelial 
cell losses reported in these two groups (Section 6.6, p. 143 and 
Section 13.1.1(ii), p. 263).

Conversely, the initial impairment after phacoemulsification and 
lens implantation is significantly different from that after intra
capsular cataract extraction with lens implantation (Section 17.4.3, 
p. 357). This significantly greater initial impairment of endothelial 
function after phacoemulsification would accord with the higher cell 
losses observed with this technique (Section 6.6, p. 143).

The protective effect of 1% sodium hyaluronate used during cataract 
extraction (Section 7.1.3, p. 155) is reflected in a significant reduction 
in the initial impairment of endothelial function; that is, in the 
parameter related to the initial increase of corneal thickness.

The parameters for the long-term recovery of corneal thickness for 
polymegethous and homomegethous corneal endothelia, as derived from the 
data of Rao and colleagues (1979a), suggests that the mechanism of 
recovery in the two groups is similar, but that the initial degree of 
injury may be different (Section 2.6, p. 36); this being somewhat at 
variance with the conclusions drawn by Rao. These authors suggest that 
the two types of endothelia are different, have different "reserve 
capacities" and are able to tolerate surgery to different extents 
(Rao et al. 1979a).

18.3.3 Prediction of Endothelial Cell Losses after Cataract Surgery.

Contrary to widely-held views, the single factor upon which the 
endothelial cell loss after cataract surgery depends most greatly is the 
density of nuclear sclerosis of the cataract undergoing surgery (Section 
12.1, p. 242). A method enabling the preoperative prediction of cell 
loss would be of considerable value in the clinically important group 
of eyes with dense nuclear sclerosis.

Based upon the results for such eyes (Section 15.1.1, p. 298), the 
formula is as follows -

L = -8.4 + 1.4(t) + 20(Db) + 22(Iec)
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where "L" denotes the estimated cell loss (%) at between 10 and 30
weeks after surgery,

"t" denotes the time (weeks) after surgery, with (10 < t < 30), 
"Db" denotes a factor assuming a value of "0" for the non-diabetic 

and "1" for the diabetic patient 
and "Iec" denotes a factor assuming a value of "0" for intracapsular

surgery and "1" for extracapsular surgery.

The ratio of postoperative corneal thickness, measured on the third 
or fourth day after surgery, taken with respect to preoperative corneal 
thickness, provides a useful relationship for the estimation of cell 
losses at 4 months after cataract surgery (Section 17.4.1, p. 347). The 
relationship is as follows - 

L = -49.0 + 56.6(R)

where "L" denotes the predicted cell loss at 4 months postoperatively 
and "R" denotes the postoperative/preoperative thickness ratio.

This relationship, together with 50% and 90% confidence limits, is 
presented in Figure 17.2 (p. 350) and may be applied clinically to eyes 
after cataract, or other intraocular, surgery.

These estimates of cell loss at 4 months after surgery provide a 
useful guide to the magnitude of cell losses after prolonged follow-up; 
it being probable that the majority of cell loss and major reorganization 
occurs by 4 months after surgery (Sections 3.4.3, 5.3.3, 6.4.3 and 11.1; 
pp. 56, 94, 125 and 222, respectively). The four-month estimate will 
fail as a guide in those few eyes in which there occurs an unusually 
great and prolonged loss (or reorganization) of endothelial cells.

In the postoperative period, other, more subjective, estimates may 
also provide a guide to the possible degree of long-term endothelial 
cell losses. Average cell losses were, thus, 5.6% greater when an 
operation was judged to be "difficult"; this being significant at a 5%
Type I error (Section 14.1.1(iii), p. 285). Likewise, an arbitrary scale 
for the degree of postoperative striate keratopathy (Section 8.5.l(v), 
p. 182) was related to the cell loss after surgery; higher cell losses 
being associated with more marked striate keratopathy (Section 
14.1.l(v), p. 285).
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APPENDIX: DATA FOR THE INVESTIGATION

In the following pages, the data collected from the clinical and 
specular photomicroscopic examinations is presented for the 236 patients 
who completed the Investigation.

The data is arranged in the format as it appears in the database
for the investigation and only labelling has been added.

Where data is unavailable for analysis, the value of "99." or
"99.99" is entered on the database, rather than "0"; this action thereby 
avoiding confusion with those variables truly having values of "0".
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188. 80 . 0. 0. 0. 0. 0. 0. ??. 77. 0.51 0.32 0. 0. 0. 0. 1. 2. 3.50 3.40 2.X 2.70 12. 0. 0. 2. 1. 4. 2. 77. 3. 0. 21. 3. 2. 1. 1. 1. 1 0 1. 2. 77. 97. 1. 1.
18?. 67. 4. 1. 0. 1. 0. 0. ??. 77. 0.56 0.38 0. 0. 0. 0. 3. 3. 2.70 77.00 2.X 2.X X . 0. 0. 1. 77. 2. 77. 3. 77. 0. 21. 4. 2. 1. 2. 2. 2 1 1. 2. 97 . 77. 2. 2.
190. 66. 0. 0. 0. 0. 0. 0. 0. 0. 0.57 0.58 0. 0. 0. 0. 0. 0. 2.85 2.85 2.15 2.15 14. 0. 0. 0. 0. 2. 1. 3. 0. 0. 21. 3. 4. 0. 2. 1. 1 3 0. 0. 1. 2. 2. 2.
1?1. 68. 1. 1. 0. 0. 0. 0. ??. 77. 0.56 0.56 0. 0. 0. 0. 0. 0. 3.55 3.20 3.X 2.X IB. 0. 0. 3. 0. 3. 1. 5. 1. 0. 21. 1. 2. 0. 2. 97. 1 0 97. 77. 1. 2. 1. 3.
1?2. 64. 0. 0 0. 2. 0. 0. ??. ??. 0.60 0.61 0. 0. 0. 0. 3. 3. 3.10 7.77 2.X 3.X 12. 0. 0. 0. 2. 2. 0. 4. 97. 0. 21. 4. 1. 0. 1. 1. 3 97 77. 97. 1. 2 . 97. 3.
173. 7?. 1. 1 0. 0. 0. 0. ??. 77. 0.50 0.53 0. 0. 0. 0. 0. 0. 2.70 3.00 2.X 2.X 17. 0. 0. 3. 0. 5. 2. 3. 3. 0. 21. 4. 2. 1. 1. 2. 2 0 1. 2. 97. 77. 2. 2.
1?4. 6?. 4. 0. 0. 0. 0. 0. 2. 2. 0.54 0.38 3. 3. 0. 0. 0. 0. 1.85 2.45 l.X l .X 22. 0. 0. 2. 2. 1. 2. 2. 4. 1. 21. 4. 2. I. I. 1. 1 0 1. 2. 77. 77. 2. 2.
196. 75. 4. 1. 0. 0. 0. 0. 2. 2. 0.53 0.56 0. 0. 0. 0. 1. 1. 2.55 2.20 l.X l.X 12. 0. 0. 3. 2. S. 1. 5. 0. 0. 21. 3. 2. 0. 2. 3. 3 0 97. 97. 1. 1. 79. 3.
200. 65. 1. 1 0. 1. 0. 1. ??. ??. 0.56 0.58 1. 1. 0. 0. 0. 0. 3.70 7.77 2.X 7.X IB. 0. 1. 2. 77. 3. 77. 77 . 77. 0. 22. 4. 3. 0. 1. 1. 3 0 77. 77. 1. 1. 97. 3.
202. 5?. 0. 0. 6. 6. 1. 1. 2. 2. 0.57 0.57 0. 0. 0. 0. 1. 1. 2.85 2.60 2 .X l .X 16. 0. 0. 1. 0. 2. 1. 4. 0. 0. 22. 3. 2. 0. 2. 2. 2 0 77. 77. 1. 2. 97. 2.
203. 51. 0. 0 0. 0. 0. 0. 1. 1. 0.57 0.58 0. 0. 0. 0. 0. 0. 2.10 2.80 1.45 2.X 14. 0. 0. 3. 0. 3. 0. 5. 0. 0. 22. 4. I. 0. 1. 2. 3 0 77. 77. 1. 2. 77. 2.
204 . 72. 4. 1. 1. 0. 0. 0. 1. 1. 0.57 0.37 0. 0. 0. 0. 2. 2. 7.77 3.05 7.X 2.X 20. 0. 0. 97. 2. 77. 2. 97. 3. 1. 22. 1. 2. 1. 2. 2. 2 0 1. 2. 77. 77. 2. 2.
205. 76. 0. 1 a. 0. 0. 0. 97. 4. 7.77 0.64 77. 4. 97. 1. 77. 0. 7.77 3.63 7.X 3.13 97. 97. 0. 97 . 0. 77. 2. 97. 4. 1. 22. 4. 2. 1. 1. 2. I 77 1. 2. 97. 77. 2. 1.
20?. 82. 4. 1. 0. 0. 0. 0. 0. 0. 0.57 0.55 1. 1. 0. 0. 0. 0. 2.70 2.65 2.10 l .X 22. 0. 0. 0. 0. 3. 2. 77. 97. 0. 23. 1. 2. 1. 2. 2. 1 2 1. 2. 97. 77. 1. 1.
211. 54. 0. 0 0. 0. 0. 0. 0. 0. 0.56 0.56 0. 0. 0. 0. 0. 0. 3.40 3.X 2.X 2.X to. 0. 0. 0. 0. 1. 1. 3. 4. 1. 23. 4. 3. 0. I. 1. 3 0 77. 97. 1. 2. 77. 3.
213. 73. 0. 0. 0. 0. 0. 0. 1. 1. 0.53 0.54 1. 1. 0. 0. 2. 2. 3.10 3.00 2.X 2.15 11. 0. 0. 3. 0. 5. 2. 5. 1. 0. 23. 4. 3. 0. 2. 1. 3 0 1. 2. 1. 2. 97. 3.
214. 64. 1. 0 0. 0. 0. 0. 2. 2. 0.56 0.54 0. 0. 0. 0. 0. 0. 3.10 3.10 2.X 2 .X 10. 0. 0. 3. 3. 5. 3. 3. 5. 1. 23. 4. 3. 0. 2. 1. 3 77 97. 97. 1. 2. 77. 3.
217. 57. 0. 0. 0. 1. 0. 0. 2. 3. 0.53 0.58 0. 0. 0. 0. 0. 0. 2.55 7.77 2.X 2.45 16. 0. 0. 0. 77. 1. 77. 4. 77, 0. 3 .  4. 2. 1. 2. 2. 2 0 1. 1. 97. 97. 3. 2.
218. 73. 0. 0 0. 0. 0. 0. 1. 1. 0.56 0.36 0. 0. 0. 0. 3. 3. 2.50 2.X 2.X 2 .X 14. 0. 0. 0. 1. 1. 2. 1. 4. 1. 23. 4. 2. 1. 2. 2. 2 0 1. 2. 97. 97. 2. 2.
21?. 37. 4. 0 8. 8. 0. 0. 2. 2. 0.50 0.51 1. 1. 0. 0. 0. 0. 2.40 3.45 l .X 2 .X 97. 2. 2. 0. 3. 1. 4. 1. 77. 1. 23. 3. 2. 0. 3. 1. 1 0 1. 1. 77. 97. 1. 1.
220. 7?. 3. 1 0. 1. 0. 0. 2. 3. 0.58 0.58 4. 4. 0. 0. 1. 1. 2.80 7.77 2.10 2.X 97. 0. 0. 2. 77. 1. 97. 2. 97. 0. 23. 3. 2. 0. 2. 3. 1 1 77. 97. 1. 1. 1. 2.
221. 87 . 4. 1 0. 0. 0. 0. 2. 2. 0.54 0.54 0. 0. 0. 0. 1. 2. 3.40 3.40 2 .TO 2.X 13. 0. 0. 2. 2. 2. 2. 4. 2. 0. 23. 2. 2. 0. 1. 2. 1 0 77. 77. 1. 1. 1. 3.
222 . 65. 0. 0 0. 0. 0. 0. 2. 2. 0.56 0.64 0. 0. 0. 0. 1. 1. 3.10 3.00 2.40 2.X 17. 0. 0. 0. 0. 2. 1. 3. 0. 0. 23. 3, 2. 0. 1. 3. 3 2 77 . 77. 1. 1. 1. 3.
223. 74. 0 . 0 a. 0. 0. 0. 2. 2. 0.54 0.54 2. 1. 0. 0. 0. 0. 2.65 2.85 2.X 2.40 14. 0. 0. 0. 3. 1. 3. 0. 3. 1. 23. 3. 2. 0. 3. 2. 2 3 77. 77. 1. 1. 2. 2.
224. 68. 4 . 0 0. 0. 0. 0. 2. 2. 0.60 0.61 3. 3. 0. 0. 0. 0. 2.90 2.X 2.40 2.X 14. 0. 0. 0. 0. 2. 1. 3. 3. 0. 24. 2. 2. 0. 2. 1. 1 3 77. 77. 1. 2, 2. 2.
226. 33. 0. 0. 0. 8. 0. 0. ??. 77. 0.61 0.61 0. 0. 0. 0. 0. 0. 3.06 3.10 2.60 2 .X 11. 0. 2. 0. 0. 0. 0. 0. 4. 1. 24. 3. 2. 0. 1. 3. 2 1 77. 77. 1. 1. 2. 2.
227. 82. 1. 1 0. 0. 0. 0. 1. 1. 0.54 0.58 0. 0. 0. 0. 0. 0. 2.73 2.70 2.X 2.X 12. 0. 0. 3. 1. 5. 1. 5. 2. 0. 24. 4. 2. 1. 3. 3. 1 3 1. 2. 97. 77. 1. 3.
228. 87. 0. 1 0. 0. 0. 0. 1. 1. 0.57 0.56 1. 1. 0. 0. 1. 1. 3.05 3.X 2.X 2.X 14. 0. 0. 0. 3. 1. 5. 3. 5. 1. 24. 4. 3. 0. 1. 1. 3 0 77. 99. 1. 2. 97. 3.
22?. 61. 1. 1 0. 0. 0. 0. 0. 0. 0.50 0.52 0. 0. 0. 0. 0. 0. 2.40 2.43 l .X l .X 13. 0. 0. 0. 0. 3. 2. 77. 0. 0. 24. 4. 1. 0. 1. 1. 3 0 77. 77. 1. 2. 77. 3.
230. 68. 0. 0 8. 0. 0. 0. 2. 2. 0.51 0.33 0. 0. 0. 0. 3. 3. 3.35 3.10 2.70 2.X 17. 0. 0. 3. 0. 5. 1. 3. 0. 0. 24. 2. 2. 0. 3. 1. 1 0 77. 77. 1. 1. 1. 3.
231. 46. 0. 0 4. 4. 0. 0. 0. 1. 7.77 7.77 0. 0. 0. 0. 2. 2. 7.77 7.77 7.X 7.77 14. 0. 1. 0. 3. 0. 5. 0. 3. 1. 24. 3. 3. 0. 2. 2. 1 1 77. 77. 1. 2. 77. 2.
232. 62. 3. 1 0. 0. 0. 0. 2. 2. 0.52 0.50 0. 0. 0. 0. 2. 1. 2.75 2.65 2.X 2.25 97. 0. 0. 0. 2. 1. 4. 0. 77. 1. 24. 2. 4. 0. 2. 2. 2 1 77. 77. 1. 1. 2. 2.
234 . 62. 0. 1 0. 0. 0. 0. 0. 0. 0.50 0.32 0. 0. 0. 0. 0. 0. 3.05 3.13 2.X 2.60 14. 0. 0. 0. 3. 1. 3. 2. 3. 1. 24. 4. 2. 1. 2. 2. 2 0 1. 2. 77. 77. 2. 2.
233. 71. 4. 0 1. 0. 0. 0. 1. 0. 0.57 0.62 2. 1. 0. 0. 0. 0. 7.77 3.X 3.13 2.X 12. 0. 0. 97. 0. 97. 1. 77. 4. 1. 24. 4. 2. 1. 2. 97. 2 77 1. 2. 77. 77. 2. 2.
236. 81. 0. 0 0. 0. 0. 0. 2. 2. 0.50 0.33 0. 0. 0. 0. 2. 2. 2.55 2.45 l.X l.X 12. 0. 0. 3. 1. 3. 2. 5. 4. 0. 24. 4. 2. 0. 2. 2. 3 0 77. 77. 1. 1. 97. 2.
237. 7?. 1. 1 0. 0. 0. 0. 1. 1. 0.57 0.57 0. 0. 0. 0. 0. 0. 3.40 3.X 2.75 2.60 15. 0. 0. 2. 0. 2. 1. 3. 0. 0. 24. 3. 2. 0. 2. 1. 1 0 97. 77. 1. 2. 77. 2.
23?. 72. 1. 1 0. 0. 0. 0. 1. 1. 0.47 0.47 0. 0. 0. 0. 1. 1. 2.55 2.X l.X 1.15 18. 0. 0. 0. 3. 2. 3. 2. S. 1. X . 1. 2. 1. 3. 3. I 2 1. 1. 77. 97. 3. 1.
240. 73. 1. 1 0. 0. 0. 0. 1. 1. 0.37 0.57 0. 0. 0. 0. 0. 0. 3.05 2.85 2.65 2.40 15. 0. 0. 2. 0. 1. 1. 3. 1. 0. 25. 4. 2. 1. 2. 2. 1 1 1. 2. 79. 77. 1. 1.
241. 73 . 4 . 0 0. 1. 0. 0. 2. 2. 0.57 0.57 2. 0. 1. 1. 0. 0. 2.65 7.77 2.15 2.45 12. 0. 0. 0. 77. 2. 77. 3. 77. 0. X . 1. 2. 1. 3. 2. 1 1 1. 1. 77. 77. 2. 1.
242. 73. 0. 0 0. 0. 0. 0. I. 1. 0.55 0.54 1. 0. 0. 0. 1. 1. 3.45 3.45 2.X 2 .X 12. 0. 0. 0. 0. 2. 2. 3. 3. 1. X . 4. 1. 0. 1. 1. 3 0 97. 77. I. 2. 77. 3.
243. 87. 0. 0 0. 0. 0. 0. 1. 1. 0.54 0.37 0. 0. 0. 0. 3. 3. 2.30 2.25 l.X l .X 23. 0. 0. 0. 0. 2. 2. 4. 3. 0. X . 4. 1. 0. 2. 1. 3 0 97. 97. 1. 2. 77. 2.
244. 78. 1. 1 0. 0. 0. 0. 1. 0. 0.52 0.52 0. 0. 0. 0. 1. 1. 2.55 2.65 2.15 2.15 17. 0. 0. 2. 3. 2. 2. 3. 3. 1. X . 4. I. 0. 1. 1. 3 77 97. 77. 1. 2. 77. 3.
243. 62. 0. 0 0 0. 0. 0. 1. 1. 0.57 0.57 1. 1. 0. 0. 0. 0. 3.35 3.10 2 .TO 2.40 16. 0. 0. 0. 0. 3. 3. 77. 77. 1. X . 3. 4. 0. 1. 3. 3 2 77. 77. 1. 1. 77. 3.
246. 73. 0. 0 0. 8. 0. 0. 0. 77. 0.54 0.53 0. 4. 0. 0. 0. 0. 2.35 3.15 l .X 2 .X 97. 1. 1. 0. 3. 0. 5. 0. 5. 1. X . 3. 4. 0. 2. 2. 3 0 97. 99. 1. 1. 79. 2.
247. 53. 4. 1 0. 0. 0. 0. 0. 0. 0.46 0.47 0. 0. 0. 0. 0. 0. 2.73 3.X 2.40 2.X 97. 0. 0. 2. 2. 1. 1. 4. 3. 0. X . 3. 4. 0. 1. 3. 1 2 77. 77. 1. 1. 97. 3.
253. 65. 3. 1. 0. 0. 0. 0. 1. 1. 0.55 0.56 0. 0. 0. 0. 0. 0. 2.60 2.65 l .X 2.X 18. 0. 0. 3. 3. 1. 2. 2. 3. 0. X . 2. 2. 0. 2. 2. 2 1 77. 77. 1. 2. 2. 2.
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3 4 . 54. 0. 1. 0. 0. 1. 1. 0. 0. 0.51 0.57 0. 0. 0. 0. 0. 0. 2.00 2.70 1.55 2.15 18. IB. 0. 0. 0. 3. 1. 3. 3. 99. 1. X .  4. 2. 1. 2. 1. 1. 0. 1. 2. 99. 99. 99. 1.
254. 74. 3. 1. 0. 1. 0. 0. 0. i . 0.58 0.41 0. 0. 0. 0. 0. 0. 2.40 9.99 1.95 9.99 18. IB. 0. 0. 0. X . 3. 99. 99. 99. 0. 27. 4. 1. 0. 2. 99. 3. 99. 99. 99. 1. 2. 99. 3.
258. 71. 1. 1. 1. 0. 0. 0. 2. i . 0.55 0.52 1. 0. 0. 0. 2. 2. 9.19 2.85 9.99 2.25 8. B. 0. 0. 99. 1. 99. 2. 99. 4. 1. 27. 3. 2. I .  99. 99. 2. 99. 1. 2. 99. 99. 2. 2.
241. 43. 2. I .  1. 0. 0. 0. 2. l . 0.50 0.54 0. 0. 0. 0. 0. 0. 9.99 2.70 2.45 2 .X 18. X .  0. 0. 99. 0. 19. 2. 11. 3. 1. 27. 1. 2. 1. 1. 2. 2. 2. 1. 2. 99. 99. 2. 2.
242. 23. 4. 1. 0. 0. 0. 0. 1. I. 0.54 0.58 0. 0. 0. 0. 0. 0. 3.45 3.85 2.95 3 .X 18. 12. 0. 0. 0. 0. 0. 0. 3. 3. 0. 27. 3. 4. 0. 2. 1. 2. 2. 99. 99. 1. 2. 99. 2.
243. 44. 0. 0. 0. 0. 0. 0. 0. 0. 0.44 0.48 0. 0. 0. 0. 0. 0. 3.00 3.50 2.50 2.95 X .  14. 0. 0. 0. 3. 1. S. 1. 5. 1. 27. 4. 2. 0. 1. 1. 3. 2. 99. 99. 1. 1. 99. 3.
244. 49. 0. 0. 0. 2. 0. 0. 0. 2. 0.44 0.51 0. 1. 0. 0. 0. 0. 3.30 9.99 2.70 2.40 11. 17. 0. 1. 1. 2. 1. 11. 3. 99. 0. 27. 3. 4. 0. 1. 3. 1. 2. 99. 99. 1. 2. 99. 3.
244. 45. 0. 0. 0. 0. 0. 0. 0. 0. 0.52 0.52 0. 0. 0. 0. 1. 1. 3.15 2.30 2.25 l . X 14. 14. 0. 0. 0. 3. 1. 5. 1. 5. 1. X .  2. 2. 0. 1. 3. 1. 3. 99. 99. 1. 2. 99. 3.
247. 44. 1. 1. 0. 0. 0. 0. 1. 1. 0.40 0.40 0. 0. 0. 0. 0. 0. 2.55 2.40 1.90 1.95 14. 14. 0. 0. 2. 2. 3. 3. 2. 2. 0. X . 4. 2. 1. 2. 3. 2. 0. 1. 2. 99. 99. 1. 2.
248. 45. 0. 0. 0. 0. 0. 0. 0. 0. 0.41 0.59 0. 0. 0. 0. 0. 0. 2.00 3.00 1.40 2 .X 14. 14. 0. 0. 3. 1. 5. 1. 5. 0. 0. X .  3. 4. 0. 1. 3. 1. 3. 99. 99. 1. 2. 99. 3.
270. 55. 4. 1. 1. 0. 0. 0. 1. 0. 0.53 0.52 0. 0. 0. 0. 0. 0. 9.99 3.30 3.15 2.45 14. 14. 0. 0. X . 0. 11. 1. 99. 4. 1. X .  3. 4. 0. 1. 2. 1. 0. 99. 99. 1. 2. 99. 2.
271. 44. 0. 0. 1. 0. 0. 0. 1. 1. 0.52 0.52 0. 0. 0. 0. 1. 1. 9.99 3.30 3.70 2.85 14. 12. 0. 0. X . 1.X .  2. 99. 5. 1. X . 4. 2. 1. 2. 2. 2. 0. 1. 2. 99. 99. 1. 2.
272. 73. 0. 1. 0. 0. 0. 0. 0. 0. 0.54 0.55 0. 0. 0. 0. 0. 0. 2.80 2.50 2.20 1.95 18. 17. 0. 0. 0. 0. 1. 1. 5. 1. 0. X .  2. 2. 0. 2. 2. 1. 0. 99. 99. 1. 2. 99. 3.
273 . 70. 4 1. 0. 0. 0. 0. 1. 1. 0.53 0.51 0. 0. 0. 0. 0. 0. 3.80 3.45 3.35 3.10 18. 14. 0. 0. 0. 0. 1. 1. 4. 1. 0. X .  2. 2. 0. 1. 1. 1. 0. 99. 99. 1. 2. 99. 3.
274. 88. 4. 1. 0. 2. 0. 0. 0. 0. 0.54 0.54 1. 1. 0. 0. 2. 2. 2.25 9.99 1.50 2.90 12. 10. 0. 1. 1. 2. 2. 11. 2. 99. 0. X . 4. 1. 0. 1. 1. 3. 0. 99. 99. 1. 2. 99. 3.
275. B3. 0. 0. 0. 0. 0. 0. 1. 1. 0.54 0.51 0. 0. 0. 0. 0. 0. 2.80 2.90 2.25 2 .X 13. 14. 0. 0. 0. 0. 2. 2. 3. 3. 0. X .  4. 1. 0. 2. 1. 3. 0. 99. 99. 1. 2. 99. 3.
274 . 73. 4 0. 0. 0. 0. 0. 1. 1. 0.53 0.54 0. 0. 1. 1. 0. 0. 3.00 2.70 2.25 2.00 IS. 14. 0. 0. 3. 0. 5. 2. 5. 4. 0. X .  3. 2. 0. 1. 1. 1. 0. 99. 99. 1. 2. 99. 2.
277. 72. 4. 1. 1. 0. 0. 0. 1. 0. 0.53 0.51 0. 0. 0. 0. 0. 0. 9.99 2.45 3.30 2 .X 10. 12. 1. 0. X . 0. 11. 1. 99. 3. 1. X .  4. 1. 0. 1. 1. 3. 0. 99. 99. 1. 2. 99. 3.
278. 73. 1 1. 0. 0. 0. 0. 99. 99. 0.51 0.52 5. 5. 0. 0. 0. 0. 2.95 2.95 2.20 2.15 15. IS. 0. 0. 0. 0. 2. 2. 5. 5. 1. X .  3. 2. 1. 2. 2. 2. 0. 1. 2. 99. 99. 1. 2.
279. 49. 0. 0. 1. 0. 0. 0. 1. 1. 0.53 0.54 0. 0. 0. 0. 0. 0. 9.99 3.30 3.05 2.80 12. X .  2. 0. X . 0. 11. 1. 99. 5. 1. X .  2. 2. 0. 1. 2. 2. 2. 99. 99. 1. 1. 99. 2.
280. 73. 0. 0. 0. 0. 0. 0. 2. 2. 0.52 0.52 0. 0. 0. 0. 2. 2. 2.35 3.05 1.85 2 .X IS. 17. 0. 0. 0. 0. 1. 3. 1. 99. 1. X . 2. 2. 0. 3. 2. 1. 0. 99. 99. 1. 1. 99. 3.
283. 44. 0. 0. 1. 8. 0. 0. 1. 1. 0.54 0.54 0. 0. 0. 0. 1. 1. 9.99 2.80 3.35 2 .X 21. 14. 0. 0. 99. 3. 11. 5. 11. 5. 1. X .  2. 2. 0. 2. 1. 2. 1. 99. 99. 1. 2. 2. 2.
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4. 99. 
3. 99. 
3. 99.
3. 99.
4. 99. 

99. 99. 
99. 99.
3. 99.
3. 0.
4. 99. 
4. 99. 
4. 99. 
4. 99. 
4. 99. 
4. 99. 
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4. 99.

99. 99. 
99 . 99. 
99. 99. 
4. 99. 
4. 99. 
4. 99.
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•H 1-4
a  ©

u  a  
H H

99. 0.51 0.05 99.00 99.00 2.90 3.00 0.
99. 1.00 0.38 99.00 2.93 2.00 2.33 0.
99 . 0.37 0.00 99.00 99.00 3.00 99.00 0.
99. 0.39 0.79 1.90 99.00 1.30 2.30 0.
99. 0.59 0.02 2.95 99.00 2.40 1.73 0.
99. 0.03 0.02 99.00 99.00 3.20 2.30 0.
99. 99.00 99.00 99.00 99.00 99,00 99.00 99.
99. 99.00 99.00 99.00 99.00 99.00 99.00 99.
99. 99.00 99.00 99.00 99.00 99.00 99.00 99.
99. 99.00 0.03 99.00 99.00 99.00 2.40 0.
99. 0.34 0.42 99.00 99.00 3.00 2.90 0.
99. 0.44 0.72 2.30 99.00 1.40 2.20 0.
99. 0.40 0.34 99.00 3.10 3.20 2.50 0.
99. 0.51 0.33 99.00 99.00 3.40 2.80 0.
99. 0.43 0.57 99.00 2.40 2.00 1.83 0.
99. 0.49 0.38 99.00 99.00 2.20 2.20 0.
99. 0.38 0.54 99.00 3.00 2.83 2.25 2.
99. 0.42 0.72 99.00 99.00 3.30 3.75 0.
99. 99.00 99.00 99.00 99.00 99.00 99.00 99.
99. 0.38 0.34 99.00 99.00 3.33 99.00 1.
99. 99.00 99.00 99.00 99.00 99.00 99.00 99.
99. 0.32 0.34 2.83 99.00 2.40 99.00 0.
99. 0.37 0.42 99.00 99.00 99.00 99.00 0.
99. 0.71 0.42 99.00 2.35 99.00 1.73 0.
99. 0.54 99.00 99.00 99.00 2.30 99.00 0.
99. 0.53 0.34 99.00 99.00 99.00 99.00 1.
99. 0.71 0.33 99.00 2.33 2.85 2.00 1.
99. 0.50 0.33 2.80 99.00 2.23 2.00 0.
99. 0.43 99.00 99.00 99.00 3.00 99.00 0.
99. 0.44 0.33 99.00 99.00 99.00 99.00 I.
99. 0.59 0.35 99.00 2.30 2.40 2.00 0.
99 . 0.37 0.33 99.00 3.20 3.10 2.43 0.
99. 0.30 0.39 2.50 99.00 1.90 2.90 0.
99 . 0.40 0.39 99.00 1.90 2.40 1.25 0.
99. 0.48 0.33 2.43 99.00 2.00 2.33 0.
99. 99.00 99.00 99.00 99.00 99.00 99.00 99.
99. 99.00 99.00 99.00 99.00 99.00 99.00 0.
99. 0.33 0.33 3.13 99.00 2.30 2.B5 0.
99. 0.34 0.51 9.99 9.99 3.40 2.80 0.
99. 0.39 0.49 3.03 99.00 2.40 2.70 2.
99. 99.00 99.00 99.00 99.00 99.00 99.00 99.
99. 99.00 99.00 99.00 99.00 99.00 99.00 99.
99. 99.00 99.00 99.00 99.00 99.00 99.00 99.
99. 0.33 0.43 99.00 99.00 3.95 3.35 0.
99. 0.37 0.33 99.00 2.33 2.43 2.0S 0.
99 . 0.40 0.38 99.00 3.00 3.80 2.33 0.
99. 0.34 0.42 3.13 99.00 2.30 3.15 0.
99 . 0.32 0.30 99.00 3.03 3.03 2.40 0.
99. 0.40 0.32 99.00 3.33 4.00 2.83 1.
99. 0.34 0.38 99.00 99.00 3.30 3.20 0.
99. 0.34 0.59 2.30 99.00 2.00 99.00 0.
99. 0.54 0.31 99.00 3.40 3.80 2.90 0.
99. 0.43 0.34 99.00 99.00 3.15 3.10 0.
99. 0.40 0.34 99.00 2.80 2.73 2.03 0.
99. 0.44 0.35 99.00 3.23 3.33 2.70 0.
99. 9.99 9.99 9.99 9.99 9.99 9.99 99.
99. 0.58 0.52 9.99 3.13 2.90 2.73 0.
99 . 0.37 0.73 1.80 9.99 1.23 1.90 0.
99 . 0.44 0.54 9.99 2.10 2.80 1.70 0.
99 . 9.99 9.99 9.99 9.99 9.99 9.99 99.
99 . 0.42 0.37 9.99 2.45 2.40 2.00 0.
99. 9.99 9.99 9.99 9.99 9.99 9.99 99.
99 . 0.33 0.40 9.99 9.99 9.99 2.73 0.
99. 9.99 0.43 9.99 9.99 9.99 9.99 0.
99 . 0.39 0.35 9.99 2.73 9.99 2.13 0.
99. 9.99 9.99 9.99 9.99 9.99 9.99 99.
99 . 9.99 9.99 9.99 9.99 9.99 9.99 99.
99. 9.99 9.99 9.99 9.99 9.99 9.99 99.
99. 0.37 0.35 9.99 9.99 3.00 2.35 2.
99. 0.37 0.42 2.30 9.99 2.03 3.20 0.
99. 0.34 0.44 2.40 9.99 1.80 9.99 0.
99 . 0.49 0.39 9.99 9.99 2.43 2.40 0.
99. 0.34 0.34 9.99 3.33 3.33 2.80 0.
99. 0.71 0.43 9.99 2.90 2.10 2.23 0.
99. 0.42 0.72 2.83 9.99 3.00 2.13 0.
99 . 0.44 0.40 9.99 3.00 2.70 2.30 0.
99 . 0.37 0.40 3.10 9.99 2.40 3.30 0.
99. 0.37 0.38 9.99 2.73 2.33 2.15 0.
99. 9.99 9.99 9.99 9.99 9.99 9.99 99.
99 . 9.99 9.99 9.99 9.99 9.99 9.99 99.
99. 0.57 0.54 9.99 3.20 3.20 2.40 0.
0. 0.34 0.34 3.00 9.99 2.35 3.35 0.

99. 0.30 0.33 2.93 9.99 2.45 3.00 2.
99. 0.48 0.32 3.13 9.99 2.40 2.80 0.
99. 0.5B 0.73 9.99 9.99 3.33 3.10 0.
99 . 0.49 0.34 9.99 2.30 2.45 1.85 1.
99. 0.45 0.57 9.99 3.05 3.40 2.40 0.
99. 0.45 0.37 2.35 9.99 1.95 3.10 2.
99. 0.57 0.37 9.99 2.90 3.20 2.30 0.
99. 0.34 0.35 9.99 9.99 9.99 2.95 0.
99. 9.99 9.99 9.99 9.99 9.99 9.99 99.
99. 9.99 9.99 9.99 9.99 9.99 9.99 99.
99 . 9.99 9.99 9.99 9.99 9.99 9.99 99.
99. 0.58 0.44 3.25 9.99 2.40 3.30 0.
99. 0.34 0.43 2.45 9.99 2.00 9.99 0.
99. 0.42 0.31 9.99 3.05 2.20 2.30 0.
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0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 

99. 99. 99. 
99. 99. 99. 
99. 99. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 0. 
0. 0. 99. 
0. 1. 99. 
0. 1. 99. 
0. 0. 40. 

99. 99. 99.

0. 3 . 0. 99. 0.54 0.34 9.99 2.70 3.30 2.10 0.

0. 0. 99. 
99. 99. 99. 
0. 0. 1. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 2. 10. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 

99. 99. 99. 
0. 0. 10. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 

99. 99. 99. 
99. 99. 99. 
99. 99. 99. 
0. 0. 99. 
0. 1. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 

99. 99. 99. 
0. 0. 14. 
0. 0. 99. 
0. 0. 99. 

99. 99. 99. 
0. 0. 99. 

99. 99. 99. 
0. 0. 99. 
0. 1. 99. 
0. 1. 99. 

99. 99. 99. 
99. 99. 99. 
99. 99. 99. 
0. 0, 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 1. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 0. 

99. 99. 99. 
99. 99. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 14. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 
0. 0. 99. 

99. 99. 99. 
99. 99. 99. 
99. 99. 99. 
0. 0. 99. 
0. 0. 2. 
0. 0. 8. 
0. 0. 99.
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1. 99. 2. 14. 3.
3. 99. 99. 21. 5.
2. 99. 2. 22. 2.
3. 99. 3. 22. 1.
2. 99. 3. 13. 0.
3. 0. 7. 12. 1.

99. 99. 99. 24. 1.
99. 99. 99. 20.
99. 99. 99. 14.
2. 0. 2. 18.
2. 0. 3. 20.
3. 99. 2. 19.
I. 10. 2. 13.
3. 99. 3. 13.
3. 99. 2. 21. 0.
3. 80. 3. 21. I.
3. 99. 4. 13. 1.
1. 10. 3. 20. 1.

99. 99. 99. 12. 0.
2. 99. 3. 21. 1.

99. 99. 99. 14. 1.
1. 40. 2. 17. 1.

2. 19. 2.
3. 21. 3.
3. 12. 1.
3. 19. 1.

3. 0. 3. 14. 2.
3.100. 3. 22. 3.
3. 99. 2. 13. 1.
3. 99. 2. 13. I.
3. 99. 2. 20. 1.
I. 40. 2. 17. 3.
1. 80. 2. 19. 2.
2. 30. 3. 19. 99.
2. 99. 2. 17. 3.

99. 99. 99. 14. 1.
2. 99. 4. 21. 2.
2. 20. 2. 21. 2.
2. 20. 2. 23. 4.
2. 99. 4 . 24. 2.

99. 99. 99. 17. 1.
99. 99. 99. 19. 1.
99. 99. 99. 15. 1.
2. 99. 2. 13.
3. 99. 2. 13.
1. 20. 2. 22.
2. 99. 2. 19.
1. 99. 3. 12.
3. 99. 2. 12.
3. 20. 3. 14.
0. 10. 2. 20.
0.100. 2. 19.0. 70. 2. 13. 3.
2. 0. 3. 17.
2. 99. 2. 17.

99. 99. 99. 18.
2. 40. 2. 21.
2. 30. 2
3. 99. 2. 22.

99. 99. 99. 17.
1. 99. 2. 17.

2. 40.
3. 0. 
3. 99. 
3. 99.

0. 
2. 
2. 
0. 

23. 3. 
2.
2.

99. 99. 99. 22. 2.
1. 30. 2. 20. 1.
2. 40. 3. 14. 99.
1. 70. 3. 14. I.

99. 99. 99. 23. 1.
99. 99. 99. 17. 1.
99. 99. 99. 21. 2.
3. 30. 2. 13. 1.
1. 30. 3. 14. 2.
0. 0. 3. 13. 1.
4. 0. 2. 14. 99.
2. 99. 2. 15.
3. 99. 3. 21.
3. 99. 4. 13.
2. 99. 4. 24.
0. 99. 3. 13.
0. 0. 3. 14.

99. 99. 99. 10.
99. 99. 99. 13.
3. 99. 3. 13.
2. 99. 2. 11.

2. 0. 3. 14.
1. 0 . 2. 20.
4. 0. 3. 13.
3. 99. 4. 20.
2. 99. 3. 20.
3. 0. 3. 14.
1. 99. 2. 20.
1. 20. 4. 13.

99. 99. 99. 21.
99. 99. 99. 21.
99. 99. 99. 17.

1. 99. 2. 23.
3. 99. 3. 17.
2. 99. 2. 20.
2. 99. 2. 12.
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0. 0.48 0.41 0. s. 99.00 99.00 2.70 2.X 0. 0. 1. 99.
1. 0.57 0.40 0. 2. 99.00 3.00 3.10 2.X 0. 0. 0. 99.
3. 0.54 0.57 0. 0. 99.00 99.00 3.05 99.X 0. 0. 0. 99.
2. 0.40 0.44 i. 0. 1.85 99.00 1.25 2.45 0. 0. 1. 99.
1. 0.59 0.39 0. 0. 2.95 99.00 2.50 2.05 0. 0. 1. 0.
2. 0.59 0.41 t. 2. 99.00 99.00 2.X 2.50 0. 0. 3. 99.
1. 0.43 0.44 0. 0. 2.15 99.00 1.50 2.X 0. 0. 0. 99.
4. 0.33 0.57 1. 0. 2.40 99.00 1.73 2.X 0. 0. 1. 99.
2. 0.57 0.57 0. 1. 1.40 99.04 0.70 2.X 0. 0. 0. 99.
1. 0.41 0.40 0. 0. 99.00 99.00 3.X 2.73 0. 0. 0. 99.
2. 0.53 0.37 0. 0. 99.00 99.00 99.00 3.55 0. 0. 0. 99.
2. 0.42 0.39 0. 2. 2.30 99.00 1.55 2.X 0. 0. 1. 99.
1. 0.35 0.33 0. 0. 99.00 3.10 3.X 2.55 0. 0. 1. 99.
2. 0.52 0.33 0. 2. 99.00 99.00 3.X 3.M 0. 0. 1. 99.
0. 0.38 0.57 2. 0. 99.00 2.40 2.45 1.95 0. 0. 2. 99.
2. 0.50 0.35 0. 1. 99.00 99.00 2.10 2.X 0. X . 0. 99.
1. 0.34 0.54 0. 0. 99.00 2.85 3.X 2.25 0. 0. 1. 99.
1. 0.40 0.39 0. 3. 99.00 99.00 3.40 3.X 0. 10. 0. 99.
1. 0.35 0.0 I. 1. 99.00 99.00 3.X 3.15 0. 0. 0. 99.
5. 0.51 0.54 0. 2. 99.00 99.00 3.X  99.X 0. 0. 0. 99.
1. 0.43 0.42 1. 1. 2.30 99.00 1.X 3.X 0. 0. 1. 99.
1. 0.51 0.35 0. 0. 2.85 99.00 2.X  99.X 0. X . 1. 99.
2. 0.40 0.39 0. 0. 99.00 99.00 99.00 99.00 0. X . 0. 99.
2. 0.42 0.41 0. 0. 99.00 2.33 99.00 1.75 0. 0. 2. 99.

99. 0.54 99.00 0. 0. 99.00 99.00 3.10 99.X 0. 0. 1. 99.
1. 0.35 0.39 0. 0. 99.00 99.00 99.00 99.00 0. 0. 1. 99.
1. 0.52 0.52 1. 1. 99.00 2.30 2.95 1.85 0. 10. 0. 99.

. 2. 0.48 0.33 0. 1. 2.70 99.00 2.05 1.85 0. 0. 2. 99.
1. 0.38 0.33 0. 1. 99.00 99.00 3.X 2.45 0. 0. 1. 99.
1. 0.38 0.54 0. 0. 99.00 2.70 2.X 2.15 0. 0. 1. 99.
1. 0.53 0.54 0. 0. 99.00 2.30 2.90 l.X 0. 0. 1. 99.

. 3. 0.54 0.53 0. 0. 99.00 3.20 3.X 2.X 0. 93. 0. 99.

. 2. 0.51 0.52 0. 0. 2.30 99.00 1.95 2.X 0. X . 0. 99.
99. 0.34 0.38 0. 1. 99.00 2.00 2.45 1.33 0. X . 0. 99.
3. 0.50 0.32 0. 1. 2.44 99.00 2.X 2.X 0. 0. 1. 99.
1. 0.54 0.34 0. 0. 99.00 2.90 3.X 2.X 0. 40. 2. 24.
1. 0.31 0.32 0. 3. 99.00 3.23 3.X 2.X 0. 0. 1. 99.
2. 0.30 0.33 0. 0. 3.20 99.00 2.45 3.X 0. X . 0. 99.
3. 0.33 0.49 0. 0. 99.00 99.00 3.X 3.X 0. X . 0. 99.

, 3. 0.39 0.33 0. 4. 3.03 99.00 2.40 3.45 0. 0. 1. 99.
, 2. 0.33 0.33 0. 1. 99.00 99.00 2.X 2.83 0. 0. 0. 99.

2. 0.33 0.33 0. 1. 99.00 99.00 3.X 3.X 0. 0. 0. 99.
0. 0.37 0.5B 0. 2. 99.00 2.20 2.45 l.X 0. 0. 1. 99.
1. 0.34 0.53 0. 0. 99.00 99.00 4.X 3.X 0. 0. 1. 99.
2. 0.30 0.33 0. 2. 99.00 2.45 3.X 2.13 0. 0. 1. 99.
1. 0.53 0.35 0. 1. 99.00 2.95 3.X 2.25 0. X . 1. 99.
1. 0.38 0.38 0. 2. 3.20 99.00 2.35 3.13 0. 0. 0. 99.
2. 0.33 0.30 0. 0. 99.00 3.05 2.85 2.40 0. 0. 1. 99.
1. 0.47 0.30 0. 0. 99.00 3.33 3.X 2.X 0. 0. 1. a.
2. 0.34 0.38 0. 0. 99.00 99.00 3.45 3.X 0. 0. 1. 99.
2. 0.32 0.37 0. 0. 2.40 99.00 1.90 99.X 0. 0. 0. 99.
1. 0.33 0.32 0. 0. 99.00 3.40 3.X 2.75 0.100. 0. 99.
3. 0.39 0.39 0. 0. 99.00 99.00 3.X 2.90 0. X . 0. 99.

. 0. 0.35 0.54 0. 0. 99.00 2.85 3.05 2.13 0. 0. 1. 99.
2. 0.37 0.33 0. 0. 99.00 3.20 3.40 2.40 0. 0. 0. 99.
3. 0.57 0.38 0. 0. 99.00 99.00 3.03 2.95 0. 0. 0. 99.
0. 0.30 0.49 0. 0. 99.00 3.10 2.X 2.X 0. 0. 1. 99.
3. 0.57 0.57 0. 4. 1.B5 99.00 l.X 2.23 0. X . 0. 99.
1. 0.33 0.33 1. 0. 99.00 2.13 2.70 l.X 0. 0. 0. 99.
1. 0.39 0.37 0. 2. 99.00 99.00 3.X 99.X 0. 0. 2. 99.
2. 0.34 0.33 0. 2. 99.00 2.43 3.10 2.X 0. 0. 3. 99.
1. 0.57 0.34 0. 0. 99.00 2.80 2.X 1.95 0. 0. 0. 99.
1. 0.57 0.33 0. 0. 99.00 99.00 99.00 2.73 0. X . 0. 99.
4. 9.99 0.43 0. 4. 9.99 9.99 9.99 9.99 0. X . 0. 99.
1. 0.37 0.34 0. 0. 99.00 2.70 99.00 2.X 0. 0. 1. 99.
1. 0.34 0.33 0. 0. 3.30 99.00 2.X 3.55 0. 0. 0. 99.
1. 0.34 0.35 0. 3. 99.00 2.90 3.10 2.23 0. 0. 1. 99.
2. 0.33 0.34 0. 0. 3.10 99.00 2.X 2.53 0. X . 1. 99.

99. 0.33 9.99 0. 0. 9.99 9.99 3.03 9.99 0. X . 1. 99.
2. 0.55 0.42 1. 0. 2.30 99.00 2.X 3.10 0.100. 0. 99.
2. 0.35 0.34 0. 0. 2.30 99.00 1.73 99.X 0. 0. 2. 99.
3. 0.34 0.37 2. 4. 99.00 99.00 3.15 2.75 0. 0. 0. 99.
2. 0.51 99.00 0. 0. 99.00 99.00 3.X 99.X 0. 0. 0. 99.
2. 0.38 0.40 0. 0. 99.00 2.83 3.X 2.10 0. 0. 1. 99.
1. 0.40 0.41 0. 1. 2.70 99.00 2.05 3.13 0. 0. 1. 99.
1. 0.39 0.59 0. 3. 99.00 2.90 2.X 2.25 0. 0. 1. 99.
1. 99.00 0.37 0. 4. 99.00 99.00 99.00 3.X 0. 0. 2. 99.
2. 0.34 0.34 0. 0. 9.99 2.73 3.10 2.X 0. 0. 1. 99.
0. 0.40 0.38 1. 1. 3.OS 99.00 2.55 3.X 0. 0. 1. 99.
1. 0.31 0.31 0. 1. 99.00 2.J5 2.90 1.90 0. 0. 0. 99.
2. 0.50 0.31 0. 0. 99.00 3.10 3.X 2.X 0. 0. 1. 99.
1. 0.49 0.57 1. 0. 3.15 99.00 2.60 3.90 0. 0. 2. 99.

. 3. 0.55 0.33 4. 1.. 3.00 99.00 2.30 3.10 0. 0. 1. 99.

. 1. 0.49 0.49 0. 0.. 3.13 99.00 2.43 2.X 0. X . 1. 99.

. 4. 0.57 0.41 0. 1.. 99.00 99.00 3.X 2.93 0. 0. 0. 99.

. 2. 0.30 0.34 0. 2.. 99.00 2.40 3.15 1.95 0. 0. 2, 99.

. 1. 0.39 0.39 0. 0.. 99.00 3.05 3.X 2.45 0. 0. 0. 99.

. 2. 0.49 0.30 0. 2.. 2.33 99.00 1.95 2.35 0. 0. 1. 99.

. 1. 0.33 0.37 0. 0. 99.00 2.83 2.90 2.X 0. 0. 1. 99.
, 2. 0.33 0.34 1. 2. 99.00 99.00 99.00 3.10 0. X . 0. 99.
. 1. 0.34 0.33 0. 0. 3.50 99.00 2.95 3.40 0. 0. 1. 99.
. 1. 0.34 0.35 0. 0. 99.00 2.33 3.X l.X 0. 0. 1. 99.
, 1. 0.30 0.49 0. 0. 2.33 99.00 2.X 3.X 0. 0. 0. 99.
. 2. 0.58 0.38 0. 1. 3.23 99.00 2.X 2.X 0. 0. 1. 99.
. 2. 0.32 0.35 0. 4. 2.43 99.X 2.X  99.X 0. 0. 3. 99.

1. 0.30 0.30 0. 0. 99.X 3.13 3.X 2.X 0. 0. 1. 99.
3. 0.35 0.35 2. 0. 99.X 2.70 99.X 2.13 0. 0. 1. 99.
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2. 1. 1. 0. 0. 1. 30. 3. 4. 0. 4. 99 . 99. 0.31 0.57 2.00 9.99 1.33 3.33 0. 0. 0 . 99. 1. 0. 3. 14. 1. 2. 0.51 0.38 0. 0. 2.00 99.00 1.30 3.45 0. 0. 1. 99.
3. 2. 1. 0. 0. 0. 10. 0. 3. 0. 2. 99. 99. 0.65 0.62 9.99 9.99 3.10 9.99 0. 0. 0. 99. 3. 99. 2. 19. 2. 2. 0.61 0.63 0. 1. 99.00 99.00 2.75 99.00 0. 0. 1. 99.
2. 1. 1. 0. 0. 0. 99. 0. 3. 0. 99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99 . 99. 99. 99. 99. 99. 99. 20. 3. 2 . 0.51 0.S5 0. 1. 99.00 99.00 99.00 3.33 0. 0. 0. 99.
2. 1. 1. 0. 0. 0. 16. 1. 4. 0. 3. 99. 99. 0.37 0.67 9.99 9.99 3.10 3.10 0. 0. 0. 99. 1. 10. 3. 12. 1. 1. 0.54 0.36 0. 0. 99.00 99.00 3.05 2.80 0. 0. 2. 99.
1. 2. 2. 0. 0. 0. 13. 2. 3. 0. 5. 99. 99. 0.61 0.34 9.99 3.70 3.05 3.10 0. 0. 0. 99. 1. 0. 2. 12. 1. 1. 0.36 0.38 0. 0. 99.00 3.73 3.30 3.15 0. 0. 0. 99.
1. 2. 2. I. 0. 0. 34 . 3 . 99. 4. 5. 99. 99. 0.63 0.78 2.93 9.99 2.35 2.53 0. 0. 0. 99 . 3. 99. 2. 15. 2. 1. 0.63 0.66 I. 3. 2.95 99.00 2.20 3.20 0. 0. 1. 99.
1. 2. 2. 0. 0. 0. 14. 2. 3. 4. 5. 99. 99. 0.33 0.48 9.99 9.99 3.05 2.70 0. 0. 0. 99. 2. 99. 2. 13. 1. 3. 0.32 0.51 0. 0. 99.00 99.00 3.00 2.63 0. 0. 2. 99.
1. 2. 2. 0. 0. 0. 4. 2. 4. 1. 3. 99. 99. 0.53 0.60 3.20 9.99 2.70 3.20 0. 0. 0. 99. 3. 0. 4. 19. 0. 2. 0.50 0.50 0. 0. 3.13 99.00 2.45 3.15 0. 0. 1. 99.
2. 1. 1. 0. 0. 0. 21. 99. 3. 0. 4.99 . 99. 0.60 0.60 9.99 2.60 3.00 2.00 0. 0 . 0. 99. 2. 20. 2. 14. 1. 1. 0.35 0.39 0. 0. 99.00 2.73 2.50 1.93 0. 10. 0. 99.
1. 2. 2. 0. 0. 0. 17. 2. 2. 4. 4.99. 99. 0.33 0.37 9.99 2.90 2.95 2.35 0. 0. 0. 99. 1. 99. 2. 13. 0. 0. 0.33 0.33 0. 1. 99.00 2.90 2.70 2.23 0. 0. 1. 99.
1. 2. 2. 0. 0. 0. 13. 2. 3. 0. 4.99. 99. 0.32 0.33 9.99 9.99 9.99 3.20 0 . 0 . 0. 99. 1. 99. 2. 11. 2. 1. 0.33 0.37 0. 0. 99.00 99.00 3.20 3.40 0. 0. 0. 99.
2. 1. 1. 0. 0. 0. 13. 99. 4. 0. 4. 99. 99. 0.34 0.54 9.99 9.99 3.05 9.99 0. 0. 0 . 99. 1. 20. 3. 11. 1. 1. 0.52 0.58 0. 0. 99.00 99.00 3.30 3.00 0. 20. 1. 99.
1. 2. 2. 0. 0. 0. 99. 3. 3. 4. 3. 99. 99. 0.61 0.54 9.99 2.60 3.05 2.00 0. 0 . 0. 99. 3. 99. 2. 19. 1. 1. 0.59 0.53 0. 1. 99.00 2.65 2.73 1.90 0. 0. 1. 99.
I. 2. 2. 0. 0. 0. 99. 3. 4. 4. 3. 99. 99. 0.37 0.32 9.99 3.65 3.33 3.15 0. 0. 0. 99. 2. 99. 2. 14. 1. 1. 0.33 0.49 0. 0. 99.00 3.63 3.70 3.13 0. 0. 1. 99.
3. 2. 1. 0. 0. 0. 22. 2. 4. 4.99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99 . 99. 99. 99. 99 . 99. 99. 16. 1. 1. 0.38 0.38 0. 1. 99.00 99.00 2.73 2.95 0. 0. 2. 99.
3. 2. 1. 0. 0. 0. 11. 99. 99. 4.99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99. 99. 99. 99. 99. 99. 10. 1. I. 0.57 0.33 0. 0. 99.00 2.90 2.63 2.30 0. 0. 0. 99.
1. 2. 1. 0. 0. 0. 99. 3. 4. 4. 3. 99. 99. 0.38 0.33 9.99 2.70 3.50 2.20 1. 0. 0. 99. 3. 99. 3. 15. 3. 2. 0.34 0.55 0. 1. 99.00 2.65 3.03 2.15 0. 0. 1. 99.
3. 2. 1. 0. 0. 0. 99. 99 . 0. 1. 3. 99. 99. 9.99 0.39 9.99 9.99 9.99 3.70 0. 0. 0. 99. 2. 0. 2. 17. 99. 1. 9.99 0.51 0. 0. 99.00 99.00 99.00 3.40 0. 0. 1. 99.
2. 1. 1. 0. 0. 2. 12. 2. 3. 0. 3. 99. 99. 0.34 0.62 3.00 9.99 2.40 3.00 0. 0. 0. 99. 2. 60. 3. 12. 1. 1. 0.30 0.33 0. 5. 2.93 99.00 2.35 2.30 0. 00. 0. 99.
1. 2. 2. 0. 0. 0. 13. 0. 2. 0. 3. 99. 99. 0.51 0.33 9.99 9.99 3.00 3.13 0. 0. 0. 99. 1. 0. 2. 16. 1. 1. 0.30 0.52 0. 0. 99.00 99.00 3.00 3.20 0. 0. 0. 99.
1. 2. 2. 0. 0. 0. 10. 0. 2. 4. 3. 99. 99. 0.33 0.37 2.33 9.99 1.75 3.03 0. 0. 0. 10. 2. 0. 2. 20. 2. 3. 0.33 0.33 0. 0. 2.33 99.00 1.85 3.13 0. 0. 0. 99.
1. 2. 1. 0. 0. 0. 99. 0. 99. 0. 3. 99. 99. 0.34 0.58 9.99 9.99 3.60 3.00 0. 0. 0. 99. 3. 0. 2. 20. 2. 1. 0.53 0.34 0. 0. 99.00 99.00 3.33 3.23 0. 0. 1. 99.
1. 2. 2. 0. 0. 0. 12. 2. 3. 4. 3. 99. 99. 0.38 0.72 9.99 9.99 2.70 2.73 0. 0. 0. 99. 3. 0. 2. 13. 2. 4. 0.33 0.37 0. 2. 99.00 99.00 2.70 2.70 0. 0. 0. 99.
3. 2. 1. 0. 0. 0. 99. 99. 99. 4. 99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99. 99. 99. 99. 99. 99. 11. 2. 1. 0.48 0.30 0. 0. 99.00 2.33 2.45 1.85 0. 0. 1. 99.
3. 2. 1. 0. 0. 0. 99. 99. 99. 0. 99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99. 99. 99. 99. 99. 99. 16. 4. 1. 0.34 0.38 0. 0. 99.00 99.00 3.80 3.65 0. 0. 0. 99.
1. 2. 1. 0. 0. 0. 3. 3. 3. 0. 3. 99. 99. 0.60 0.54 9.99 2.85 2.10 2.23 0. 0. 0. 99. 2. 0. 2. 14. 1. 1. 0.54 0.33 0. 0. 99.00 2.80 2.05 2.23 0. 0. 1. 99.
1. 2. 2. 0. 0. 0. 20. 2. 3. 4. 3. 99. 99. 0.32 0.33 9.99 2.43 2.70 1.90 0. 0. 0. 99. 2. 99. 3. 14. 3. 3. 0.33 0.34 0. 0. 99.00 2.35 2.73 1.80 0. 0. 1. 99.
3. 2. 1. 0. 0. 0. 99. 99. 99. 4. 99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99. 99. 99. 99. 99. 99. 11. 3. 3. 0.31 0.31 0. 3. 99.00 2.40 2.73 1.85 0. 0. 1. 99.
1. 2. 2. 0. 0. 0. 99. 99. 99. 4. 3. 99. 99. 0.34 0.57 3.00 9.99 2.40 3.10 0. 0. 0. 99. 3. 99. 2. IB. 1. 2. 0.36 0.33 0. 0. 3.10 99.00 2.43 2.83 0. 0. 1. 99.
3. 2. 1. 0. 0. 0. 99. 99. 99. 1. 3. 99. 99. 0.39 0.32 9.99 9.99 3.30 3.30 0. 0. 0. 99. 3. 99. 3. 12. 1. 1. 0.33 0.36 0. 0. 99.00 99.00 3.00 3.60 0. 0. 0. 99.
2. 1. 1. 0. 0. 1. 18. 2. 4. 0. 4.99. 99. 0.37 0.54 9.99 3.60 3.30 3.00 0. 0. 0. 99 . 0. 10. 4. 13. 2. 2. 0.32 0.33 0. 0. 99.00 3.30 3.25 2.83 0. 0. 0. 99.
1. 2. 1. 0. 0. 0. 14. 2. 3. 4. 4.99. 99. 0.37 0.30 9.99 2.40 2.80 1.90 0. 0. 0. 99. 3. 99. 3. 13. 2. 1. 0.30 0.31 0. 1. 99.00 2.33 2.80 1.83 0. 0. 2. 99.
1. 2. 2. 0. 0. 0. 10. 2. 3. 0. 3. 99 . 99. 0.31 0.38 3.13 9.99 2.60 2.60 0. 0. 0. 99. 3. 99. 2. 14. 1. 1. 0.51 0.33 0. 2. 3.00 99.00 2.40 2.80 0. 0. 1. 99.
1. 2. t. 0. 0. 0. 12. 2. 3. 0. 3. 99. 99. O.C 0.47 9.99 9.99 9.99 9.99 0. 0. 0. 99. 2. 0. 2. 13. 2. 1. 0.47 0.47 0. 0. 99.00 99.00 3.80 99.00 0. 0. 2. 99.
3. 2. 1. 0. 0. 0. 12. 99. 2. 0. 99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99. 99. 99. 99. 99. 99. 12. 2. 2. 0.33 0.33 0. 0. 2.60 99.00 2.05 2.30 0. 0. 1. 99.
2. 1. 1. 0. 0. 0. 4. 99. 4. 3. 3. 99. 99. 0.32 0.32 9.99 3.10 2.93 2.40 0. 0. 0. 8. 1. 70. 2. 12. 1. 1. 0.32 0.34 0. 0. 99.00 3.20 3.33 2.63 0. 10. 1. 99.
2. 1. 1. 0. 0. 0. 12. 99. 2. 0. 3. 99. 99. 0.35 0.39 2.50 9.99 2.05 3.03 0 . 0. 0. 99. 1. 0. 2. 12. 1. 1. 0.32 0.33 0. 2. 2.40 99.00 1.85 2.93 0. 0. 1. 99.
2. 1. 1. 0. 0. 0. 13. 2. 99. 0. 3. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99. 99. 99. 99. 99. 99. 13. 1. 2. 0.33 0.38 0. 1. 99.00 99.00 3.10 2.80 0. 70. 1. 99.1. 2. 1. 0. 0. 0. 99. 0. 3. 4. 3. 99 . 99. 0.33 0.53 9.99 3.03 2.85 2.33 0. 0. 0. 99. 2. 99. 2. 12. 2. 1. 0.32 0.51 0. 0. 99.00 3.03 3.15 2.43 0. 0. 1. 99.1. 2. 2. 0. 0. 0. 4. 99. 3. 4.99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99 . 99. 99. 99. 99. 99. 14. 2. 2. 0.31 0.32 0. 0. 99.00 99.00 3.03 3.10 0. 0. 1. 99.1. 2. 2. 1. 0. 0. 3. 2. 4. 0. 99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99. 99. 99. 99. 99. 99. 13. 2. 2. 0.51 0.31 0. 0. 99.00 2.70 2.85 2.20 0. 0. 0. 99.1. 2. 2. 0. 1. 0. 10. 99. 3. 4.99. 99. 99. 9.99 9.99 9.99 9.99 9.99 9.99 99. 99. 99. 99. 99. 99. 99. 13. 2. 1. 0.49 0.50 0. 0. 99.00 99.00 3.33 2.90 0. 0. 1. 99.
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Preop. E.C.D. Day 3/4 E.C.D. Week 10/30 E.C.D.

12684.2529.2374 . 99.
2529.2271.2529 . 99.
1910.2116. 99. 99.
671. 723. 826. 877.
2065.1910.2013 . 99. 
1755.2013.2219.1806. 
2581.2784.2472 . 99.
2529.2735.2529 . 99.
2219.2116.2374 . 99.
1892.1824.1961. 99. 
2426.2529.2632. 99. 
2168.2581.2323. 99. 
1892.2065.1996. 99. 
2219.2529.2684. 99. 
1058.1006.1058. 99. 
1892.1892.2133. 99. 
1583.1686. 99. 99.
2477.2632.2735. 99. 
2477.2529.2581. 99.
2219.2271.2374 . 99. 
2271.2323.2374. 99.
2426.2581.2890. 99. 
2787.2994.3045. 99. 
2787.2839.2942. 99 
2581.2581.2684 . 99.
2180.2332.2434 . 99.
2637.2839.2839 . 99.
1724.1994.2231.1859, 
811. 837. 887 . 99,
2332.2434.2637. 99, 
1192.1242 . 99 . 99
1690.1758.1893. 99. 
1724.1859.1927. 99
2535.2535.2687. 99.
2890.2991.2991. 99.
2484.2738.2991. 99. 
2130.2163.2265. 99.
99. 99. 99 . 99.

2535.2586.2687. 99.
2484.2535.2839. 99. 
2586.2637.2637 . 99. 
2180.2535.2687.2282. 
2637.2890.2949. 99.
1622.1724.1791. 99. 
2434.2535.2586 . 99.
2535.2586.2789 . 99.
1445.1496.1521. 99.
2738.2991.3042. 99. 
2130.2332.2332. 99.
2839.2839.2890. 99.
1699.1724.1724 . 99.
2130.2163.2197. 99.
2535.2890.2890. 99. 
2941.3144.3245. 99.
1775.1825.1724 . 99.
2839.2890. 99. 99.
2586.2687.2789. 99. 
2484.2535.25B6. 99. 
2535. 99. 99. 99. 
1859.1893.1960. 99.
2637.2890.2991. 99.
2738.2738.2839. 99. 
3093.3245.3296. 99. 
3245.3397.3448. 99.
2839.2890.2941. 99. 
99. 99. 99. 99.

1242.1293.1344 . 99.
2637.2687.2789. 99. 
2197.2332.2366. 99.
1690.1791. 99. 99. 
2991. 99. 99 . 99. 
1859.1994.2096.1622.
2890.3042.3042. 99. 
2299.2366.2501. 99. 
2096.2130.2400 . 99.
2789.2839.2941. 99.
2789.2839.2941. 99. 
2535.2637.2738.2535.
2282.2434.2434 . 99. 
2231. 99 . 99. 99. 
3042.3042.3194. 99.
2028.2096.2163. 99. 
1960. 99 . 99. 99.
2789.2839.2991. 99. 
1960.2028.2028. 99. 
22B2.2332.2439. 99.
2535.2637.2789. 99.
1555.1622.1859. 99. 
2535.2637.2687 . 99.
2687.2738.2789. 99.
2687.2789.2941. 99.
2028.2096.2197. 99. 
1960. 99. 99. 99.
2586.2637.2789. 99.
2062.2096.2163. 99. 
2434.2535.2584 . 99. 
2282.2332.2383. 99.

r99(2426.2529.2684 . 99. 
99.2581.2374. 99. 99. 
99.1858.1910.1548. 99. 
99.1187.1290.1394.1497. 
99.2065.1961.1961.1858. 
99.2426.2374.2477 . 99.
99.2632.2477.2942. 99. 
99.2374.25B1.2529.2529. 
99.2529.2219.2529. 99. 
99.1892.1B24.1996. 99.
99.2426.2581.2477. 99. 
99.2Z71.1755.1617. 99. 
99.1892.1961.2133. 99.
99.2581.2581.2426. 99.
99.2116.2271.2426. 99. 
99.2305.2099.2202. 99. 
99.1824.1858.1720 . 99.
99.2684.2942.2942. 99. 
99.2116.2323.2581. 99. 
99 . 99. 99. 99. 99.
99.2271.2426.2477. 99.
99.2374.2684.2890. 99. 
99.2684.2735.2839. 99. 
99.2890.2994.3148. 99. 
99.1755.2065.2237. 99. 
99.2028.2180.2231. 99. 
99.2282.2484.2484. 99.

1960.1521.1589.1690.1622.
99.1825.1859.1893. 99.
99.2434.2535.2586. 99. 
99.1690.1758.1859 . 99.
99.1758.1758.1893. 99. 
99. 99 . 99 . 99 . 99. 
99.2332.2383.2383. 99. 
99.2738.2839.2839 . 99.
99.2332.2434.2991.2484 
99.2180.2434.2535 . 99.
99.2434.2535. 99. 99.
99.2687.2738.2890 . 99,
99.2586.2687. 99. 99,
99.2282.2363 . 99. 99

2231.2231.2282.2434. 99 
99.2434.2535.2789. 99
99.1656.1859.1893. 99 
99.2535.2586.2637. 99
99.2484.2586.2687. 99, 
99.1927.1960.1994.2079
99.2535.2586. 99. 99
99.2484.2535. 99. 99.
99.2637.2637.2687. 99. 
99.1673.1699.1800. 99. 
99.1B59.1994.202B. 99.
99.2484.2586.2738. 99. 
99. 99. 99. 99 . 99. 
99.1758.1893.2028. 99.
99.2687.2789.2890. 99. 
99.2434.25B6.2687. 99. 
99. 99 . 99. 99 . 99.
99.2484 . 99. 99. 99. 
99. 99. 99. 99. 99.
99.2839.2890. 99 . 99.
99.2535.2687.2738. 99. 
99.2941.3042.3194 . 99.

, 99.3245.3296.3346. 99. 
, 99.2586.2637.2687. 99. 
, 99.2130.2231. 99 . 99. 
. 99.1859.1893.1960. 99. 
, 99.2535.2637.2890 . 99. 
, 99.2366.2434.2501. 99. 
, 99.1724. 99. 99 . 99. 
, 99.1791.1927.1859. 99. 
,1758.2180.2535.2687.2180. 
, 99.2789.2890.3144. 99. 
. 99.2890.2941.3144 . 99. 
. 99.2163.2197.2265. 99. 
. 99.3042.3144.3194. 99. 
, 99.2738.2839.2839. 99. 
.2434.2434.2535.2586.2687. 
. 99.2332.2383.2637. 99. 
. 99 . 99. 99. 99. 99, 
. 99.2839.3042.3194. 99, 
. 99.1859.1927.1994. 99, 
. 99.1758.1859.1927. 99, 
. 99.2535.2637.2738. 99. 
. 99.1859.19n.2130. 99, 
. 99.2028.2332.2434. 99, 
. 99.2637.2738.3042. 99, 
. 99.2586.2637.2738. 99. 
. 99.2535.2535.2637 . 99 
. 99.2586.2687.2B39. 99 
. 99.2434.2586.2687. 99 
. 99.2163.2163.2231. 99 
. 99.2231.2332. 99. 99 
. 99.2535.2687.27X. 99 
. 99.2028.2096.21X. 99 
. 99.2383.2434.2535. 99 
. 99.1690.1791.1994. 99

99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99 . 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 

1656.1690. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 

27X.3144. 
99 . 99. 
99 . 99. 
99 . 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 

21X.21X.
, 99. 99. 

99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99.

, 99 . 99.
, 99 . 99.
. 99. 99.
, 99. 99.
. 99. 99.
. 99. 99.
. 99. 99.
, 99. 99. 
.2282.2383.
. 99 . 99. 
. 99. 99. 
. 99 . 99. 
, 99. 99. 
. 99. 99. 
.2637.2434. 
. 99. 99. 
. 99. 99. 
. 99. 99. 
. 99. 99. 
. 99. 99. 

99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99.

(2271. 99, 
2168.1961. 

99. 99. 
774. 723.

2030.1892. 
2323.2U6. 
2305. 99,
2219.2323.
2271.2323. 
1652.2133. 
2735.2529,

99. 99. 
2426.2374. 

99. 99, 
929. 99, 

2168.2116. 
1755.1789,
2789.2890. 
2332.2434. 
21X.2I80.

99. 99, 
2180.2282. 
2383.2484, 
2586.77X. 
2180.2282, 
1487. 99.

99. 99. 
1555.1589.

99. 99, 
2282.2332. 

99 . 99, 
99. 99, 

1521.1656. 
99. 99, 
99. 99, 

2484.2637. 
99. 99. 
99. 99. 

2484.27X.
99. 99, 

2434.2535, 
2383. 99. 
2730.2839,
1825.1893. 
2586.2687.

99. 99. 
99. 99, 
99. 99, 

2332.2383. 
27X.2B39. 

99. 99. 
99. 99. 
99. 99. 
99. 99. 

1268.1369. 
3042.3194. 
2890.2991.
2789.2890. 

99. 99. 
99. 99.

2130.2231.
99. 99 

2941.3042. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 

1445.1470 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99,
99.

99. 99 
1910.

99.
99. 

1927. 99 
2219. 99 

99. 99 
1961. 99 
2374 . 99 
1720. 99 
2529. 99 

99. 
2323. 99 

99.
, 99. 99 
2065. 99 
,1755. 99 
2941. 99 
2535. 99 
2586.

99. 99 
2434. 99 
2637. 
,2991. 
,2586.
, 99. 99 
. 99. 99 
.1690. 99 
, 99. 
.2332. 99 
. 99. 99 
. 99. 99 
.1724. 99 
, 99, 99 
, 99. 99 
2736.2566 
, 99. 99 

99. 99 
.2991.
. 99. 
,2586.
, 99. 99 
.2991. 99 
.1927. 99 
.2789. 99 
, 99. 99
, 99. 99
, 99. 99
,2586. 99 
2890.

99.
99. 99 
99. 99 
99. 99 
99. 99 

3346. 99 
, 99. 99
2941. 99 

99. 99 
99. 99 

2299. 99 
99. 99 

3245. 99 
99,
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 

1496. 99 
99. 99 
99. 99 
99. 99 
99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99

99. 
99. 

99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99.

99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99.
99.
99. 99

IT99(2529
99.2219 
99.1755 
99.1135
99.2271
99.2116 
99.2787
99.2271
99.2116 
99.1652 
99.2942,
99.2219 
99.2013 
99. 99
99.2116 
99.2477 
99.1858 
99.2231
99.2028 
99. 99 
99. 99
99.2332
99.2332 
99.2282 
99.2163
99.2028 
99.2079 
99.1622 
99. 99 
99. 99 
99. 99 
99.15B9 
99. 99 
99. 99 
99. 99, 
99. 99, 
99. 99, 
99.2197. 
99.2687, 
99 . 99, 
99. 99, 
99.2231,
99.2434, 
99. 99, 
99 . 99, 
99. 99, 
99 . 99, 
99. 99, 
99.2332, 
99 . 99, 
99.1656, 
99.1893,
99.2434, 
99.2890, 
99.1994,
99.2687 
99.2586,
99.2687 
99. 99 
99.1690, 
99.2566, 
99. 99 
99.2484 
99. 99 
99. 99 
99. 99
99.2028 
99. 99 
99. 99 
99.1521 
99. 99 
99. 99

99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99 . 99. 
99. 99. 
99 . 99. 
99 . 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99.

.2684.2374 
2529.2323 
1624.1789 

99. 99 
2168.2168 
2274.2271
2735.2890 

.2217.2219 

.2374. 99
677. 99 

.2529.2787 
2374 . 99 
1658.1824 

99. 99 
.2065.1755 
.2529.2374 
,1927.1961 
,2332. 99 
,2079.2231 

99. 99 
, 99. 99 
2383.27X 
,2434.2434 
.2586.2738 
,1994.2096 
21X.2231 
21X.21X 

99. 99 
99. 99 
99. 99 

, 99. 99
1690.1859 

99. 99 
99. 99 
99. 99 
99. 99 
99. 99

1791.1859 
2839. 99

99. 99 
99. 99 

2282.2282 
2535. 99 

99. 99 
99. 99 
99. 99 
99. 99 
99. 99

2484.2839 
99. 99

1960. 99 
1960. 99
2789.2839 

99. 99
2028. 99
2789.2890 
27X.2839 
2890.2941

99. 99 
1791. 99 
2637. 99 

99. 99 
2586.27X 

99. 99 
, 99. 99 

99. 99 
2282.2383 

99. 99 
99. 99 

1420.1445 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 

, 99. 99 
, 99. 99 

99. 99 
99. 99

99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99 
99. 99

99 . 99. 
99. 99. 
«9. 99. 
99. 99. 
79. 99. 
99. 99. 
99. 99. 
99 . 99.
99 . 99.
99. 99. 
99 . 99.
99 . 99.
99 . 99.
99 . 99.
99 . 99.
99. 99. 
99 , 99. 
99. 99. 
99. 99. 
99 . 99.
99 . 99.
99. 99. 
99. 99. 
99 . 99.
99 . 99.
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99 . 99.
99 . 99.
99 . 99.
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99 . 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99 . 99. 
99 . 99. 
99 . 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99 . 99. 
°9. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99. 99. 
99 . 99. 
99 . 99. 
99. 99. 
99. 99.

|*
2028.2096.1859 . 99 . 99 . 99j 2484.2586.2383 . 99. 99 . 99.
2IX.1453.I521. 99. 99. 99.22B2.2079.21X. 99. 99 . 99.
1893.1961.1893 . 99 . 99. 99.1690.1690.1758. 99 . 99 . 99.
852. 892 . 872. 99. 99. 99. 852. 872. 872 . 99. 99 . 99.

21X.1927.1758. 99 . 99 . 99.2282.2028.2231. 99. 99 . 99.
1960.1994.1758. 99 . 99 . 99.2366.2299.2332 . 99. 99 . 99.
2535.2586.2332. 99 . 99 . 99.27X.2839.2941. 99 . 99 . 99.
2383.21X.2535. 99 . 99 . 99.1656.1859.1927 . 99 . 99 . 99.
1791.1994.2197.2332.1977.1927.2332.2383.2231. 99 . 99 . 99. 
1893.1859.21X. 99 . 99 . 99.1521.1656.1622 . 99. 99 . 99.
2535.2687.2586. 99. 99 . 99.2687.2839.27X. 99 . 99 . 99.
2282.2180.2231. 99 . 99 . 99 . 99. 99. 99. 99 . 99 . 99.

99 . 99 . 99. 99. 99 . 99.1115.1149 . 99 . 99 . 99 . 99.
2687.2991.3042. 99 . 99 . 99. 913. 896. 997 . 99 . 99 . 99.
1014.1115.1115 . 99 . 99. 99.1690.1791.1656 . 99 . 99 . 99.
1927.1792.1724 . 99 . 99 . 99.1690.1792.1656 . 99 . 99 . 99.
1690.1690.1724 . 99 . 99 . 99.1791.1758.1960. 99. 99 . 99.
2637.2687.2890 . 99 . 99 . 99.2586.2282.2434.2484.2383.2484. 
2332.2434.2586 . 99 . 99 . 99.2332.2434.2434 . 99 . 99 . 99.
XX.X79.X79 . 99. 99. 99. 811. 852. 892. 99. 99. 99.
1927.1960.1994 . 99 . 99 . 99.2434 . 99 . 99. 99 . 99 . 99.
1927.1791.1859. 99 . 99 . 99.2332.23B3.2434. 99 . 99. 99.
2535.2839.2890 . 99 . 99 . 99.2535.2839.2991. 99 . 99. 99.
2535.2687.27X. 99. 99. 99.2282.2535.2535. 99. 99. 99.
2434.2535.2586. 99. 99. 99.21X.2231.2332. 99. 99. 99.
1622.1690.1690. 99. 99. 99.1859.1893.1960 . 99. 99. 99. 
1656.1758.1791. 99 . 99 . 99.2282.2434 . 99 . 99 . 99 . 99.
1927.1859. X X . 1690.1724.1724.1859.21X.I75B.1791.1893. 99. 
913. 852 . 953 . 99 . 99. 99.1386.I4X. 99. 99. 99. 99.

2434.2535.2637. 99. 99. 99.1622.1758.1791. 99 . 99. 99.
771. 811. 973. 99. 99 . 99.21X.1791. 99 . 99. 99. 99.

1X4.1352.1521. 99 . 99 . 99.1825.1859.1893. 99 . 99. 99.
1758.1893.1927. 99. 99 . 99. 99. 99 . 99. 99. 99. 99.
2434.2484.2586. 99. 99. 99.2332.2332.2434 . 99. 99. 99.
3093.3144.3194 . 99 . 99. 99.3042.3042.3144 . 99 . 99. 99.
2941.X39.3042. 99 . 99. 99.1690.1791.1825. 99. 99. 99.
2383.2434.27X. 99 . 99. 99.2434.25X. 99. 99 . 99. 99.
23B3.25X. 99 . 99 . 99. 99.XX.21X.2434. 99. 99. 99.
2586.2637.2687. 99 . 99 . 99.2332.2383.2484 . 99 . 99 . 99.
2332.2434.2484. 99. 99 . 99. 99. 99. 99 . 99 . 99 . 99.
2484.25X. 99. 99. 99 . 99.2332.2383.2434 . 99 . 99. 99.
2282.2383.2484 . 99. 99. 99.2332.25X. 2687. 99. 99. 99.
25X.2586.27X. 99. 99. 99.2332.2383.2586. 99. 99. 99.
X X .2062.2163. 99 . 99 . 99.1656.1690.1724. 99. 99. 99.
27X.27X.27B9. 99. 99. 99.2434.2484.25X. 99. 99. 99.
2434.2586.2637. 99. 99. 99.2X1.2383.2484. 99. 99. 99.
1876.1927.21X. 99. 99. 99.XX.X79.2332.1977.21X. 99.
2434.2484.2637. 99. 99. 99.2282. 99. 99. 99. 99. 99.
20X.21X.2X1. 99 . 99. 99.2332.2484.25X. 99. 99. 99.
2637.2687.2991. 99 . 99. 99.21X.2332.2383. 99. 99. 99.
1453.1453.1487. 99. 99. 99.16X.16TO.1724. 99. 99. 99.
X79.21X.2282. 99. 99 . 99.1791.1859.1893. 99. 99 . 99.
25X.2586.2637. 99 . 99. 99.2282.2637. 99. 99. 99. 99.
2282.2332.2434 . 99. 99. 99.2586.2637.27X. 99. 99. 99.
1251.1284.1217. 99. 99. 99.1521.1656.1690. 99 . 99. 99.
2687.27X.2789 . 99 . 99 . 99.2282.2484.2637. 99. 99. 99.
21X.2282.2332. 99. 99. 99.2434.2484.2586. 99. 99. 99.
2282.2332.2332. 99. 99. 99.2383.2484.25X. 99 . 99 . 99.
2434.25X. 99.2637. 99. 99 . 99. 99. 99. 99 . 99 . 99.
1217.1453.1555.1589.1656. 99 . 99 . 99. 99. 99. 99. 99.
25X.2637.2687. 99 . 99 . 99.2434.2484.2484 . 99 . 99. 99.
2332.2383.2434 . 99 . 99. 99.2282.2332.2434. 99. 99. 99.
2383.2484.2SX. 99. 99. 99.2434.2586.2789 . 99. 99 . 99.
25X.2637.27X. 99. 99. 99.3144.3245.3346. 99 . 99 . 99.
2434.2687.2789 . 99. 99 . 99.14X.1555.I656.1521.1555.1690.
2X1. 99 . 99. 99. 99. 99.20X.21X.2282. 99 . 99 . 99.

99 . 99 . 99. 99 . 99. 99.1332.1535.1589. 99. 99. 99.
2332.2383.2383. 99 . 99. 99.2X1.2X1.2282. 99. 99. 99.
25X.2586.2637. 99 . 99. 99.1927.1960.XX. 99. 99. 99.
14X. 1453.1521. 99. 99 . 99.1352.1352.1386. 99. 99. 99.
1453.1487.1521. 99. 99 . 99. 99. 99. 99 . 99. 99 . 99.
1293.1318.1369.1555.1589.16X.XX.X79.21X. 99. 99. 99. 
25X.25X.2637. 99 . 99. 99.2434.2484.2484 . 99. 99 . 99.
21X.2X1.2282. 99 . 99. 99.2434.2484.25X. 99 . 99. 99.
1589.1656.1656 . 99 . 99. 99.1859.1859.1893. 99 . 99. 99.
25X.2687.2BTO. 99. 99 . 99.X79.21X.21X. 99. 99. 99.
339.XTO.2941. 99. 99 . 99.2586.27X.2789 . 99 . 99. 99.
21X.21X.2X1.2X1.21X.21X.21X.21X.2332.2332.21X. 99. 
2X1.2332.2383. 99. 99. 99.1690.1724.1791. 99. 99 . 99.
X X .X X .21X . 99 . 99. 99.20X.X79.21X. 99. 99. 99.
2484.2637.2687 . 99 . 99 . 99.2535.2637. 99 . 99. 99. 99.
1622.1555.1656. 99. 99. 99.1690 . 99. 99. 99. 99. 99,
X79.21X.2332. 99. 99. 99.1690.1758.1825. 99 . 99. 99.
21X.2282.2332. 99 . 99. 99.21X.2282.2332. 99. 99. 99.
X79.21X.21X. 99. 99. 99.2332.2383.2434. 99. 99. 99.
XX.X X .21X . 99. 99. 99.1589.1656.1724. 99. 99. 99.
2231.2282.2332. 99. 99. 99.2586.2738. 99. 99. 99. 99.
1352.1386.1453. 99. 99. 99.1589.1656.1690. 99. 99. 99.
1690.1724.1893. 99 . 99 . 99 . 99 . 99 . 99 . 99 . 99 . 99.
2332.2383.2434 . 99. 99. 99.2484.25X.2586. 99. 99. 99.
55B. 558. 541. 99. 99 . 99.2332.2434.2484. 99. 99. 99.

20X.X79.21X. 99. 99. 99.X79.21X.2231. 99. 99. 99.
XX.21X. 99. 99. 99. 99.1690 . 99. 99. 99. 99 . 99.
1758.1758.1791. 99. 99. 99.2282.2332.2484 . 99. 99. 99.
21X.2282.2332. 99. 99. 99.1758.1893. 99. 99. 99. 99.
2282.2332.2383. 99. 99. 99.2089.21X.2282. 99. 99. 99.
2282.2383.2434 . 99. 99. 99.1622.1622.1656. 99. 99 . 99.
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122. Jl3ia.1344.1445. 99. 99. 991 99. 99. 99. 99. 99 99. 1 ”• 99 99. 99. 99. 99] 99. 99. 99. 99. 99. 99. 1352.1453.1487. 99, 99. 991 99. 99. 99. 99. 99 99.

123. 1960.2028.2096. 99. 99. 99ll825.1994.2062. 99. 99 99. • 99. 99 99. 99. 99. 99J 99. 99. 99. 99. 99. 99. 642. 642 . 726 99 99. 9 9 .2 in .2282.2332 99. 99. 99.

124. 2383.2434.2738. 99. 99. 99.2434.2535. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2332.2383.2434 99 99 99.2X1.2282.2332 99 99 99.

127. 3042.3144.3346. 99. 99. 99.X4I.X45.3X6. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 3296.3397.3498 99 99 99.2839.2890.2890 99 19 99.

127. 2484.2586.2789. 99. 99. 99.2282.2434.2535. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2434.2535.2687 99. 99. 99.2X1.2383.2434. 99. 99. 99.
130. 2484.2434.2535. 99. 99. 99.2180. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2in.2282. 99. 99. 99. 99.2332.2434 . 99. 99. 99. 99.
131. 2535.2941.3093. 99. 99. 99.2839.2941.2941. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2789.2890.3042. 99. 99. 99.2332.2434.2484. 99. 99. 99.
132. 1136.1115.1156. 99. 99. 99.2028.2180.2231. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1166.1217.1217. 99. 99. 99.1521.1555.1589. 99. 99. 99.
133. 2062.2096.2231. 99. 99. 99.2163.2163.2196. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2m . 2m . 2332. 99. 99. 99.1555.1589.1656. 99. 99. 99.
134. 99 . 99. 99. 99. 99. 99.2383.2434.2535. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99 99. 99. 99.1876.1977.X79. 20X. 20X. 99.
136. 1200.1217.1234.1055.1116.1116.1758.1960.1994. 1791. 1893 1927. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1386.14X. 1487. 99. 99. 99.1090.1115.1141. 99. 99. 99.
137. 2383.2434.2535. 99. 99. 99.2535.2586.2687. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99.I724.17X.1791. 99. 99. 99.
138. 2586.2687.2890. 99. 99. 99.2484.2535.2687. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2484.2484.2535. 99. 99. 99.2282. 99. 99. 99. 99. 99.
139. 1099.1115.1234. 99. 99. 99.2231.2332.2484. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 14X.14X.1453. 99. 99. 99.2434.2484.25X. 99. 99. 99.
140. 2434.2484. 99. 99. 99. 99. 99. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 21X.XX.2282. 99. 99. 99.2484.25X.25X. 99. 99. 99.
141. 2180.2231.2434. 99. 99. 99.2282.2332.2535. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2231.2282.2332. 99. 99. 99.2in.2X1.2282. 99. 99. 99.
142. 2180.2282. 99. 99. 99. 99. 99. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. X 7 9 .2 in .2 in . 99. 99. 9 9 .2 in .2 X I.2282. 99. 99. 99.
143. 2535.2687.2738. 99. 99. 99.2839.2941.3144. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2535.2789.2839. 99. 99. 99.2B39.2941.2991. 99. 99. 99.
144. 2282.2484.2535. 99. 99. 99.1352.1420. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2282.2332.2383. 99. 99. 99.1386.14X. 99. 99. 99. 99.
145.. 2383.2434.2535. 99. 99. 99. 99. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2282.2383.2434. 99. 99. 99. 659. 676. 693. 99. 99. 99.
146. 3042.3093.3397. 99. 99. 99.2941.3093.3245. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2941.2941.2991. 99. 99. 99.2586.2687.Z7X. 99. 99. 99.
147. 2535.2890.2991. 99. 99. 99.2941.3093.3194. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 3144.3194.3194. 99. 99. 99.27X.Z789.2890. 99. 99. 99.
148. 2130.2282.2383. 99. 99. 99.2637.2687.2687. 99. 99 99. 99. 99 .99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2383.2484.2535. 99. 99. 99.2282.2332.2383. 99. 99. 99.
149. 2941.2991.3042. 99. 99. 99.2941.3144.3194. 99. 99 99. 99. 99 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 1555.1589.1656. 99. 99. 99.27X. 2839.2890. 99. 99. 99.
150. 2434.2637.2687. 99. 99. 99. 99. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2332.2383.2434. 99. 99. 99. 99. 99. 99. 99. 99. 99.
152. 2839.2839.2B90. 99. 99. 99.3042.3093.3144. 99. 99 99. 99. 99 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 2535.2738.2789. 99. 99. 99.2991.3042.3194. 99. 99. 99.
153. 1994.2028.2163. 99. 99. 99.2130.2383.2484. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 727. 761. 795. 99. 99. 99.1656.1724.1758. 99. 99. 99.
155. 2130.2231.2332. 99. 99. 99.21X.2130.2231. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X.X79.21X. 99. 99. 99. ?X . 761. 963. 99. 99. 99.
158. 2180.2282.2282. 99. 99. 99. 99. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1521.1555.1589. 99. 99. 99. 99. 99. 99. 99. 99. 99.
t59. 2180.2282.2484. 99. 99. 99.21X.2383.2434. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. x x . 21x . 21n . 99. 99. 99 .21X .2 in .2X t. 99. 99. 99.
160. 2535.2586.2637. 99. 99. 99.2434.2484.2637. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 21X.2231.2282. 99. 99. 99.25X.2637.2637. 99. 99. 99.
161. 1825.1960.1994. 99. 99. 99.1670.1791.1825. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1758.1825.1825. 99. 99. 99.1690.1724.1791. 99. 99. 99.
162. 2738.2789.2890. 99. 99. 99.2533.2586.2687. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2B90.2941.2991. 99. 99. 99.2383.2434.2484. 99. 99. 99.
163. 2383. 99. 99. 99. 99. 99.2in.2383. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X.2OX.2in. 99. 99. 99.X79.2m.2282. 99. 99. 99.
164. 771. 730. 837. 938. 99. 99. 811. 872. 913. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 676. 693. 726. 99. 99. 99. 541. 558. 575. 99. 99. 99.
167. 2637.2781.2890. 99. 99. 99.2484.2586.2738. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2in.2231.2282. 99. 99. 99.2X1.2332.2332. 99. 99. 99.
168. 2535.2586.2687. 99. 99. 99.2282.2484.2586. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1352.14X. 1656. 1690. 99. 99.2332.2383.2434. 99. 99. 99.
169. 2637.2687.2839. 99. 99. 99.2586.2738.2789. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 27X.2839.X4I. 99. 99. 99.2332.2383.2484. 99. 99. 99.
170. 1420.1521.1589. 99. 99. 99. 761. 718. 804. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1141.1217.1242. 99. 99. 99. 591. 626. 626. 99. 99. 99.
172. 2383.2535.2637. .99. 99. 99.2484.2637.2687. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2484.2535.2586. 99. 99. 99. 1977. x a . 21n . 99. 19. 99.
173. 2839.2890.2941. 99. 99. 99.21X.2in.2383. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 28X.Z789.27X. 99. 99. 99.21X.2282.2332. 99. 19. 99.
174. 2434.2484.2535. 99. 99. 99.1622.1758.1825. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X.X79.21X. 99. 99. 99.1589.1521.1487. X . 19. 99.
175. 2535.2637.2738. 99. 99. 99.2434.2484.2535. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2434.2484.25X. 99. 99. 99.21X. 99. 99. 99. 99. 99.
176. 963.1065.1090. 99. 99. 99.X28.2383.2434. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1352.14X. 99. 99. 99. 99.1589.1589.1622. 99. 99. 99.
177. 1690.1791.1825. 99. 99. 99.202B. 2079.2079. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1758.1825.1825. 99. 99. 99.1690.1758. 99. 99. 99. 99.
178. 2434.2535.2738. 99. 99. 99.2535.2789.2839. 99. 99 99. 99. 99 99. 99. 99, 99. 99. 99. 99. 99. 99. 99. 2231.2383.2434. 99. 99. 99.2383.2383.2434. 99. 99. 19.
179. 2130.2180.2282. 99. 99. 99.2282.2332.2434. 99. 99 99. 99. 99 99. 99. 99, 99. 99. 99. 99. 99. 99. 99. 21X .2 in .223l. 99. 99. 99.1690.1724.1791. 99. 99. 99.
180. 1690.1859.1893. 99. 99. 99.1724.1859.1977. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1521.1589. 99. 99. 99. 99.1453.15X. 99. 99. 99. 99.
181. 2434.2586.2789. 99. 99. 99.2434.2484.2637. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1622.1521.1555. 99. 99. 99.1977.20X.20a. 99. 99. 99.
186. 2282.2332.2484. 99. 99. 99.2282.2434.2434. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X.20X. 99. 99. 99. 99.X79, 99. 99. 99. 99. 99.
187. 2332.2383.2434. 99. 99. 99.2282.2332.2434. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2484.2484.25X. 99. 99. 99.2X1.2282.2332. 99. 99. 99.
188. 2637.2738.2789. 99. 99. 99.2535.2586.2738. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99, 99. 27X.Z789.2839. 99. 99. 99.2484.2586.2637. 99. 99. 99.
189. 2028.1622.1791. 99. 99. 99.1555.1622.1656. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2 in .20X .X 79. 99. 99. 99.1521.1589.1622. 99. 99. 99.
190. 2B90.2941,2991, 99. 99. 99.2839.2890.2941. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2839.2941.2991. 99. 99. 99.2839.2890.2991. 99. 99. 99.
191. 2434.2484.2535. 99. 99. 99.2332.2484.2687. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2231.2282.2332. 99. 99. 99.2687.27X.27X. 99. 99. 99.
192. 2434.2484.2535. 99. 99. 99.1487.1690.1724. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2 in .2X l.2332. 99. 99. 99.1487.1555.16X. 99. 99. 99.
193. 2028.2180.2332. 99. 99. 99.21X.2231.2282. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1589.1690.1724. 99. 99. 99. x a . 21x . 21n . 99. 99. 99.
194. 1217.1487.1521. 99. 99. 99.1284.1487.1555. 99. 99 99. 99. 99 99. 99, 99, 99. 99. 99. 99. 99. 99. 99. 1318.1352.1386. 99. 99. 99.1141.1192.1217. 99. 99. 99.
196. 2231.2383.2434. 99. 99. 99.2231.2282.2383. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1487.1589.1622. 99. 99. 99.X79.21X.2282. 99. 99. 99.
200. 2079.2130.2180. 99. 99. 99. 99. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1977.20X.2in. 99. 99. 99.X79.21X.2X1. 99. 99. 99.
202. 1977.2130. 99. 99. 99. 99. 99. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. X79.2in.2282. 99. 99. 99.2X1.2282.2282. 99. 99. 99.
203. 2484.2535.2586. 99. 99. 99.2434.2484.2535. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X.21X.2X1. 99. 99. 99.2687.27X.2839. 99. 99. 99.
204. 2282.2332.2434. 99. 99. 99.21X.2231.2282. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2332.2332.2484. 99. 99. 99 .2 1 X .2 in .2 X l. 99. 99. 99.
205. 99 . 99. 99. 99. 99. 99. 608. 676. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99 . 99. 99. 99. 99. 99. 574 . 99. 99. 99. 99. 99.
209. 2332.2383.2484. 99. 99. 99.2535.2738.2991. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2434.2535.2586. 99. 99. 99.2332.2484.2484. 99. 99. 99.
211. 2637.2637.2687. 99. 99. 99.2332.2434.2484. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2 in.2X l.Z282. 99. 99. 9 9 .21X .2 in .2X l. 99. 99. 99.
213. 2130.2130.2231. 99. 99. 99.X 3.X 79.21X . 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X.X79.21X. 99. 99. 99 .X 7 9 .2 in .2 X l. 99. 99. 99.
214. 2282.2434.2484. 99. 99. 99.2535.2738.X39. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2282.2282*2383. 99. 99. 99.2X1.2282.2332. 99. 99. 99.
217. 2484.2535.2586. 99. 99. 99.21X.2in.2231. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2434.2586.2586. 99. 99. 99. 99. 99. 99. 99. 99. 99.
218. 2130.2130.2180. 99. 99. 99.X79.21X.2282. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2282.2282.2332. 99. 99. 99.2282.2383.2434. 99. 19. 99.
219. 2434.2130.2484. 99. 99. 99.2 in .2282.2383. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. X79.21X .2X I. 99. 99. 99.16X.1690.1724. 99. 19. 99.
220. 1927 . 99. 99. 99. 99. 99.1977.X79. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1Z54.12B4. 99. 99. 99. 99.20a . x 79.21n . 99. 99. 99.
221. 1656.1791.1758. 99. 99. 99.1622. 99. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1656.1724.1758. 99. 99. 99. 99. 99. 99. 99. 99. 99.
22 . 2282.2332.2434. 99. 99. 99.2332.2383.2484. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X.X79.21X. 99. 99. 99.23X.23X.2484. 99. 99. 99.
223. 2028.2130.2231. 99. 99. 99.20a . 20a . 21n . 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2282.2332.2383. 99. 99. 99.1487.1533.1589. 99. 99. 19.224. 1927.2028.2130. 99. 99. 99.1352.1521.1589. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 14X. 1487.1521. 99. 99. 99.20X.20X.2079. 99. 99. 99.226. 2535.2687.2839. 99. 99. 99.2434.2535.2586. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99.2637.26X. 2687. 99. 99. 19.227. 2130.2180.2231. 99. 99. 99.2231.2282.2332. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X .2 in .21X . 99. 99. 99.2in .X79.21X . 99. 99. 99.229. 2130.2231. 99. 99. 99. 99.X79.2in.2231. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2282.2332.2434. 99. 99. 9 9 .2 in .2X l.23X . 99. 99. 99.22). 2180.2434.2535. 99. 99. 99.2535.2586.2637. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2X1.2282.2332. 99. 99. 99.2434.2484.2333. 99. 99. 99.230. 2180.2282.2332. 99. 99. 99.2231.2282.2282. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2434.2484.2586. 99. 99. 99.2383.2434.2484. 99. 99. 99.231. 1363.2332.2180. 99. 99. 99.1977.XX.21X. 2X0. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 21n . 2x 1.2x 1. 99. 99. 9 9 .X 7 9 .X X .2 m . 99. 99. 99.
232. 2231.2383.2535. 99. 99. 99.2282.2535.2687. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2363.2383.2484. 99. 99. 99.1352.14X.1453. 99. 99. 99.
234. 2738.2789.2890. 99. 99. 99.2231.2434. 99. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2535.2637.27X. 99. 99. 99.20X.XX.X79. 99. 99. 99.
235. 2130.2231.2282. 99. 99. 99.2282.2434.2484. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99 . 2231.2231.2282. 99. 99. 99.1318.1352.1386. 99. 99. 99.
236. 2282.2535.2637. 99. 99. 99.2231.2383.2484. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. X79.2in.2383. 99. 99. 99.23X.2434.2434. 99. 99. 99.
237. 2130.2180.2282. 99. 99. 99.21X.2in.2332. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1690.1758.1859. 99. 99. 99.23X.X83.2484. 99. 99. 99.
239. 2484.2535.2637. 99. 99. 99.2282.2332.2434. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. X 7 9 .2 in .2 X l. 99. 99. 99.1352.1386.1386. 99. 19. 99.
240. 2028.2231.2282. 99. 99. 99.1927.X79.2in. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 203.2062.2096. 99. 99. 99.20a . 21n . 2x 1. 99. 99. 99.
241. 1690.1758.1927. 99. 99. 99.2231.2332.2434. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 690.17X.1825. 99. 99. 99.20X.X79.21X. 99. 19. 99.
242. 2332.2434.2434. 99. 99. 99.2231.2484.2535. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2231.2282.2332. 99. 99. 99.2X1.23X.23X. 99. 91. 99.
243. 2130.2231.2282. 99. 99. 99.2231.2X2.2332. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2231.2282.2282. 99. 99. 99.20B.20B.X79. 99. 99. 99.
244. 2231.2282.2535. 99. 99. 99.2282.2383.2586. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2434.2484.2535. 99. 99. 99.1555.16X. 1690. 99. 99. 99.
245. 2130.2231.232. 99. 99. 99.X79.21X .2 in . 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 20X.20X.X79. 99. 99. 99.1X4.1791.1859. 99. 99. 99.
246. 2637.2687.2738. 99. 99. 99.20X.2282.2383. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2789.2B39.294l. 99. 99. 99.2X1.2X1.Z282. 99. 99. 99.
247. 2789.2839.2941. 99. 99. 99.2535.2637.2738. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2687.2738.2839. 99. 99. 99.2890.X41.2941. 99. 99. 99.
253. 21B0.2332.2434. 99. 99. 99.2231.2282.2332. 99. 99 99. 99. 99 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2 0 a .2 in .2 in . 99. 99. 99.2m . 2282.2282. 99. 99. 99.
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254. 2941.3245.3144. 99. 99. 99.2991.3042.3042. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 3144.3245.3346. 99. 99. 99.2484.2535.2586. 99. 99. 99.
254. 2028.2332.2383. 99. 99. 99.1890.1758.1859. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1658.1724.1758. 99. 99. 99.1977.2079.2130. 99. 99. 99.
258. 1890.1724.1758. 99. 99. 99.2130.2180.2282. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1890.1758.1758. 99. 99. 99.2028.2079.2130. 99. 99. 99.
281. 1927.1977.202B. 99. 99. 99.2180.2282.2383. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1791.1825.1859. 99. 99. 99.2028.2130.2231. 99. 99. 99.
282. 2434.2484.2535. 99. 99. 99.2333.2535.2887. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2434.2484.2586. 99. 99. 99.2637.2687.2687. 99. 99. 99.
283. 2434.2484.2535. 99. 99. 99.2484.2887.2789. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2887.2789. 99. 99. 99. 99.1014.1115. 99. 99. 99. 99.
284. 2535.2588.2837. 99. 99. 99.1014.1090.1141. 99. 99. 99, 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2383.2434.2434. 99. 99. 99.1166.1192.1293. 99. 99. 99.
288. 2941.2991.2991. 99. 99. 99.2839.2941.2991. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2484.2535.2687. 99. 99. 99.2079.2130.2180. 99. 99. 99.
287. 2837.2887.2789. 99. 99. 99.2535.2588.2588. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2535.2637.2637. 99. 99. 99.2484.2535 . 99. 99. 99. 99.
288. 2484.2535.2837. 99. 99. 99.2789.2890.2941. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2738.2839.2941. 99. 99. 99.2789.2941.2991. 99. 99. 99.
270. 1589.1822.1724. 99. 99. 99.2383.2484.2484. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1521.1521.1555. 99. 99. 99.2079.2180.2231. 99. 99. 99.
271. 2837.2738.2839. 99. 99. 99.2484.2535.2588. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2887.2887.2738. 99. 99. 99.2535.2332.2383. 99. 99. 99.
272. 2383.2434.2535. 99. 99. 99.2028.22B2.2484.2535. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2028.2130.2130. 99. 99. 99.2282.2332.2484. 99. 99. 99.
273. 2383.2383.2434. 99. 99. 99.2484.2535.2588. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2028.2079.2130. 99. 99. 99.2028.2180.2231. 99. 99. 99.
274. 2535.2535.2837. 99. 99. 99.2434.2484.2484. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2837.2839.2789. 99. 99. 99.2535.2586.2586. 99. 99. 99.
275. 2484.2484.2535. 99. 99. 99.2231.2282.2383. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2231.2332.2383.2231.2282.2332.2079.2028.2231. 99. 99. 99.
278. 1791.1825.1859. 99. 99. 99.1791.1825.1893. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1555.1822.1856. 99. 99. 99.1690.1758.1791. 99. 99. 99.
277. 2282.2383.2434. 99. 99. 99.3144.3245.3298. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99.2637.2839.2791. 99. 99. 99.
278. 1859.1927. 99. 99. 99. 99.2028.2079. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2028.2130.2180. 99. 99. 99.1977.2028. 99. 99. 99. 99.
277. 2231.2282.2282. 99. 99. 99.2282.2332.2332. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2282.2383.2434. 99. 99. 99.23B3.2434.2484. 99. 99. 99.
280. 2079.2130.2130. 99. 99. 99.1893.1927.1980. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2028.1977.2130. 99. 99. 99.1453.1453.1589. 99. 99. 99.
283. 1555.1822.1858. 99. 99. 99.1822.1825.1859. 1822.:1856. 1859. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2028.2130.2130. 99. 99. 99.2028.2079.2180. 99. 99. 99.
284. 2180.2180.2332. 99. 99. 99.2332.2434.2535. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2180.2332. 99. 99. 99. 99.13B6.1420.1453. 99. 99. 99.
285. 2231.2282.2383. 99. 99. 99.2332.2434.2484. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2028.2180.1656. 99. 99. 99.2282.2434.2484. 99. 99. 99.
288. 828 . 845. 890. 99. 99. 99.2535.2535.2586. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 811. 845. 879. 99. 99. 99.2130.2130.21 BO. 99. 99. 99.
287. 1893.1927.1994. 99. 99. 99.2130.2180.2282. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1977.2028.2028. 99. 99. 99.2079.2130.2231. 99. 99. 99.
289. 1890.1758.1858. 1890. 1791. 99.1890.1724.1758. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1014.1090.1141. 1014. 1141. 1217.1521.1673.1749. 99. 99. 99.
291. 1344.1389.1420. 99. 99. 99.1293.1318.1344. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 989.1014.1065. 1090.1141.1217.1521.1420.1318. 99. 99. 99.
292. 2434.2484.2535. 99. 99. 99.2231.2282.2332. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2282.2383.2434. 99. 99. 99.2028.2079.2231. 99. 99. 99.
293. 2484.2535.2588. 99. 99. 99.1521.1555. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 202B.21M.2I80. 99. 99. 99.1352.1420.1487. 99. 99. 99.
294. 2282.2332.2383. 99. 99. 99.2332.2434.2434. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2231.2282.2332. 99. 99. 99.2282.2332.2383. 99. 99. 99.
295. 2028.2028.2079. 99. 99. 99.2028.2079.2130. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1192.1192.1242. 99. 99, 99.2028.2130.2180. 99. 99. 99.
301. 2079.2130.2180. 99. 99. 99.2130.2180.2180. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2079.223J.2231. 99. 99. 99.2028.2079.2180. 99. 99. 99.
302. 2332.2434.2484. 99. 99. 99.2231.2231.2332. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2434.2484.2535. 99. 99. 99.2180.2180.2282. 99. 99. 99.
303. 1825.1859.1927. 99. 99. 99.2079.21M.2231. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2130.2180.2282. 99. 99. 99.2028.2079.2130. 99. 99. 99.
304. 2231.2282.2282. 99. 99. 99.2282.2332.2383. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2484.2535.2586. 99. 99. 99.2282.2332.2332. 99. 99. 99.
305. 2231.2282.2383. 99. 99. 99.2434.2434.2484. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2231.2282.2332. 99. 99. 99.2535.2586.2738. 99. 99. 99.
308. 1893.1980.1994. 99. 99. 99.1927.1980. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2028.2079.2130. 99. 99. 99.1386.1420.1487. 99. 99. 99.
307. 2231.2282.2282. 99. 99. 99.2282.2332.2383. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 2231.2231.2383. 99. 99. 99.2332.2383.2383. 99. 99. 99.
308. 1521.1589. 99. 99. 99. 99.1453.1555. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1487.1521.1622. 99. 99. 99.1521.1656.1690. 99. 99. 99.
309. 2231.2282.2332. 99. 99. 99 . 99 . 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1192.1268.1293. 99. 99. 99.2282.2180.2332. 99. 99. 99.
310. 1521.1555.1822. 99. 99. 99.1977.2028.2028. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 99. 1555.1589.1656. 99. 99. 99.2130.2130.2180. 99. 99. 99.


