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ABSTRACT
The cornea is the transparent structure forming the anterior eye. Principal functions include:
transmitting and focusing light onto the retina, containing intraocular pressure, and providing a
protective interface with the environment. The specialized microstructural organization of the cornea
is key to these functions and maintenance of corneal integrity.

In vivo confocal microscopy enables examination of the living human cornea at the microstructural
level. This technique, in combination with computerized topography, corneal aesthesiometry and
other clinical assessments has been utilized in a series of inter-related studies of the human
cornea.

Both slit scanning and laser scanning in vivo confocal microscopes were used and the attributes
and performance of the two types of microscope were compared, demonstrating marked
differences.

Quantitative analysis of the sub-basal nerve plexus in the normal cornea and the inherited ectatic
condition of keratoconus was correlated with central corneal sensitivity, revealing that nerve density
does not change with increasing age and that nerve density is positively correlated with corneal
sensitivity. However, in keratoconus, central corneal sensation, sub-basal nerve density, and basal
epithelial density are all significantly lower than normal.

A novel technique developed to map the corneal sub-basal nerve plexus enabled elucidation of the
previously enigmatic architecture, revealing an overall radial pattern with a clockwise whorl at the
area of convergence, inferior to the corneal apex. Keratoconic corneas demonstrated gross
abnormalities of the nerve plexus even in mild cases. A two-dimensional reconstruction of the
inferior limbus was also produced using this method.

III

Analysis of the corneal endothelium in posterior polymorphous dystrophy revealed that endothelial
density does not correlate with the clinical severity of this dystrophy. Key observations included
hyper-reflective endothelial nuclei and apparent aggregation of keratocytes around the endothelial
lesions. Investigation of hyper-reflective corneal endothelial nuclei per se, revealed that these are
not seen in the normal cornea but are associated with endothelial trauma, intraocular surgery or
disease states that primarily affect the endothelium.

In conclusion, using in vivo confocal microscopy, these studies have provided important qualitative
and quantitative data that add to our knowledge of the human cornea, at the microstructural level, in
health and disease states.
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1.1 MACROSCOPIC CORNEAL ANATOMY

The cornea is the transparent avascular structure at the anterior part of the eye (Fig 1.1). The
surface area of this structure is approximately 1.3 cm2, forming one-sixth of the surface area of
the globe.1

Figure 1.1. The gross anatomy of the human eye.

On its anterior surface, the normal mean corneal diameter is 11.7 mm horizontally2 and 10.6mm
vertically, giving an elliptical appearance. On its posterior aspect, the cornea is circular with a
diameter of 11.7 mm.1The cornea is thinnest centrally and gradually increases in thickness
towards the periphery, with mean values of 0.52mm and 0.67mm respectively.1 In its central
third, termed the optical zone, the mean radius of curvature of the anterior surface is 7.8mm and
that of the posterior surface is 6.5mm.1 This almost spherical region gives way to peripheral
flattening, giving the cornea a prolate contour.3

The cornea’s principal functions are to transmit and focus light onto the retina, to contain
intraocular pressure, and provide a protective interface with the environment. These functions
are provided by the specialized structural organisation of the cornea.1
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MICROSCOPIC CORNEAL ANATOMY
The normal cornea consists of five distinct layers (Fig 1.2).

Figure 1.2. A histological cross section of the normal human cornea demonstrating
the five layers.
1.2 Corneal epithelium
The corneal surface is covered by a non-keratinizing stratified squamous epithelium. In the
central cornea, this layer is 38-53 µm thick,4 and is arranged in approximately five layers of
cells.5

Superficial epithelium
Superficial epithelial cells are 40-60 µm in diameter and 4-6 µm thick.6 Surface microvilli or
microplicae on these cells are thought to serve a physical function in stabilising the deep
precorneal tear film.7 Adjacent cells are connected circumferentially by desmosomes and tight
junctions, giving the epithelium the properties of a semipermeable membrane.1 This gives the
surface epithelium its barrier function against invasion by pathogens, and to excess uptake of
fluid into the stroma.8 Corneal epithelial permeability increases with age, rendering the cornea
more susceptible to infections.9

Wing cells
Wing cells, named for their characteristic wing shaped processes, form 1-3 layers of cells in an
intermediate state of differentiation.8 These cells lie between the basal and superficial
epithelium.
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Basal epithelium

The basal epithelial cells form the germinative layer of the corneal epithelium. They are
columnar cells 18-20 µm in height and 8-10 µm in diameter6 and are attached to each other by
desmosomes.

The basal epithelial cells secrete, and rest upon, a delicate basement membrane 40-60nm
thick.8 The electron microscopic structure of the basal lamina consists of an anterior clear zone,
the lamina lucida, and a posterior dense zone, the lamina densa.6 Attachment of the basal
epithelial cells to the basement membrane is mediated by hemidesmosomes.

The corneal epithelium is maintained by the equilibrium between cell loss by shedding of
surface epithelium, and cell replacement by proliferation of basal epithelial cells and centripetal
movement of peripheral cells.10 The mitotic rate of basal epithelial cells is approximately 10-15%
per day and these cells migrate centripetally at a velocity of approximately 123 µm per week.8
Therfore, basal epithelial cells migrate from the limbus to the central cornea over a period of
approximately a year.1 The corneal epithelium turns over approximately every 7 to 14 days by
division of basal epithelial cells and sloughing the surface epithelial cells into the tear film.6, 11

The corneal epithelium consumes oxygen at a rate 10 times faster than the corneal stroma
does.8 Oxygen is predominantly derived from the atmosphere and when oxygen uptake is
interrupted, mild swelling of the cornea, particularly of the epithelium, results.12

The cornea obtains most of its energy requirements through the metabolism of glucose. Ninety
percent of glucose consumption by the cornea occurs in the epithelium. Glucose is metabolised
by glycolysis and oxidation through the tricarboxylic acid cycle, and by the hexose
monophosphate shunt under both hypoxic and normoxic conditions.12 The aqueous humour is
the most important source of glucose for the corneal epithelium,13, 14 although glucose can be
derived from the large glycogen stores within these cells.8
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1.3 Bowman’s layer
Bowman’s layer is an acellular modified lamella of the stroma, 10 to 16 µm thick, consisting of
randomly oriented, tightly packed collagen fibrils.5 The fibrils of Bowman’s layer are half to twothirds as thick as the fibrils that comprise the underlying stroma, and are composed primarily of
collagen types I, III, and V.15 In the posterior region of this layer, the fibrils become progressively
more orderly in their orientation, blending and interweaving with anterior stromal fibrils.1
Bowman’s layer does not regenerate following injury.6

1.4 Corneal stroma
The corneal stroma constitutes approximately 90% of the total corneal volume and is normally
78% hydrated.12

The human corneal stroma exhibits a layered structure comprising over 200 lamellae through its
central thickness and approximately 500 lamellae peripherally. The lamellae run parallel with
the corneal surface and are angled at less than 90° in the anterior stroma and nearly
orthogonally in the posterior stroma.6 Each layer consists of collagen fibrils embedded in a
hydrated matrix rich in proteoglycans, glycoproteins, salts and keratocytes.16

On transmission electron microscopy, corneal collagen fibrils are regular in diameter (25-33nm)
at all corneal locations and depths and are not significantly altered by aging.17, 18 The centre to
centre spacing of collagen fibrils is 57nm in the central cornea and 62nm at the edge of the
corneal limbus. The density of fibrils is 1.12 times greater in the posterior stroma compared to
the anterior stroma in the central cornea.18

Corneal fibrils are mainly composed of type I collagen. Additionaly, collagen types III, V, VI, XII
and XIV have all been detected in the corneal stroma.17

The human cornea contains as many as 2.0-3.5 million keratocytes that occupy as much as 917% of the total stromal volume. Each keratocyte is flat (approximately 1µm thick) with
numerous cell processes up to 50µm long that extend in many directions running parallel to the
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corneal surface.19 These stellate processes frequently make contact with those of other
keratocytes in the same horizontal plane, although antero-posterior connections between
keratocytes in adjacent planes do not occur.1

Keratocytes are responsible for the synthesis of collagen, proteoglycans and structural
glycoproteins.5 Proteoglycans constitute most of the ground substance material. These include
keratin sulphate, chondroitin, chondroitin sulphate, and dermatan sulphate.
It has been postulated that proteoglycans are responsible for maintaining the relative positions
of collagen fibrils, and restricting fibril growth.18

Despite the presence of light scattering elements such as cells, collagen, and ground
substance, the cornea transmits 99% of incident light.20 Maurice postulated that corneal
transparency is the result of the regular arrangement of collagen fibrils, suggesting that
scattered light undergoes destructive interference.20 This theory required collagen fibrils to be
equal in diameter and arranged in a perfect lattice, with fibrils equidistant from each other.
However, studies using electron microscopy and X-ray diffraction failed to demonstrate such
long-range order. Instead, order extends to, at the most, three fibril diameters (approximately
200nm).18 However, this short range order is sufficient to explain the observed degree of
transparency of the normal cornea.21

1.5 Descemet’s membrane
Descemet’s membrane is the basement membrane of the corneal endothelium and is
predominantly composed of Type IV collagen.5

Electron microscopy has revealed that this structure is laminated, consisting of 2 distinct layers.
The anterior banded layer makes up one-third of Descemet’s membrane and corresponds to the
layer produced during fetal life. It consists of fine collagen fibrils arranged in a vertically banded
pattern (with 100-110nm spacing).5 Tangential sections of this layer reveal a hexagonal pattern
as collagen fibres are observed end on.22
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The posterior non-banded layer makes up the remaining two-thirds of Descemet’s membrane
and corresponds to the sections secreted after birth. It consists of homogenous fibrillogranular
material and it is this layer that thickens with age. This indicates continued formation of the
posterior non-banded layer throughout life, without apparent destruction of any previously
formed basement membrane.22

1.6 Corneal endothelium
The posterior surface of the cornea is lined by a single layer of flattened endothelial cells. These
cells are hexagonal en face and cuboidal in cross-section being approximately 4-6 µm thick and
20 µm in diameter.23 Each cell has a centrally located, oval shaped, nucleus that is
approximately 7 µm in diameter.

The anterior cell membrane lies in contact with Descemet’s membrane and is attached to it by
modified desmosomes.1 Adjacent cells form complex interdigitations with each other and are
bound together by cell junctions and junctional complexes.24, 25The posterior cell membrane
exhibits multiple microvilli, whose function is unknown.25

During adulthood, endothelial cell density decreases at a rate of approximately 0.6% a year.26
The causes of endothelial loss with time have not yet been elucidated, although a role for
apoptosis and/or necrosis caused by light induced oxidative damage has been suggested.25
There is ample evidence to indicate that endothelial cells do not replicate throughout the normal
lifespan.25

Increasing age is also associated with increased endothelial polymegathism (increased
coefficient of variation of cell area)26, 27 and increased cellular pleomorphism (decreased
percentage of hexagonal cells).26

The corneal endothelial cells are the most metabolically active cells in the cornea.6 Oxygen and
essential nutrients such as glucose and amino acids are supplied by the aqueous humour.
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The corneal endothelium is important in the prevention of stromal swelling, maintaining a
relative state of deturgescence. This is achieved by the barrier and pump functions of these
cells.

The barrier properties are attributed to the interdigitating intercellular space.1, 25 However,
compared to the corneal epithelium the corneal endothelium is relatively “leaky” due to the
absence of physiologically functional tight junctions.1 Paracellular percolation of aqueous
humour into the cornea is permitted but bulk fluid flow is prevented.25 This leakage serves a vital
function, providing the avascular cornea with nutrients such as glucose and amino acids.8 Loss
of the endothelial barrier results in corneal swelling at a rate of 127 µm per hour.23
Excess stromal fluid is removed by the activity of Na+/K+-ATPase and bicarbonate dependent
Mg2+-ATPase ionic pumps located on the lateral cell membranes. The ionic gradients produced
by these pumps facilitates passive fluid flow out of the stroma and into the aqueous humour.25
Inhibition of the metabolic pump results in corneal swelling at a rate of 33 µm per hour.23

1.7 The limbus
The limbus, the junction between the cornea and sclera, is approximately 1.5 mm wide in the
horizontal plane and 2.0 mm in the vertical plane. The limbus may be subdivided into two
anatomical zones: the corneal limbus and the scleral limbus.

The corneal limbus is demarcated by a line joining the termination of Bowman’s layer and the
termination of Descemet’s membrane. The scleral limbus is less clearly defined by a line
perpendicular to the surface, passing through the scleral spur.1
There is a large body of clinical and laboratory evidence to suggest that the corneo-scleral
limbus provides the niche for corneal epithelial stem cells. This self-renewing population of cells
plays a crucial role in the maintenance of corneal epithelial integrity.28

9

Section I

Chapter 1

REFERENCES

1.

Bron AJ, Tripathi RC, Tripathi BJ. The cornea and sclera. In: Wolff's anatomy of the eye
and orbit, 8th ed. London: Chapman and Hall, 1997.

2.

Rufer F, Schroder A, Erb C. White-to-white corneal diameter: normal values in healthy
humans obtained with the Orbscan II topography system. Cornea 2005;24(3):259-61.

3.

Mandell RB. Everett Kinsey Lecture. The enigma of the corneal contour. CLAO Journal
1992;18(4):267-73.

4.

Prydal JI, Kerr Muir MG, Dilly PN, et al. Confocal microscopy using oblique sections for
measurement of corneal epithelial thickness in conscious humans. Acta
Ophthalmologica Scandinavica. 1997;75(6):624-8.

5.

Klintworth GK. The cornea--structure and macromolecules in health and disease. A
review. American Journal of Pathology 1977;89(3):718-808.

6.

Beuerman RW, Pedroza L. Ultrastructure of the human cornea. Microscopy Research &
Technique 1996;33(4):320-35.

7.

Pfister RR. The normal surface of corneal epithelium: a scanning electron microscopic
study. Investigative Ophthalmology 1973;12(9):654-68.

8.

Kaufman PL, Alm A. The cornea and the sclera. In: Adler's physiology of the eye.
St.Louis: Mosby, 2003.

9.

Faragher RG, Mulholland B, Tuft SJ, et al. Aging and the cornea. British Journal of
Ophthalmology 1997;81(10):814-7.

10.

Thoft RA, Friend J. The X, Y, Z hypothesis of corneal epithelial maintenance.
Investigative Ophthalmology & Visual Science 1983;24(10):1442-3.

11.

Abrams GA, Schaus SS, Goodman SL, et al. Nanoscale topography of the corneal
epithelial basement membrane and Descemet's membrane of the human. Cornea
2000;19(1):57-64.

12.

Mishima S, Hedbys BO. Physiology of the cornea. International Ophthalmology Clinics
1968;8(3):527-60.

13.

Barber GW. Physiological chemistry of the eye. Archives of Ophthalmology
1972;87(1):72-106.

10

Section I

14.

Chapter 1

McCarey BE, Schmidt FH. Modeling glucose distribution in the cornea. Curr Eye Res
1990;9(11):1025-39.

15.

Wilson SE, Hong JW. Bowman's layer structure and function: critical or dispensable to
corneal function? A hypothesis. Cornea 2000;19(4):417-20.

16.

Boote C, Dennis S, Huang Y, et al. Lamellar orientation in human cornea in relation to
mechanical properties. Journal of Structural Biology 2005;149(1):1-6.

17.

Meek KM, Fullwood NJ. Corneal and scleral collagens--a microscopist's perspective.
Micron 2001;32(3):261-72.

18.

Meek KM, Boote C. The organization of collagen in the corneal stroma. Experimental
Eye Research 2004;78(3):503-12.

19.

Moller-Pedersen T. Keratocyte reflectivity and corneal haze. Experimental Eye
Research 2004;78(3):553-60.

20.

Maurice DM. The structure and transparency of the cornea. Journal of Physiology
1957;136:263-86.

21.

Clark JI. Order and disorder in the transparent media of the eye. Experimental Eye
Research 2004;78(3):427-32.

22.

Johnson DH, Bourne WM, Campbell RJ. The ultrastructure of Descemet's membrane. I.
Changes with age in normal corneas. Archives of Ophthalmology 1982;100(12):1942-7.

23.

Waring GO, 3rd, Bourne WM, Edelhauser HF, Kenyon KR. The corneal endothelium.
Normal and pathologic structure and function. Ophthalmology 1982;89(6):531-90.

24.

Sherrard ES, Ng YL. The other side of the corneal endothelium. Cornea 1990;9(1):4854.

25.

Joyce NC. Proliferative capacity of the corneal endothelium. Progress in Retinal & Eye
Research. 2003;22(3):359-89.

26.

Bourne WM, McLaren JW. Clinical responses of the corneal endothelium. Experimental
Eye Research 2004;78(3):561-72.

27.

Hollingsworth J, Perez-Gomez I, Mutalib HA, Efron N. A population study of the normal
cornea using an in vivo, slit-scanning confocal microscope. Optometry & Vision
Science. 2001;78(10):706-11.

11

Section I

28.

Chapter 1

Dua HS, Azuara-Blanco A. Limbal stem cells of the corneal epithelium. Survey of
Ophthalmology 2000;44(5):415-25.

12

Section I

Chapter 2

CHAPTER 2

Methods used in relation to corneal evaluation
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2.1 VISUAL ACUITY

The measurement of visual acuity is the most common and useful test for assessing visual
function.1 Visual acuity may be affected by a variety of factors such as opacities within the
cornea, lens or vitreous, refractive errors, and retinal or optic nerve pathology.

Visual acuity is defined as the ability of the eye to discriminate two stimuli separated in space
and is thus a measure of the spatial resolving power of the eye. Snellen visual acuity is based
on the assumption that a subject with normal visual acuity can resolve an optotype with a visual
angle of 5 minutes of arc and a resolution angle of 1 minute of arc. Snellen acuity is expressed
as the ratio between the reading distance and the distance (m) at which the optotype stroke
width subtends 1 minute of arc.1

The measurement of pinhole visual acuity is a crude test enabling prediction of potential visual
acuity. The pinhole admits central rays of light that do not require refraction, increasing the
eye’s depth of focus, and decreasing the light scattering effect of corneal or lenticular opacities.2
An improvement in visual acuity by use of a pinhole might therefore suggest the presence of a
refractive error or mild media opacity.

For all studies described in this thesis, visual acuity was measured using a single, new, 4m
illuminated logMar Chart (University of Otago, New Zealand). The chart was viewed under
photopic conditions as maximal visual acuity is achieved under these conditions.1 Reduced
logMar charts have been shown to be accurate and repeatable3 and have previously been used
is a number of published studies.4-7 The University of Otago logMar chart consists of Sloan
optotypes (CDKHNZRSVO) with logarithmic progression of optotype size in steps of 0.1
logUnits. Each line is marked with the 6m Snellen equivalent of the logMar score.
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2.2 SLIT LAMP BIOMICROSCOPY

Slit lamp biomicroscopy is an important method of clinical ophthalmic assessment, enabling
high magnification stereoscopic examination of ocular tissues.

The slit lamp consists of a microscope and an illuminating system. The illumination column is
mounted so that it rotates about the same axis as the microscope. The slit beam is thus parfocal
with the microscope.8

All studies described in this thesis used the Topcon SL-7F (Gladesville, NSW, Australia).

Illuminating system
The illuminating mechanism consists of 6V/20W halogen lamp as the light source, along with a
system of condensing lenses, and an adjustable diaphragm that permits variations in slit beam
width and height of 0-14mm.9

Microscope system
The main components of the microscope system are convergent binocular tubes and a Galilean
telescope. A Galilean telescope consists of a convex objective lens and a concave eye-piece
lens separated by the difference in their focal lengths. The image produced is virtual, magnified,
and upright.

Formula 2.1
M= Fe /Fo

M=magnification
Fe= Power of eyepiece lens (Dioptres)
Fo= Power of objective lens (Dioptres)
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Multiple steps in magnification are available, ranging from x6 to x40, and are selected by
rotating a Galilean lens barrel.

Examination techniques
A variety of different techniques may be used to illuminate the cornea using the slit-lamp
biomicroscope. All the techniques described below have been used to examine the corneas of
subjects included in the studies described in this thesis.

Diffuse illumination
This technique illuminates the whole cornea simultaneously. Diffuse illumination enables
detection of gross abnormalities but is poor for defining fine details or determining the depth of
corneal lesions.

Direct focal illumination
Direct focal illumination is achieved by using a narrow vertical slit beam angled to one side with
respect to the biomicroscope. This technique reveals thickness of transparent or translucent
structures, indicates the depth of features, and demonstrates contours.8, 10

Retroillumination
Retroillumination techniques may be direct or indirect.

Direct retroillumination
The biomicroscope is focussed on the structure under observation, then the slit beam is moved
laterally such that the region directly behind the structure is illuminated. The structure thus
appears as a silhouette against a light background.8

Indirect retroillumination
A region to one side of the immediate background of the structure is illuminated. This type of
illumination provides information regarding the three dimensional characteristics of the
structure.8
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Scleral scatter
Scleral scatter is achieved by directing the slit beam at right angles to the surface of the sclera,
just behind the limbus. Light is consequently dispersed in all directions. Light entering the
corneal lamellae undergoes total internal reflection, traversing the entire cornea to the opposite
limbus. Subtle opacities within the cornea will scatter light towards the observer, making the
opacity visible.8

Specular reflection
The slit beam and biomicroscope are aligned such that their optical axes approach the cornea
from opposite sides of a plane normal to the surface, striking that surface at exactly equal
angles. This technique is used to visualise regions where there is a relatively large difference in
refractive index between two media.10 In particular, specular reflection may be used to view the
corneal endothelium, and at 40x magnification, individual endothelial cells may be observed.8
The zone of specular reflection is only observed monocularly.10

2.3 CORNEAL AESTHESIOMETRY

The first measurement of corneal sensitivity was performed by Von Frey (1894) who used
various lengths of horse hair to mechanically stimulate the cornea.11 A variety of
aesthesiometers were subsequently developed by researchers, using assorted techniques of
corneal stimulation. Currently, 3 techniques are commonly used to determine corneal sensitivity
in clinical and research settings.

Qualitative measurement
In the clinical setting, gross assessment of corneal sensation may be made by using a cotton
bud with the cotton teased out to a fine point. The subject is instructed to view a distance target,
then, approaching laterally, the central cornea is gently touched with the tip of the cotton wisp.
The presence and intensity of the blink reflex is observed and the subject is asked to report any
qualitative differences in sensations between each eye. Although a useful clinical test, this
method does not provide any quantitative data.
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Cochet-Bonnet aesthesiometer
The Cochet-Bonnet aesthesiometer was developed in 1960 and has become the most widely
used technique for measuring corneal sensitivity.11This instrument uses nylon thread to
measure the response of corneal nerves to a mechanical stimulus (Fig 2.1).12

Figure 2.1. The CochetBonnet aesthesiometer kit
with the manufacturers
conversion table (a). The
Cochet-Bonnet
aesthesiometer consists
of a nylon thread of
adjustable length (b)

To ensure fine control, the instrument is mounted onto a slit-lamp, using a modified Bleshoy
applicator that allows manipulation of the aesthesiometer in the X, Y and Z planes.12 A nylon
thread, 60mm in length and 0.12mm in diameter is advanced perpendicularly to the cornea in a
smooth controlled manner. A stimulus is applied when minimal bending of the thread is just
visible. Stimuli are presented 4-8 times and the subject is requested to respond whenever a
stimulus is felt. When a negative responses is obtained for a given thread length, the thread is
shortened in steps of 5mm and stimuli presented until positive responses are obtained.11 The
corneal touch threshold is defined as the length of nylon thread at which the subject responds to
50% of the number of stimulations.11
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Corneal sensation measured using this technique may be expressed as thread length (in mm or
cm)12 or the manufacturers conversion table may be used to convert the length into pressure
(g/mm2).11

Although the Cochet-Bonnet aesthesiometer is both portable and simple to use, it suffers from
several drawbacks.11, 13 In particular, it is invasive and inevitably damages the corneal
epithelium. This may arguably produce an artificially increased sensitivity due to the presence if
free nerve endings within the corneal epithelium. Another disadvantage is the limited range of
stimulus intensities available. Thus, the minimum stimulus is often supra-threshold. Bending of
the thread under it’s own weight, especially when the thread is long, can make it difficult for the
observer to judge when a force has been applied to the cornea. Subject apprehension is
another factor that may also affect the evaluaton of corneal touch threshold.

Non-contact corneal aesthesiometer (NCCA)
The NCCA was developed by Murphy et al (1996)13. This instrument uses controlled pulses of
air to stimulate the cornea and measures the corneal nerve threshold to a composite stimulus
consisting of air pressure, tear evaporation and disruption.

The NCCA utilises an adjustable valve coupled with a pressure sensor to control the output
from a compressed air reservoir, to within 0.01mbar.14 The stimulus is applied to the eye via a
stimulus jet that consists of a brass tube (35mm length, 6mm diameter) with a central,
longitudinal bore of 0.5mm in diameter (Fig 2.2).

Three settings for stimulus duration are available (0.5, 0.9, and 1.5 seconds). However, there
are no significant differences in sensation thresholds when varying stimulus durations. A
stimulus duration of 0.9 seconds has been recommended as the standard setting on the
assumption that longer durations may cause drying of the corneal surface and shorter durations
may be too quick for some subjects to respond.12
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Figure 2.2. (a) The non- contact corneal aesthesiometer. (b) The stimulus jet is positioned 1cm
from the central cornea.

The stimulus jet is positioned close to eye by means of a slit-lamp attachment. The testing
distance of 1cm is set by using a clear, plastic centimetre ruler attached to the side of the plastic
mount and extending towards the eye on the temporal side. Alignment of the air jet with the
centre of the cornea is carried out visually. When a supra-threshold stimulus is applied, the
subject commonly describes a cold sensation or a pressure type sensation. On approaching
threshold, stimuli may be difficult to describe.13

The corneal sensitivity threshold is determined using the forced-choice, double-staircase
technique. The subject is initially presented with a supra-threshold stimulus that is subsequently
decreased until the subject can no-longer detect it. This cross-over point is noted and a subthreshold stimulus presented and subsequently increased in intensity until a positive response
is obtained. The mean of these cross-over points is the corneal sensitivity threshold, expressed
as air pressure in millibars (mbar).13

The advantages of the NCCA are that a large, continuous range of stimulus intensity can be
produced and testing is not usually associated with patient apprehension.
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2.4 CORNEAL TOPOGRAPHY

The cornea plays an important role in focussing images onto the retina and contributes
approximately two thirds of the total refractive power of the eye. Knowledge of corneal
topography is important in diagnosing and monitoring a range of corneal disease, such as
keratoconus, as well as aiding the evaluation of patients undergoing corneal refractive surgery.

Corneal topography may be specified in three ways: instantaneous curvature/power, axial
distance/power, and elevation.

Curvature is defined as the rate of change of the tangent vector to the curve with respect to the
arc length of the curve. Curvature is not axis dependent and is a two-dimensional quantity.
Therefore, for a three-dimensional surface such as the cornea, a plane of intersection with the
surface must be defined to determine the curvature of a point on the two-dimensional curve that
exists within that plane. Two perpendicular planes may be used to describe corneal curvature.
The tangential plane passes through the central cornea and contains the central axis. The
transverse plane is perpendicular to the tangential plane and contains the normal to the
surface.15

Instantaneous curvature is the radius of curvature at a specific point on a curve in a defined
plane. The radius of curvature is the inverse of curvature and, again, refers to a two
dimensional, non-axis specific curve. This parameter provides details of local curvature.

The axial distance is the distance from a surface point to the reference axis along the normal to
the curve at that point. Therefore, axial distance is not related to curvature and is axis
dependent. This parameter provides a global description of shape.

Radius of curvature and axial distance may be converted to instantaneous power and axial
power respectively using formula 2.2.
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Formula 2.2
D= (n-1)/d

D = instantaneous power or axial power
n = 1.3375
d = radius of curvature or axial distance

Elevation is the difference, in microns, of a surface point relative to a plane tangent at the
corneal apex. However, elevation is relatively insensitive to optically significant changes in
corneal shape. Therefore, elevation data is usually subtracted from a best-fit sphere. There are
currently no standards by which one selects the best fit sphere component.16
A wide variety of methods are available for measuring corneal topography. All studies in this
thesis used the Orbscan II ((Bausch and Lomb Surgical, Rochester, NY, USA) corneal
topographer.

Orbscan II is a hybrid slit-scanning/placido based corneal topographer. The placido disc
consists of a series of concentric illuminated rings. These rings are projected onto the corneal
surface via a hemispheric bowl, enabling a large area of the corneal to be examined.17 During
acquisition, the mires reflected from the anterior surface of the cornea are stored. Forty slits of
light (20 from the right and 20 from the left), each 12.5mm in height and 0.3mm width, are
projected onto cornea at 45 degrees to the instrument axis. Due to scattering of light by the
cornea, the slits are observed as bands, with the edges of the band corresponding to the
anterior and posterior corneal surfaces. Light backscattered to the digital video camera is
recorded, providing up to 9000 data points for analysis.18

To produce wide field pachymetry maps, Orbscan determines corneal thickness by analysing
the point to point difference in elevation between the anterior and posterior corneal surfaces.19
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The accuracy of Orbscan II anterior surface elevation measurements has previously been
analysed using standard test objects.20 This study demonstrated differences of less than 0.20
µm centrally and 0.70 µm peripherally when compared to Talysurf analysis. This suggests a
high degree of accuracy of Orbscan II in test surfaces.

Method of examination
The subject is positioned so that the chin is comfortably placed in the chin rest and the forehead
pressed firmly against the forehead bar. To minimise head movement, the subject’s head is
then secured using head straps fastened with Velcro. The subject is asked to fixate on a
flashing red target within the bowl. The eye under examination is then centred, and the joystick
used to align the two half slits such that they overlap in the centre of the cornea. The subject is
instructed not to blink and automatic scanning of the cornea is then commenced.

Orbscan maps
Although a wide variety of topographic representations are available from a single Orbscan
acquisition, the default settings display four standard maps (keratometric axial, anterior
elevation, posterior elevation, and pachymetry)(Fig 2.3).

Figure 2.3. An
example of a
standard Orbscan II
print out, displaying
keratometric axial
(keratometric),
anterior elevation
(float anterior),
posterior elevation
(float posterior),
and pachymetry
(thickness) maps
from a right cornea.
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All maps have a colour coded scale consisting of 17, 35, or 70 steps and the size of each step
may be selected from a range. Unless otherwise stated, the studies detailed in this thesis used
the default settings of 35 colour steps, with each step representing 1D for all power maps, 20µm
for pachymetry maps, and 5µm for elevation maps. All pachymetry values are quoted using the
standard acoustic correction factor (0.92).

2.5 SPECULAR MICROSCOPY

The specular microscope was first developed by Maurice in 196821 to examine the corneal
endothelium in enucleated eyes at 500x magnification. This instrument was subsequently
adapted for clinical use by Laing et al,22 with further refinements by Bourne et al.23

The clinical specular microscope utilises a 6-12V illumination source to project white light
through a slit aperture and objective lens, onto the cornea at 90° to the corneal surface. The
illuminating slit encounters a series of interfaces, at each of which some light is reflected back
into the objective lens (Table 2.1). The larger the difference in the refractive index between the
interfacing regions, the greater the intensity of reflected light.24

Table 2.1. The proportion of light reflected at interfaces of media with differing refractive
indices.24
Interface

Reflected light

Objective lens-saline

0.36%

Saline-cornea

0.025%

Cornea-aqueous humour

0.022%

The fraction of incident light reflected by the cornea is given by formula 2.3.
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Formula 2.3
R= [(n1 - n2)/(n1 + n2)]2

R= fraction of reflected incident light.
n1 and n2 = refractive indices of interfacing regions

The slit aperture is adjustable, with a wider slit providing a wider field of view than a narrow slit.
However, the wider beam illuminates more of the corneal stroma, resulting in increased light
scatter. The net result is a decrease in image contrast.24

Contact and non-contact specular microscopes are available.25 Contact specular microscopy
utilises a dipping cone mounted on the objective lens to applanate the cornea.23 Applanation
helps keep the endothelium in focus and allows high magnification (x200).25 In non-contact
specular microscopy, the objective lens has a long working distance, enabling examination of
the endothelium without contact with the corneal surface. The advantages of non-contact
specular microscopes are that they are quick and easy to use, well tolerated by patients, and
the risks of epithelial trauma and transmission of infection are minimised. However, the field of
view is smaller than that obtained by contact specular microscopy.26

Endothelial density is overestimated by the non-contact specular microscope due to the effects
of anterior corneal power on image magnification.27 With the use of appropriate correction
factors, the precision of endothelial density measurements by the two types of devices are
similar.26, 27

When specular microscopy is used to image the normal human cornea, four distinct zones are
observed.24

Zone 1: A bright zone arising from the objective lens-epithelial interface
Zone 2: A gray zone due to diffuse scattering of light from the full thickness of the cornea.
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Zone 3: The endothelial mosaic is clearly visible in this zone. In the healthy cornea, the
endothelial layer appears as a mosaic of bright, hexagonal shaped cells, separated by dark
intercellular spaces. In in vitro correlation, cellular borders correspond to the apical cellular
digitations of the endothelial cells.28
Zone 4: A dark zone resulting from minimal light scattering from the aqueous humour.

Although Zone 3 is the main zone of interest, useful information may be obtained by observing
the boundaries between zones.24

Specular microscopy has been used widely for in vivo evaluation of the corneal endothelium in
health and in disease states, providing a wealth of both qualitative and quantitative data.28-31
However, investigation of the human cornea in vivo using this technique is limited by its reliance
on corneal transparency. The presence of corneal oedema, infiltrates or scarring increases the
amount of light scatter, and so obscures the endothelial image.24 Another limitation is the
inability to obtain high resolution optical sections throughout the full thickness of the cornea.

2.6 CORNEAL PACHYMETRY

Corneal thickness is an important indicator of corneal endothelial function. The measurement of
corneal thickness is important in the diagnosis and management of corneal diseases such as
keratoconus and Fuchs’ endothelial dystrophy. Additionally, measurement of pachymetry is an
important factor in the assessment for corneal refractive surgery and in the management of
glaucoma.

A wide variety of methods for measuring corneal thickness are currently available.

Manual optical pachymetry
Manual optical pachymeters utilise Purkinje-Sanson images I and II to determine corneal
thickness. Split images of the oblique sections of the cornea are aligned such that the epithelial
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layer coincides with the endothelial layer.32 Unfortunately, manual optical pachymetry has been
shown to have a relatively poor repeatability when compared to other methods.33

Ultrasound pachymetry
Currently, ultrasound pachymetry is the gold standard for measuring corneal thickness. This
technique uses the Doppler effect to measure corneal thickness. Therefore when the velocity of
sound in corneal tissue is known, the distance between two reflecting surfaces can be
calculated by detecting the time delay between reflected sound waves from the two surfaces.32,
34

Ultrasound pachymeters usually have a probe transducer frequency of 20MHz and use a

velocity of 1640 m/s.35 The ultrasound probe applanates the cornea, displacing the tear film,
and so is thought to measure the corneal thickness from the epithelial surface. The precise
posterior reflection point is unknown.32, 36

Measurements using ultrasound pachymetry demonstrate both high repeatability and
reproducibility.32, 37 However, an important caveat is that the accuracy of measurements using
ultrasound pachymetry depend on precise positioning of the probe on the cornea such that it is
both central and perpendicular, and avoids corneal compression.32

Because ultrasound pachymetry is a contact procedure, topical anaesthesia is required and
there is a small risk of corneal abrasion and iatrogenic infective keratitis.

Optical coherence tomography (OCT)
The use of OCT in the examination of the anterior segment is a recent development.38 This is a
non-invasive, non-contact technique based on the principle of Michelson interferometry, using
low coherence infrared light.39 High resolution (10-20 µm) cross-sectional images of the cornea
in vivo are produced using this method.

The application of OCT in the measurement of corneal thickness is not widely used, although
high degrees of repeatability and reproducibility have been demonstrated for this technique.40, 41

27

Section I

Chapter 2

Measurements of corneal thickness using OCT have been demonstrated to be 12.5 to 32 µm
lower than ultrasound pachymetry measurements.41, 42 The reasons for this discrepancy remain
to be elucidated.

Orbscan
Orbscan determines corneal thickness by analysing the difference in elevation between the
anterior and posterior corneal surfaces.19 As well as being a fast, non-contact technique,
Orbscan pachymetry offers the advantage of allowing measurement of the thickness across the
entire cornea.
High degrees of repeatability and reproducibility for this technique have been demonstrated.33, 43
However, Orbscan measurements of corneal thickness in normal corneas have been observed
to be consistently 22 to 28µm higher than values obtained by ultrasound pachymetry.36, 44 This
difference has been attributed, in part, to Orbscan measuring the hydrated mucous component
of the tear film overlying the cornea.45 To make Orbscan and ultrasound pachymetry
measurements comparable, the acoustic correction factor (0.92) has been introduced,
effectively reducing all orbscan pachymetry measurements by 8%.18 All Orbscan measurements
quoted in this thesis have used the acoustic correction factor.

In the presence of corneal haze, for example following photorefractive keratectomy, the
accuracy of orbscan pachymetry is decreased.19 In these cases, Orbscan thickness
measurements were consistently lower than ultrasound data. This error was attributed to optical
factors during the image acquisition process.

Specular microscopy
Specular microscopy may be used to measure corneal thickness by determining the difference
in focal planes between the corneal epithelium and endothelium.31 Good reproducibility has
been demonstrated for non-contact specular microscopy.37, 46 However, while some authors
have reported significantly lower values for corneal thickness measured by non-contact
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specular microscopy compared to ultrasound pachymetry,36, 37, 46 others have reported higher
values.32

Contact and non-contact specular microscopes are not comparable in measuring corneal
thickness.27 This difference was postulated to be due to differences imaging techniques. These
include the possibility of corneal compression during contact specular microscopy and the
effects of anterior corneal refractive power and variations in air-corneal refractive indices in noncontact specular microscopy.

Because specular microscopy is an optical system requiring reflections from both the corneal
epithelial and endothelial surfaces, any interruptions in these reflections will result in unreliable
readings. This excludes its clinical use in cases with corneal oedema, scarring or opacities.46
Another disadvantage of this technique is that it is difficult to ensure perpendicularity.32

In vivo confocal microscopy

Confocal microscopy through focusing (CMTF) using the tandem scanning in vivo confocal
microscope (TSCM) is an objective technique for measuring corneal sub-layer thickness and
enables 3 dimensional reconstruction from a stack of 2 dimensional images.47 The objective
lens is specially designed so that the position of the focal plane relative to the objective tip can
be varied by moving the internal lenses. The lens is moved at a constant speed to scan through
the full thickness of the cornea. At a lens speed of 80 µm/sec, up to 800 images are obtained,
each image being separated in the z-axis by 2.12 µm. The z-axis intensity curve is generated by
calculating the mean pixel intensity in the central 285 x 285µm of each image. Images may then
be viewed with their corresponding points on the intensity curve.48 It should be noted that image
intensity measurements are only relative as camera sensitivities vary and light output from the
microscope’s bulb varies with age and voltage.49 Strong peaks are observed at the superficial
epithelium and endothelium, with smaller peaks at the level of the sub-basal nerve plexus and
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anterior stroma. The distance between these peaks may be used to estimate corneal sub-layer
thicknesses.48

Studies have demonstrated good repeatability of measurements with this technique.48, 50, 51
However, the accuracy of in vivo measurements in humans is uncertain. Petroll et al51
demonstrated 1.67% difference in corneal thickness measured with CMTF and ultrasound
pachymetry while a more recent study measured total corneal thickness 39µm (7%) and 24µm
(4.4%) lower than those obtained by ultrasound pachymetry and Orbscan II pachymetry
respectively.50 The principal source of error is involuntary anterior-posterior movement of the
subject.48, 50 Errors may be reduced by performing multiple scans in each direction.50, 52

The slit-scanning in vivo confocal microscope (SSCM) has poor repeatability for thickness
measurements53, and this is thought to be due to the long working distance of this microscope.54
It has been reported that the recently developed “z-ring encoder” significantly improves the
accuracy of thickness measurements using the SSCM.54 This device is mounted on the
objective lens and rests on the cornea via a light spring and the distance between the cornea
and the objective is then sensed.

The plane of focus in the Heidelberg Retina Tomograph II Rostock Corneal Module (Heidelberg
Engineering, GmBH, Germany)(RCM) laser scanning in vivo confocal microscope is altered by
movement of the objective lens relative to the applanating cap. The focal plane position (in µm)
is automatically displayed on the computer screen and recorded for each image saved. Corneal
thickness measurements using the RCM remain to be validated. Theoretically, the accuracy is
likely to be similar to that of CMTF due to axial movement of the subject, as this technique relies
on applanation of lens cap to the corneal surface without loss of contact or compression.
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In vivo confocal microscopy of the cornea
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3.1 INTRODUCTION

Over the last thirty years clinical techniques for examining the living human cornea at the global
and cellular level have evolved exponentially with the development of specular microscopy,
computerised corneal topography, high frequency ultrasound and in vivo confocal microscopy.
Although light microscopy and electron microscopy have provided a wealth of information, they
are intrinsically limited by the effects of tissue degeneration and processing artefacts, as well as
the availability of suitable corneal tissue. Non-invasive methods of corneal examination beyond
slit lamp biomicroscopy i.e. at the cellular or microstructural level appeared to be the “holy grail”
of corneal sub-specialists and clinician scientists until relatively recently. However, the
challenge of imaging thin optical sections of a transparent structure that only reflects 1% of
incident light has been largely met by the development and application of in vivo confocal
microscopy.

Contemporary in vivo confocal microscopy is a non-invasive method of examining the living
human cornea in healthy and pathological states making it a powerful clinical and research tool.

Although numerous animal studies have been performed using these techniques, this review
will be restricted to human studies. When the studies which led to this thesis were commenced,
in January 2003, the majority of published articles on in vivo confocal microscopy were
qualitative. Towards the completion of the first series of experiments in December 2003, an
extensive Medline search was conducted in order to place these studies in context with
published data. This chapter deals with the knowledge available at that time to establish the
background, such that the reader may interpret the work of this thesis, and its evolution, in
relation to contemporaneous research. Later chapters, however, conclude with discussion of the
studies upon which this PhD thesis is based in relation to all prior and subsequently published
literature up to, and including September 2005 (the thesis being submitted in November 2005).

This chapter is intended to present the principles underlying in vivo confocal microscopy and the
main types of microscopes available. It also aims to provide an overview of how in vivo confocal
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microscopy has contributed to our understanding of the cornea in health and disease, with a
particular emphasis on quantitative data.
Articles assessed for inclusion were identified by an electronic search of Medline and Pubmed
databases in December 2003 using individual and combinations of keywords – “confocal”,
“microscopy”, “in vivo”, and “cornea” - and by review of the reference section of each of these
publications. Only original and review publications were included and abstracts and non-peerreviewed articles were excluded from further consideration.

3.2 HISTORICAL OVERVIEW

Minsky invented the confocal microscope in 1955.1 His original prototype, called the “double
focussing stage scanning microscope”, enabled examination of tissue specimens mounted onto
a stage consisting of an electrically driven tuning fork. With this arrangement, movement of the
stage with respect to the optical system provided an adequate field of view. Petran et al
subsequently developed the first tandem scanning confocal microscope in 1968.2 With this
design, the field of view was achieved by simultaneously scanning multiple points on a
stationary specimen using a rotating Nipkow disc. This microscope was used to image
unstained brain and ganglion cells of salamanders and frogs.3 However, it was not until almost
20 years later, that the tandem scanning microscope was used to examine ocular tissue. In
1985, Lemp et al were the first to image the full thickness of a human cornea ex vivo and of
rabbit corneas in situ.4 A clinical version of this original microscope was subsequently produced
by the Tandem Scanning Corporation (Reston, VA). This technology was later taken over by the
Advanced Scanning Corporation (New Orleans, LA) and is now no longer in production.

In parallel with the development of the tandem scanning microscope came the development of
the slit-scanning confocal microscope. In 1969, Svishchev5 produced the scanning 2-sided
mirror confocal microscope. Using an oscillating 2-sided mirror for simultaneous scanning and
de-scanning of the sample, this microscope was used to observe living neural tissue. This
design was subsequently further modified by Thaer6 to enable real-time scanning.
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Contemporary slit-scanning in vivo confocal microscopes are now commercially available from a
number of sources, including: Confoscan P4 (Tomey corporation, Cambridge, MA), Confoscan
4 (Nidek Technologies, Gamagori, Japan), and Microphthal (Helmut Hund,Lt., Wetzlar,
Germany).

3.3 PRINCIPLES OF CONFOCAL MICROSCOPY

All confocal microscopes use the same basic principle in their designs, enabling optical
sectioning of a (relatively) thick, light scattering object, such as the cornea. Light is passed
through an aperture and focused by an objective lens onto a small area of the specimen. The
light reflected from the specimen then passes through a second objective lens. This light is
focused onto a second aperture which is arranged such that out of focus light is eliminated.
Because the illumination and detection paths share the same focal plane, the term “confocal” is
used. The ability of this system to discriminate between light that is not in the focal plane yields
images of higher lateral and axial resolution compared to comparable light microscopy. Clearly,
such a system is limited by its small field of view. A larger field of view can be obtained by
scanning the specimen. This is accomplished either by moving the specimen while the
microscope remains stationary, or by moving the confocal system over a stationary specimen.
Modern in vivo confocal microscopes use the latter technique. Ultimately, the speed at which a
single image of the field is acquired determines the microscope’s temporal resolution. This is
important because poor temporal resolution is associated with increased motion artefacts when
examining living human subjects in whom involuntary movements are inevitable due to pulse,
respiration, and eye movement.

Signals produced by reflected light in vivo confocal microscopes are typically detected by
electronic detectors such as cameras based on a charge-coupled device (CCD camera). Video
and/or digital image capture systems are available, with image acquisition rates of at least 25
frames per second.
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Tandem Scanning Confocal Microscope (TSCM)

The TSCM contains a rotating Nipkow disc that has 64,000 pinholes arranged in Archimedian
spirals. The pinholes are 20-60µm in diameter, depending on the model of microscope, and
each pinhole has an equivalent conjugate pinhole diametrically opposite to it on the disc (Fig
3.1).

Figure 3.1. The optical pathway
used in TSCM (Adapted from
Cavanagh et al).7

The disc rotates at 900 revolutions per minute, with the illuminating light passing through
approximately 100 holes at a time. Reflected light passes through the conjugate pinholes on the
diametrically opposite side of the disc. This rapid disc rotation enables scanning of the whole
specimen. The ratio of disc area to holes determines the light transmission which ranges from
0.5-1% (0.5% for 20µm pinholes).8 To compensate for the relatively poor light transmission of
confocal microscopy, the TSCM requires a very bright illuminating light source such as a Xenon
or Mercury arc lamp.

Slit Scanning Confocal Microscope (SSCM)
The SSCM utilises two optically conjugate slits for illumination and detection of reflected light. A
rapidly oscillating two-sided mirror scans the image of a slit onto the microscope objective and
de-scans the reflected light from the object (Fig 3.2).
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Figure 3.2. The optical pathway used in the slit scanning in vivo confocal microscope.

The use of such slit illumination as opposed to spot illumination has two main advantages.
Firstly, light throughput is significantly higher than that of the TSCM. This means that a weaker
illuminating light source (a 12V halogen lamp) can be used, and so has the advantage of
allowing up to 30 minutes of continuous examination without inducing an afterimage.6 Secondly,
many points are scanned in parallel and so scanning time is shorter. However, the use of a slit
also means that this microscope is only truly confocal in the axis perpendicular to the slit
height.9

3.4 IN VIVO CONFOCAL MICROSCOPY IMAGES

The quality of an image generally depends on 2 main factors: contrast and resolution. The latter
is in turn, dependent on the numerical aperture of the objective lens, illumination levels, the
reflectivity of structure studied and the wavelength of the illuminating light. In addition, axial
resolution depends on slit width in the case of SSCM, or pinhole diameter in the case of TSCM.
Table 3.1 provides a summary of the different objective lenses available and their properties.
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Table 3.1. A summary of objective lenses available for tandem scanning (TSCM) and slit
scanning (SSCM) in vivo confocal microscopes and their properties.

Objective

Numerical

Image frame

Lateral

Axial

Working

lens

aperture

size (µm)

resolution

resolution

distance

(µm)

(µm)

10

TSCM

16x

0.4

640 x 640

TSCM

24x

0.6

400 x 40010

SSCM

25x

0.65

SSCM

40x

0.75

SSCM

50x

1.0

340 x 25514

0.5-1

10

0-8mm10
911

1.412, 13

1612, 13

114

1510, 1014

0.812, 13

1012, 13

0-1.5mm10
1.98mm14

3.5 CLINICAL APPLICATION

Currently, all available in vivo confocal microscopes require some form of contact with the
cornea, true or virtual. The TSCM and SSCM objective lenses are optically coupled to the
cornea by a viscous gel, the working distance being dependent on the objective lens used.
All the in vivo confocal microscopes described produce en face images of the cornea.

3.6 THE NORMAL HEALTHY HUMAN CORNEA

The normal human cornea consists of 5 layers: corneal epithelium, Bowman’s layer, stroma,
Descemet’s membrane and corneal endothelium. With the exception of the normal Descemet’s
membrane, all these layers can be imaged by in vivo confocal microscopy. The resolution and
magnification of available in vivo confocal microscopes allows imaging of corneal cells and their
nuclei but not their organelles.
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Figure 3.3.
SSCM images of the healthy
living cornea demonstrating (a)
basal epithelium, (b) sub-basal
nerve plexus, (c) anterior
stroma, (d) mid stroma,
(e) posterior stroma, and
(f) endothelium.

Corneal epithelium
The corneal epithelium consists of superficial epithelial cells, wing cells and basal epithelial
cells. Superficial epithelial cells are 20-30µm in length and approximately 5µm thick.15 These
cells appear as polygonal cells of various size and reflectivity,16 with visible cell nuclei which are
surrounded by a dark band.15, 17

Wing cells have the lowest reflectivity of all the cells in the cornea and show variation in size.15
They are characterised by bright cell borders and a bright cell nucleus but lack the dark ring
surrounding the nucleus observed in superficial epithelial cells.15

Basal epithelial cells (Fig 3.3a) are 10-15µm in diameter16 and form a regular mosaic with dark
cell bodies and bright cell borders.16-18 The brightness of these cell borders varies, however, in
studies examining the basal epithelium, images were of sufficient quality to allow counting of
cell density in 60%19 to 95%17 of eyes. The mean cell density and mean cell area of superficial17
and basal epithelial cells do not appear to change with age.17, 18
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Table 3.2. A summary of the results of quantitative studies of the normal central human corneal
epithelium.
EPITHELIUM
Normal
19

Harrison 2003

Superficial epithelium
cell density

Basal epithleium
5,274 ± 575 cells/mm

2

2

(20 eyes) SSCM

cell area

192 ± 19.6 µm

18

cell density

3,601.38 ± 408.19 cells/mm

Vanathi 2003

2

(74 eyes) SSCM
17

Mustonen 1998

(58 eyes) SSCM
72

Mustonen 1998

(22 eyes) SSCM
16

Tomii 1994

cell density
cell area
cell density
cell area
cell area

1,213 ± 370 cells/mm
913 ± 326 µm

2

2

1,104 ± 309 cells/mm

5,699 ± 604 cells/mm
177 ± 19 µm

2

5,751 ± 718 cells/mm

976 ± 272 µm

2

177 ± 23 µm

624 ± 109 µm

2

66 ± 5 µm

2

2
2

2

2

(30 eyes) TSCM

Sub-basal corneal nerves
The sub-basal corneal nerves are located between Bowman’s layer and the basal epithelium.
These nerve bundles consist of straight and beaded fibres, with the beaded fibres located in the
periphery of the bundle. The beads have been identified as axonal efferent and sensory
terminals20, 21, and have been shown to consist of accumulations of mitochondria and
glycogen.22

When imaged by in vivo confocal microscopy, sub-basal nerves (Fig 3.3b) appear as beaded,
well-defined linear structures with homogeneous reflectivity. Dichotomous branches (Y shape)
and thinner connecting nerve fibre bundles (H shape) are observed.23

The effect of age on sub-basal corneal nerves remains uncertain. One study has demonstrated
a decrease in nerve fibre density but not nerve fibre bundle diameter or beading frequency with
age.24 Subjective23 grading scales for nerve fibre tortuosity have also been described.
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Table 3.3 A summary of the results of quantitative studies of the normal central human corneal
sub-basal nerve plexus.
SUB-BASAL NERVES
Normal

Nerve density
2

Nerve diameter

Beading frequency

(µm/mm )

(µm)

(beads/mm)

24

young

632.35 ± 287.5

0.52 ± 0.23

213 ± 123

(50 eyes) SSCM

elderly

582.39 ± 327.13

0.56 ± 0.27

201 ± 192

11,101

2.9 ± 0.2

215 ± 57

Grupcheva 2002

23

Oliveira-Soto 2001

± 4,290

(14 eyes) SSCM

Bowman’s layer
In the normal cornea, Bowman’s layer appears as an amorphous homogenous layer.17, 18
Dendritic structures, postulated to represent Langerhans cells, have been observed at the level
of Bowman’s layer in the normal contralateral eyes of two patients with a history of herpes
simplex keratitis.25 However, these structures have not been reported in any large prospective
studies of the normal cornea imaged by white light in vivo confocal microscopy.

Corneal stroma
In vivo confocal microscopy is able to image stromal keratocyte nuclei. However, the cell
bodies, keratocyte processes and stromal collagen are not usually visible in the normal cornea
with SSCM and TSCM. 13, 17, 18 Keratocytes in the anterior stroma (Fig 3.3c) are imaged as well
defined bright, oval-round, objects with varying orientation against a dark background. In the
mid-stroma, keratocytes (Fig 3.3d) have a more regular oval shape, while posterior stromal
keratocytes (Fig 3.3e) appear more elongated and spindle shaped than anteriorly.17, 18, 26

Prior to December 2003, all published studies of keratocyte density had examined only the
central cornea. Some studies have found no change in keratocyte density with age,17, 18 while
others have demonstrated that the total keratocyte density decreases with age27 by
approximately 0.45% per year.28 Another study noted a differential decrease in anterior and
posterior keratocyte densities by 0.48% and 0.22% per year respectively.26

Keratocyte density appears to vary with stromal depth but the pattern of variation is
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controversial. Some studies have demonstrated a gradual decrease in keratoctye density with
increasing stromal depth,28 while others have observed the lowest cell density in the midstroma.27 All studies tend to agree that keratocyte density is significantly lower in the posterior
stroma compared to the anterior stroma although the degree of disparity differs between
studies, from as little as 9% to as great as 45%18, 26-28,possibly due to definition of stromal layer
and sampling thereof.

Table. 3.4. A summary of the results of quantitative studies of normal central human stromal
keratocytes.
KERATOCYTES
Normal

Anterior stroma

Mid stroma

Posterior stroma

Full thickness

49

32,380 ± 5,848

18,235 ± 3,579

17,402 ± 3,603

19,608 ± 2,236

(24 eyes) TSCM

cells/mm

18

1,005 ± 397

Erie 2003

Vanathi 2003

3

3

cells/mm

3

cells/mm

654 ± 147 cells/mm

2

2

(74 eyes) SSCM

cells/mm

55

1,024 ± 93 cells/mm

Perez-Gomez 2003

3

cells/mm

2

(12 eyes) SSCM
27

24,320 ± 6,740

(49 eyes) SSCM

cells/mm

cells/mm

cells/mm

77

39,442 ± 9,967

20,718 ± 2,970

20,920 ± 2,652

(20 eyes) TSCM

cells/mm

cells/mm

cells/mm

cells/mm

63

31,168 ± 6,818

19,386 ± 2,620

18,129 ± 3,515

21,915 ± 2,714

(17 eyes) TSCM

cells/mm

56

28,978 ± 5,849

(17 eyes) TSCM

cells/mm

cells/mm

26

1,037 ± 169

571 ± 76 cells/mm

Berlau 2002

Patel 2002

Erie 2002

Mitooka 2002

Hollingsworth 2001

3

3

3

3

3

cells/mm

3

18,850 ± 4,610
3

22,339 ± 2,623

3

3

3

3

cells/mm

cells/mm

17,384 ± 4,587

18,336 ± 4,277

3

3

cells/mm
2

2

(120 eyes) SSCM

cells/mm

28

33,050 ± 11,506

(70 eyes) TSCM

cells/mm

Patel 2001

11,610 ± 4,290

3

19,947 ± 3,254

3

3

cells/mm

52

Pisella 2001

480 ± 67 cells/mm

2

(16 eyes) SSCM
54

1,060 ± 468

(62 eyes) TSCM

cells/mm

79

804 ± 145 cells/mm

Vesaluoma 2000

Jalbert 1999

2
2

628 ± 101 cells/mm

2

(18 eyes) SSCM
90

25,143 ± 2,338

(25 eyes) TSCM

cells/mm

17

1,058 ± 217

Erie 1999

Mustonen 1998

3

3

cells/mm

20,806 ± 3,348

22,116 ± 2,390

3

3

cells/mm

cells/mm

771 ± 135 cells/mm

2

737 ± 118 cells/mm

2

2

(58 eyes) SSCM

cells/mm

72

1,057 ± 205

(22 eyes) SSCM

cells/mm

Mustonen 1998

20,922 ± 3,368

2
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Stromal nerves are imaged in the anterior and mid stroma but cannot be visualised in the
posterior stroma.23 When imaged by in vivo confocal microscopy, they appear as thick,
reflective linear structures of various orientations, which branch in a dichotomous pattern,23
however, no internal detail of stromal nerves is visible.29

The subepithelial nerve plexus lies at interface between Bowman’s layer and the anterior
stroma. This plexus is sparse and patchy in distribution, with the network apparently limited to
the mid-peripheral cornea, and possibly absent in the central cornea.29 These nerves are of low
contrast, with a granular texture and irregular edges.29 Fifty percent of these nerves exhibit
varicosities or beads.23

Descemet’s membrane
The normal Descemet’s membrane is not visible in young subjects and becomes more visible
with age. It is observed as an acellular layer between the posterior stroma and endothelium.26

Corneal endothelium
Endothelial cells (Fig 3.3f) appear as a regular array of mainly hexagonal cells which exhibit
bright cell bodies and dark cell borders on in vivo confocal imaging.17,18 Studies using white light
in vivo confocal microscopes have confirmed that endothelial density decreases significantly
with age,17at a rate of 0.33% per year.26 Increasing endothelial cellular polymegathism has also
been noted with increasing age.26

Imre et al30 have demonstrated good reliability and reproducibility of quantitative corneal
endothelial image analysis by in vivo confocal microscopy, both within and between observers.
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Table 3.5. A summary of the results of quantitative studies of the normal central human corneal
endothelium.
ENDOTHELIUM
Normal

Mean density

91

3,069 ± 285 cells/mm

2

2,916 ± 334 cells/mm

2

Klais 2003

(42 eyes) SSCM
92

Hara 2003

(28 eyes) SSCM
18

Vanathi 2003

2,818 ± 31 cells/mm

2

(74 eyes) SSCM
26

Hollingsworth 2002

3,061 ± 382 cells/mm

2

2,735 ± 236 cells/mm

2

3,125 ± 407 cells/mm

2

3,055 ± 386 cells/mm

2

(120 eyes) SSCM
77

Patel 2002

(20 eyes) TSCM
30

Imre 2001

(12 eyes) SSCM
17

Mustonen 1998

(58 eyes) SSCM

THE CORNEA IN DISEASE STATES AND POST SURGERY
A summary of the results of quantitative in vivo confocal microscopy studies of the cornea, layer
by layer, in disease states and following surgery is provided at the end of this chapter (Table
3.6)

3.7 INFECTIVE KERATITIS

Identification of the causative organism in cases of infective keratitis is of great importance to
clinicians. Although laboratory testing of corneal scrape specimens remains the gold standard in
the diagnosis of infectious keratitis, some organisms are difficult to detect or culture in vitro,
while others are slow growing. In these cases, delays in appropriate treatment may occur. It has
thus been suggested that in vivo confocal microscopy may play a complementary role in the
early diagnosis of corneal infections and in monitoring the effects of treatment.
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Acanthamoeba
Using TSCM, Chew et al31 were the first to visualise amoebic cysts ex vivo in a human corneal
button excised at penetrating keratoplasy. Auran et al 32 later reported the appearance of
acanthameoba cysts in vivo, utilising SSCM.

In this report, a cyst was described as a
26µm circular object with indentations.
Subsequently, published series of in vivo
confocal microscopy in acanthamoeba
keratitis have described the dormant
cystic form as round or ovoid hyper
reflective structures ranging between 10
and 26 µm in diameter.33, 34 The doubledwalled structure of cysts may also be
Figure 3.4. Acanthamoeba cysts (arrow)

apparent, with a visible endocyst

at the level of Bowman’s layer imaged by

surrounded by the ectocyst.34

SSCM.

The active trophozoite form is irregular in shape and ranges between 11-25 µm in diameter.34
However, acanthamoeba forms are usually difficult to distinguish from keratocytes and
inflammatory cells.32, 34

Irregularly thickened, hyper-reflective stromal nerves with associated round structures have also
been noted in acanthamoeba keratitis and may represent radial neuritis with trophozoite
infiltration.34

In a large study by Mathers et al, 84% of patients with suspected acanthamoeba keratitis, on
the basis of in vivo confocal microscopy, were subsequently confirmed positive for the organism
on cytology of epithelial biopsy specimens.35

Although the definitive diagnosis of acanthamoeba keratitis still requires positive identification of
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the organism from corneal scrape/biopsy specimens, in vivo confocal microscopy is a useful
diagnostic adjunct as results are immediately available and may be used to prompt appropriate
corneal scraping or biopsy. In addition, in one study, sequential imaging of affected patients has
been shown to provide a useful guide in respect to tapering medications.33

Fungi
There are limited data on the utility of in vivo confocal microscopy in the assessment of
presumed fungal keratitis. In one culture positive case of Fusarium solani keratitis, numerous
filaments were observed in the stroma when imaged using SSCM.36 In two cases of aspergillus
keratitis, confirmed on culture, TSCM revealed multiple interlocking white lines, approximately
6µm in width and 200-400µm in length, in the stroma. This appearance was thought to
correspond to Aspergillus hyphae.37 In one of these cases, the gradual breakup and subsequent
disappearance of filamentous forms, as a result of treatment, were observed in vivo. Similar
appearances were also observed by Chiou et al.38

Bacteria
Bacteria are considerably smaller than acanthamoeba or fungi and in the only published human
in vivo confocal study of bacterial keratitis, pathogens staphylococcus werneri and
streptococcus viridans were observed as multiple small hyper-reflective structures measuring
2µm in diameter.39 There were no features to differentiate between these pathogens.
In infectious crystalline keratopathy, bacterial morphology cannot be identified by in vivo
confocal microscopy. Instead, needle-like opacities and amorphous intrastromal deposits are
observed at varying levels of the corneal stroma.40

Herpes simplex virus
Viral particles are well beyond the resolution of in vivo confocal microscopy, however, SSCM
has provided useful information on 16 cases of resolved HSV keratitis.25 In the majority of
cases, the sub-basal nerve plexus was qualitatively normal, and varying degrees of stromal
fibrosis were observed. In 63% of cases, reflective dendritic structures were observed at the
level of the basal epithelium. These structures were postulated to represent Langerhans cells.
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3.8 CORNEAL REFRACTIVE SURGERY

The in vivo confocal microscope is an excellent tool for investigating the effects of refractive
surgery on the cornea. The ability of this instrument to non-invasively examine the cornea
enables investigators to follow changes in corneal thickness and cellular morphology and
density over time. The unique opportunity to assess the wound healing response in the living
human cornea provided by this form of imaging may also help in unravelling the mechanisms of
corneal haze and refractive regression observed following refractive surgery.

Photorefractive keratectomy (PRK)
Following PRK, the corneal epithelium appears to regain its normal morphology by one
month.41, 42 However, when measured by CMTF, epithelial thickness remains significantly
thinner than pre-operative values at this stage.41 Epithelial thickness is fully restored to preoperative levels by 3 months and remains in a steady state for at least 1 year without any
compensatory epithelial hyperplasia.41

In vivo confocal microscopy has enabled investigators to examine changes in corneal
innervation over time following PRK. Sharply cut stromal nerve trunks are visible 10-15 minutes
post-operatively.43 At 1-2 months, sprouting nerve fibres are visible in the anterior stroma at the
margin of the wound and are directed toward the centre of cornea.43, 44 At 3 months, single nonbranched sub-basal nerve fibres are visualised in the central cornea.44 At 5-8 months postoperatively, the sub-basal plexus appears to be fully regenerated, however, abnormal branching
and thin accessory fibres are observed.43, 44 It has been reported that there are no further
changes in nerve morphology 8 months post PRK43 , however, whilst some authors have
reported a return to pre-operative sub-basal nerve morphology at 1 year,45 other researchers
have noted a bizarre pattern, compared to controls, two years post-operatively.46 In a study at 5
years post PRK, no significant differences in the number of central sub-basal nerve fibres were
identified when compared to normal controls, and 71% of subjects exhibited a similar branching
pattern to normal.47
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In vivo confocal investigation of corneal haze following PRK has revealed that at 1 month postoperatively, all subjects exhibit increased subepithelial reflectivity.41, 42 Additionally, increased
subepithelial haze thickness and intensity were associated with increasing clinical grade of
corneal haze.41 Similar findings were also noted 4 months post-operatively.48 Even corneas
judged to be clinically clear post PRK exhibit increased CMTF haze values, demonstrating the
ability of CMTF to detect subtle alterations in post-PRK light reflectivity. In the majority of
subjects, light scattering peaks at approximately three months and thereafter decreases, but
does not return to normal even at one year post-surgery.45

Cumulative measurements of CMTF haze over 12 months are significantly correlated with
ablation depth, but not with post-operative refractive change.45 Interestingly, even at 5 years,
increased fibrosis-like extracellular matrix reflectivity is still observed on CMTF, despite corneas
being clinically clear. However, at this stage there is no correlation between clinical haze score
and CMTF haze estimate or between myopic regression and ablation depth, epithelial thickness
or CMTF haze estimate.47

Analysis of anterior keratocyte morphology following PRK has demonstrated bright keratocyte
nuclei and visible cellular processes five days49 and one month45, 50 post-operatively when
imaged by in vivo confocal microscopy. This appearance is postulated to represent activated
keratocytes or repair fibrocytes.49 Keratocyte morphology returned to the pre-operative
appearance by six months45, 50 to twelve months49 in some studies, while others noted
persistence of abnormal keratocyte morphology in the anterior stroma at one year51 and five
years post operatively.47

In addition to alteration in keratocyte morphology, the anterior keratocyte density has been
shown to be greater than normal at one and four months post-operatively, followed by a return
to normal levels at 6 months42, 51 to 12 months.45 Results obtained by Erie et al suggest that
keratocyte density continues to decline, decreasing by 45% at three years when compared to
pre-operative levels.49 PRK has not been observed to have short or long term effects on midstromal and posterior stromal keratocyte densities or morphology.42, 46, 47
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Pre-operative assessment by in vivo confocal microscopy has identified highly reflective
microdots throughout the corneal stroma in contact lens wearers.46 These microdots appear to
remain unchanged following PRK.42 Highly reflective “rod and needle shaped” deposits have
also been noted in all stromal layers within the PRK ablation zone.42, 46 These range from 1 to
50 µm in size and may represent keratocytes that have undergone chronic change during
wound healing, pathological collagen produced in response to corneal inflammation, or
lipofuscin deposited in stroma during the healing process.42, 46

In vivo confocal microscopy, as might be anticipated from earlier reports, confirms that the
endothelium manifests no obvious signs of acute or chronic damage as a result of excimer laser
PRK.41, 42, 46, 47

Laser in situ keratomileusis (LASIK)
Central epithelial architecture is thought to remain “normal” throughout the LASIK post operative
period.52 However, with regard to epithelial thickness, as measured by CMTF, a 22% increase
in epithelial thickness by 1 month has been observed, which did not change therafter.53

The majority of LASIK patients exhibit microfolds at the level of Bowman’s layer52, 54, 55 and their
appearance has been noted to diminish with time.56 Microfolds appear as long dark lines with
varying thickness and length and are mainly vertically orientated.55

Although, long sub-basal nerve fibres are still visible in the central cornea 3 days post-LASIK,57
they are significantly reduced in number, or entirely absent by one week.52, 56-58 The number of
identifiable sub-basal nerve fibres subsequently increases gradually over time, returning to the
central cornea at six months.56 Studies have revealed strong correlations between central
corneal sensitivity and sub-basal nerve morphology57 and density.55
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Unsurprisingly, in vivo confocal microscopy
has verified that all LASIK treated eyes
exhibit interface “particles” postoperatively
(Fig 3.5).52-55, 59, 60 In the majority of studies,
these particles were maximal in density
during the first few days post-operatively
and significantly decreased with time.52, 54,
55, 60

When the particles were sub-classified

according to reflectivity, only the low
Figure 3.5. SSCM image of hyper-reflective

reflective particles decreased significantly

interface particles (arrow) following LASIK.

with time.55, 60

These particles may represent a combination of cellular and inorganic debris, unfortunately, in
vivo confocal microscopy is unable to identify the nature of these particles.52, 54

Although, unlike PRK, anterior keratocyte density has been shown to remain at pre-operative
levels for up to three months post-LASIK,54 subsequently, keratocytes are lost from the anterior
stroma and do not appear to be replaced by cell division or cell migration, with a significant
decrease in keratocyte density being identified at six months54, 55 and one year.56 In contrast,
keratocytes adjacent to the lamellar cut have been shown to disappear from both sides of the
cut soon (3-8 days) after LASIK.52, 54, 55 Subsequently, the keratocytes visible immediately
behind the interface have been reported to be larger than normal with oval, hyper-reflective
nuclei and easily identifiable processes.52, 54-56 These cells were thought to represent activated
keratocytes whose density decreased with time. Two studies have demonstrated a return to
normal keratocyte morphology in the retro-ablation zone at one month.52, 56 Changes in
keratocyte morphology, suggestive of activation, were observed on both sides of the wound
when the flap margin was imaged three days post LASIK.54 Two studies have observed initial
increases in posterior keratocyte density followed by a return to preoperative levels at 6
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months.52, 55 However, others have found no significant changes in this parameter during the
postoperative period.56

Measurements using CMTF have determined that the LASIK flap thickness is thinner than
intended in the vast majority of cases.52-54, 59, 60 There appears to be no significant change in flap
thickness with time,53, 55 however, as discussed previously, corneal thickness measurements
using CMTF may differ by as much as 7% from those obtained using ultrasound pachymetry.61
The variability in accuracy of measurements using CMTF may therefore be an important source
of error when analyzing LASIK flap thickness.

The corneal endothelium appears to be unaffected by LASIK.52, 55

3.9 CORNEAL DYSTROPHIES AND ECTASIAS

In the past, examination of the cornea at the cellular level has been limited to analysis of tissue
removed at corneal transplantation or post-mortem. Such tissue usually represents disease at
the severe on of the spectrum. Due to its non-invasive nature, in vivo confocal microscopy
permits investigation of ultrastructural changes within the cornea throughout the disease course,
hence potentially allowing assessment of disease progression. This use is currently limited by
the poor reproducibility of topographic sampling and by the fact that only a small area of the
cornea is imaged by in vivo confocal microscopy. So far, the majority of in vivo confocal
microscopy studies of corneal dystrophies and ectasias have been qualitative and have
attempted to correlate their findings with data obtained by histology and electron microscopy.

Keratoconus
Relatively few studies have used in vivo confocal microscopy to study keratoconus and the
majority of these have been qualitative in nature. Abnormalities at the cellular level have been
detected in the corneal epithelium and stroma using in vivo confocal microscopy.
Superficial epithelial cells appear elongated and are arranged in a whorl-like pattern in the
region of the apex of the cone.62 Of particular interest is the observation that the mean total
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keratocyte densities were 19% lower in patients with keratoconus compared to normal subjects.
Within the keratoconic group, the total keratocyte density was 19% lower in contact lens
wearers compared to non-contact-lens wearers. However, there was no significant correlation
between keratocyte density and severity of keratoconus.63

In vivo confocal microscopy has been used to examine the cornea in a wide range of corneal
epithelial and stromal dystrophies including map-dot-fingerprint corneal dystrophy,64, 65
Meesman’s corneal dystrophy,65 and Reis-Buckler’s, granular and lattice corneal dystrophies.6669

The majority of these studies have been qualitative and have provided little new data

regarding the pathophysiology and changes occurring with progression of these dystrophies.

Corneal endothelial dystrophies
In vivo confocal studies of Fuchs’ endothelial dystrophy have demonstrated the ability of this
modality to image the endothelium through moderate corneal oedema which usually precludes
examination by specular microscopy.70-73 Unsurprisingly, the endothelial cell density has been
shown to be significantly lower than normal in Fuchs’ endothelial dystrophy72, with associated
cellular polymegathism and pleomorphism.71, 72 Guttae appear as bright spots, 5-10µm in
diameter, each surrounded by dark circular rings.71-73 Another advantage of in vivo confocal
microscopy over specular microscopy is the ability to image the full thickness of the cornea. In
Fuchs’ endothelial dystrophy, this has revealed epithelial cysts65, a significantly raised basal
epithelial cell density, stromal lacunae and thickening of Descemet’s membrane.72

Posterior polymorphous dystrophy (PPD) is an uncommon corneal dystrophy which is clinically
characterised by the presence of endothelial lesions which have been classified into three main
forms: vesicular, band and diffuse.74 In vivo confocal microscopy of these lesions reveal focal
clusters of dark and bright bodies, vesicular lesions composed of optically dense material,
atypical elevated areas of endothelium, and curvilinear bands.75 Studies have also noted hyperreflectivity at the level of Descemet’s membrane around the lesions.76 Qualitative observations
have suggested endothelial pleomorphism and polymegathism in association with PPD.75
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3.10 OTHER CLINICAL STUDIES

Contact lens wear
Despite being associated with reduced corneal sensitivity77, long term contact lens wear does
not appear to affect the number, distribution or morphology of corneal nerves.77, 78 These results
suggest that the decreased corneal sensitivity in these subjects is due to functional nerve
changes rather than a structural alterations.

Studies have yielded varying results regarding the effect of long term contact lens wear on
keratocyte density. Patel et al77 identified no difference in keratocyte density in corresponding
layers between normal subjects and long term contact lens wearers. However, Jalbert et al79
concluded that extended wear hydrogel lenses reduced anterior and posterior keratocyte
density (by 32% and 18% respectively). Efron et al80 noted a 14% reduction in posterior
keratocyte density but no significant change in anterior keratocyte density. Significant
decreases in anterior and posterior keratocyte densities have been demonstrated as a result of
soft contact lens wear following overnight wear.81 Long term contact lens wear does not appear
to have any effect on endothelial cell density, however, cellular polymegathism is a significant
consequence.77

Soft contact lens wear in neophytes may induce acute responses such as round dark regions
within the endothelial mosaic, representing “blebs”, and hyper-reflective keratocyte nuclei.82
In vivo confocal microscopy of mucin balls associated with contact lens wear has indicated that
these structures deeply indent the corneal epithelium and range between 5 µm and 50µm in
diameter.83, 84

Diabetes Mellitus
In vivo confocal microscopy has revealed significantly fewer sub-basal nerve fibre bundles in
patients with diabetic peripheral neuropathy, compared to non-diabetics, and this was
associated with reduced corneal sensitivity in patients with severe peripheral neuropathy.85 This
study also noted significantly thinner epithelium in diabetic subjects with severe neuropathy, as
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measured by CMTF, compared to diabetics without neuropathy. In a refinement of this study,
Kallinikos et al86 observed significantly lower nerve fibre density, length and branch density in
diabetic patients compared with controls, and that these measures were lower with increasing
severity of peripheral neuropathy.

The light scattering index, a quantitative measure of light scattering at Bowman’s layer, is
significantly higher in diabetic subjects with proliferative retinopathy compared to normal
controls.87 The observers in this study suggested that measuring corneal light scattering may
provide an index of abnormality in Bowman’s layer.

Miscellaneous
A novel application of in vivo confocal microscopy in ophthalmology includes the investigation of
leukocyte rolling and extravasation at sites of inflammation in the human conjunctiva.88, 89
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Table 3.6. A summary of the results of quantitative in vivo confocal microscopy studies of the
cornea, layer by layer in disease states and following surgery.
EPITHELIUM
Fuchs’ endothelial dystrophy
72

Mustonen 1998

(17 eyes) SSCM

Superficial epithelium

cell density

1,062 ± 371 cells/mm

cell area

1,099 ± 473 µm

Basal epithleium

2

2

6,188 ± 427 cells/mm
162 ± 11 µm

2

2

KERATOCYTES
Keratoconus

Anterior stroma

Mid stroma

Posterior stroma

Full thickness

63

19,335 ± 4,935

(29 eyes) TSCM

cells/mm

Erie 2002

3

Fuchs’ endothelial
dystrophy
72

1,036 ± 235

(17 eyes) SSCM

cells/mm

Mustonen 1998

711 ± 95 cells/mm

2

2

Contact lens
wearers
77

Patel 2002

(20 eyes) TSCM
79

Jalbert 1999

36,286 ± 7,897

20,689 ± 3,238

3

21,812 ± 2,628

3

cells/mm

cells/mm

544 ± 206 cells/mm

22,122 ± 2,676

3

3

cells/mm

2

cells/mm

514 ± 111 cells/mm

2

(18 eyes) SSCM
PRK (1 year postop)
49

19,560 ± 3,795

(23 eyes)TSCM

cells/mm

42

434 ± 85 cells/mm

2

688 ± 29 cells/mm

2

Erie 2003

Frueh 1998

16,531 ± 3,938

3

16,489 ± 2,985

3

304 ± 55 cells/mm

17,304 ± 2,572

3

cells/mm

3

cells/mm
2

cells/mm

403 ± 49 cells/mm

2

(18 eyes) SSCM
LASIK (6 months
post-op)
55

Perez-Gomez 2003

(12 eyes) SSCM
56

27,049 ± 6,430

(17 eyes) TSCM

cells/mm

Mitooka 2002

52

Pisella 2001

3

18,281 ± 3516

18,095 ± 2,112

3

3

cells/mm

cells/mm

502 ± 41 cells/mm

2

(16 eyes) SSCM

ENDOTHELIUM

Contact lens wear

Mean density

77

2,726 ± 513 cell/mm

Patel 2002

2

(20 eyes) TSCM
Fuchs’ endothelial dystrophy
92

Hara 2003

1,471 ± 662 cells/mm

2

1,202 ± 850 cells/mm

2

(11 eyes) SSCM
72

Mustonen 1998

(8 eyes) SSCM
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4.1 INTRODUCTION

For over two decades, slit scanning and tandem scanning in vivo confocal microscopes have
been used as research and clinical tools for the examination of the living human eye.

The most recent development in in vivo confocal microscopy is the use of coherent light to
produce laser scanning in vivo confocal microscopes. This is now commercially available in the
form of the Heidelberg Retina Tomograph II Rostock Corneal Module (Heidelberg Engineering,
GmBH, Germany)(RCM).

The aim of this chapter is to compare the known attributes of the Confoscan 2 slit scanning in
vivo confocal microscope (SSCM) and the RCM in vivo confocal microscope.

4.2 LIGHT SOURCE

SSCM
The SSCM uses a 100W/12V halogen lamp as its illumination source. Therefore, the visible
white light produced consists of non-coherent light with range of wavelengths. Ultraviolet and
infrared filters are built into the optical path to protect the patient’s eye from these wavelengths.
Due to the relatively weak illuminating light source, subjects may be examined continuously for
up to 30 minutes without inducing an afterimage.1

RCM
The RCM utilises a 670nm red wavelength Helium Neon diode laser source. The illumination
source is thus single wavelength, coherent light. This is a class 1 laser system and so, by
definition, does not pose any ocular safety hazard. However, to guarantee the safety of the
operator and subjects, the manufacturers have imposed a limit on the maximum period of
exposure for patient and operator of 3,000 seconds (50 minutes) in any single examination
period.
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4.3 PRINCIPLES

SSCM
The SSCM utilises 2 optically conjugate slits for illumination and detection of reflected light. A
rapidly oscillating 2 sided mirror scans the image of a slit onto the microscope objective and descans the reflected light from the object. The signals produced are detected by a chargecoupled device (CCD camera). A digital image capture system is used, with image acquisition
rates of 25 frames per second. It should be noted that the use of a slit means that this
microscope is only truly confocal in the axis perpendicular to the slit height.2

RCM
The laser beam is scanned sequentially over each point of the examined area. In order to scan
the image, the laser beam must be deflected in two perpendicular directions. This is achieved
by the two scanning mirrors: a resonant scanner scans the beam horizontally to produce a scan
line and a galvanometric scanner scans this line vertically, to produce a scan field. De-scanning
of reflected light is performed by the same two scanning mirrors. The reflected light is deflected
to a detector which is an avalanche photo diode (a point-like detector). The signal of the photo
diode is digitized, and this digital data forms the image.

4.4 OBJECTIVE LENSES

A range of objective lenses are available for in vivo confocal microscopes (Table 4.1).

SSCM
Achroplan water immersion lenses (Zeiss, Oberkochen, Germany) are compatible with the
SSCM. The standard lens used is x40 with a numerical aperture of 0.75. The dimensions of
each image produced using this lens is 340 µm width x 255 µm height. This lens was used for
all studies utilising the SSCM in this thesis.
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For this standard lens, manufacturers quote a transverse resolution of 1µm and axial resolution
of 10µm for images produced with the SSCM. Although axial resolutions ranging between 8 µm3
and 25µm4 are quoted in the literature, these refer to other models or versions of slit scanning
confocal microscope.

RCM
The RCM uses a x60 water immersion objective lens with a numerical aperture of 0.9 (Olympus,
Tokyo, Japan). The dimensions of each image produced using this lens is 400µm x 400 µm,
and the manufacturers quote transverse resolution and optical section thickness as 2µm and
4µm respectively.

Table 4.1. A summary of objective lenses available for in vivo confocal microscopes and their
properties.
Objective

Numerical

Image frame

Lateral

Axial

Working

lens

aperture

size (µm)

resolution

Resolutio

distance

(µm)

n (µm)

SSCM

25x

0.65

SSCM

40x

0.75

1.4
340 x 2557

5, 6

17

165, 6
254, 158,

1.98mm7

83, 107
SSCM

50x

1.0

RCM*

60x

0.9

400 x 400

0.85, 6

105, 6

2

4

0-3mm

*Values for RCM obtained from manufacturer

4.5 IMAGE ACQUISITION MODES AND SETTINGS

SSCM
The SSCM has one image acquisition mode, in which automatic scanning is performed through
the z-axis of the cornea. This microscope does not provide the option of disabling z-scanning
whilst still acquiring images. For each examination, 350 images are acquired at a rate of 25
frames per second, over a period of approximately 14 seconds.

During image acquisition, a sequence of optical sections of the cornea are imaged, starting from
the anterior chamber, moving back and forth through the entire cornea. One complete back and
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forth movement of the optical head is defined as a “pass”. All studies using SSCM in this thesis
have used a protocol of 4 passes, although 1-10 passes may be selected. Another selectable
parameter is z-length, defined as the length of half a pass. If the full thickness of the cornea is to
be examined, a z-length of approximately 140% of the central corneal thickness (as measured
by Orbscan pachymetry) is selected. This excess excursion is used to account for the reverse
movements of the optical head during each pass, and for movement of the subject’s head/eye
in the z-axis. If loss of data occurs at the extremes of each excursion, the z-length may be
altered empirically on an individual basis. A z-length of between 200 µm and 1400 µm may be
selected.

The distance between each image may theoretically be determined using formula 4.1.

Formula 4.1
D = Z / (350 / n)

D= distance between images
Z= z-length
n= 2 x number of passes

The brightness and contrast of the saved image may be altered within a range of 0 to 255.
Default settings for these parameters are 127 for brightness and 185 for contrast. The
brightness of the illuminating light source may be altered manually within an empirical scale of 0
to maximum. Images may be stored in JPEG or TIF file format.

RCM
The RCM offers greater operator flexibility for in vivo corneal examination compared to SSCM.
Three examination modes are available.
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Section mode
The section mode enables acquisition and storage of a single image at a time. The cornea may
thus be scanned manually in the X-Y-Z axes and images acquired at the desired points by
pressing a foot pedal. Manual scanning in the z-axis may be performed through a range of 0µm
to 1500µm. The author has found this to be the most versatile mode for clinical corneal
examination.

Volume mode
The volume mode allows acquisition of 30 images in consecutive focal planes 2µm apart.
Therefore, 60µm of cornea can be scanned automatically in the z-axis.

Sequence mode
In the sequence mode, a series of 100 images are acquired at a selectable rate between 1 and
30 frames per second. The result is a movie, 3-100 seconds in duration. During acquisition, the
objective lens may either remain stationary, or be manually scanned in the X-Y-Z axes.

The brightness of the illuminating light source may be set automatically or manually. Images
may be stored in JPEG or TIF file format.

4.6 CLINICAL EXAMINATION METHODOLOGY

SSCM
The objective lens tip and the subject’s chin and head rests are disinfected using sterile wipes
containing 70% isopropyl alcohol (Seaton Healthcare group plc, Oldham, UK). The subjects’
eyes are then anaesthetised using a drop of 0.4% benoxinate hydrochloride (Chauvin
Pharmaceuticals, Surrey, UK).

Viscotears (Carbomer 980, 0.2%, Novartis, North Ryde, NSW, Australia) is used as a coupling
agent between the objective lens and the cornea. A pea sized drop of this viscous gel is placed
on the tip of the objective lens, ensuring it is homogenous and free of bubbles.
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Once the subject has been made comfortable, with the chin on the chin rest and the forehead
pressed firmly against the forehead bar, they are instructed to look straight ahead (Fig 4.1.a).

In the author’s experience, the use of targets is inadequate in controlling the subject’s position
of gaze. During image acquisition, the microscope housing obscures the view from the subject’s
contralateral eye, ruling out the option of using distance targets. Additionally, placing targets on
the microscope housing (in front of the contralateral eye) results in convergence of the eye
under examination.

Figure 4.1. The Confoscan 2 in vivo confocal microscope in clinical use (a). During
examination, the objective lens tip is separated from the cornea by a layer of Viscotears (b).

A joystick is used to move the microscope head electronically. The objective lens is first grossly
aligned with the eye undergoing examination. Fine adjustments are then made to align the lens
tip with the central cornea. The lens tip is subsequently advanced forwards until the gel touches
the corneal surface (Fig 4.1.b), then further still, until the corneal endothelium comes into view.
At this stage, further fine adjustments in the X-Y plane may be required to achieve good
centration. Once centred, the lens is advanced just beyond the endothelium, into the anterior
chamber, and image acquisition commenced.
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RCM
The initial step in examination using RCM is preparation of the objective lens tip. A
homogenous, bubble free, pea sized, drop of Viscotears is placed on the lens tip. A sterile
disposable cap is then mounted over the lens tip, such that the gel forms a meniscus between
the objective lens and the cap. The focal plane adjustment wheel is then adjusted until a bright
reflection is observed, indicating that the lens is focussed within the front of the cap. The depth
setting is then reset to zero.
Figure 4.2. The RCM in clinical use.

The subject’s eyes are anaesthetised using a drop of 0.4% benoxinate hydrochloride, and
Viscotears is used in the eyes for lubrication.

The subject is seated comfortably, with the chin on the chin rest and the forehead pressed firmly
against the forehead bar (Fig 4.2). In the author’s experience, fixation targets are a useful tool in
aiding examination with the RCM. The compact size of the microscope head (Fig 4.3a) means
that the subject’s contralateral eye is not obscured, enabling the use of distance targets.
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Fig 4.3. (a) The RCM head has a focal plane adjustment ring (arrow) and a sterile disposable
cap (arrowhead) placed over the objective lens tip. (b) The objective lens used with the RCM.

Alignment is further aided by use of a CCD camera attachment enabling live imaging of the
cornea from the temporal side during examination (Fig 4.4). Adjustment of the position of the
lens tip in the X-Y-Z axes can only be performed manually.

Figure 4.4. A CCD camera “real time” or
live image of the cornea from the
temporal aspect demonstrating the
applanating lens cover and how the
laser beam is aligned with the corneal
apex (arrow) (original magnification 1x).

The cornea is applanated by the lens cap, and applanation should be maintained throughout the
examination, carefully avoiding corneal compression. Examination using the selected mode
may then be commenced.
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4.7 THE LIVING HUMAN CORNEA: LAYER BY LAYER

Superficial epithelium
Superficial epithelial cells cannot be
imaged using RCM. When imaged by
SSCM, these cells appear as polygonal
cells with visible cell nuclei surrounded
by a dark band.

Basal epithelium (Fig 4.5)
Basal epithelial cells are more clearly
defined, with brighter cell borders when
imaged using RCM compared to SSCM

Sub-basal nerve plexus (Fig 4.5)
Sub-basal nerve fibre bundles appear
brighter and fine nerve branches are
visible using RCM. However, nerve
beadings are more clearly defined using
SSCM.

Stroma (Fig 4.5)
The borders of keratocyte nuclei are well
defined using RCM and, unlike SSCM
images, keratocyte cytoplasm and
processes are visible, particularly in the
posterior stroma.

Endothelium (Fig 4.5)
The borders of endothelial cells are well
defined using SSCM. In contrast,
images of the endothelium using RCM
tend to be diffusely hyper-reflective,
often obscuring endothelial cell borders.

Figure 4.5. Layers of the normal human cornea
imaged by SSCM and RCM in vivo confocal
microscopy. All images are taken from the same
subject.
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4.8 ARTIFACTS
Both of the in vivo confocal microscopes described produce en face images of the cornea. If the
objective lens is not aligned tangential to the corneal surface during examination, oblique optical
sections of the cornea are obtained. Oblique sections may be detected by the progressive
visibility of adjacent corneal layers across the image (Fig 4.6). Oblique optical sections are
difficult to detect when imaging within the stroma.

Figure 4.6. Oblique optical sections of (a) the posterior stroma and endothelium imaged by
SSCM and (b) the anterior stroma, sub-basal nerve plexus and basal epithelium imaged by
RCM.

Motion artifacts may occur due to movement of the subject during examination. In such cases,
reflective structures within the image appear blurred and distorted in the direction of motion (Fig
4.7).
Figure 4.7. Images of the cornea during involuntary movements of the subject’s eye
demonstrating blurring and distortion of keratocyte nuclei (a) SSCM and (b) RCM.
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Compression artifacts are rare with SSCM but are relatively commonly observed with RCM due
to the requirement of corneal applanation during examination using this technique.
Compression induces an anterior corneal mosaic which appears as a meshwork of intersecting
bands at the level of Bowman’s layer and the anterior stroma (Fig 4.8a,b). Narrower bands are
observed in the mid and deep stroma (Fig 4.8c) and the posterior corneal surface exhibits
ridges (Fig 4.8d).9

Figure 4.8. RCM compression artifacts demonstrating dark bands observed in (a) Bowman’s
layer, (b) the anterior stroma, (c) the posterior stroma, and (d) the endothelium.
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4.9 Quantitative image analysis using proprietary software
SSCM
Navis Endothelial Analysis Software (Fig 4.9) is available for use with the Confoscan 2. This
software enables quantitative analysis of in vivo confocal images. The region of interest is easily
defined in terms of area and adjusted as required prior to analysis. For corneal endothelial
images, analysis may be performed manually, automatically, or a combination of both. Manual
analysis only provides data regarding endothelial cell density.

Automatic analysis of endothelial images has the advantage of providing data regarding
endothelial density (and the normal range for the subject’s age), the mean cell area, the
coefficient of variation in area, the mean number of sides, the coefficient of variation in the
number of sides, and the percentage of hexagonal cells. However, in some cases, cell borders
may be incorrectly traced by the automated system. This can be rectified by manual adjustment
of cell border tracings.

A facility to measure lengths and areas of objects is also available, although lengths smaller
than 1 µm cannot be measured.

Figure 4.9. Navis Endothelial Analysis Software detects the dark cell borders of endothelial
cells.
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RCM
The RCM has proprietary software for manual analysis of cell densities (Fig 4.10). Although the
region of interest is easily defined, the area of this region is not displayed until after selection. It
is therefore difficult to select a region with a fixed area.

There is no facility for automated image analysis or for making linear measurements.

Figure 4.10. Manual analysis of endothelial cell density.

4.10 CONCLUSIONS

This chapter illustrates the differences in the known attributes of the SSCM and RCM.

The availability of multiple modes of image acquisition make the RCM a versatile instrument
that enables examination at eccentric corneal locations to be performed more easily than with
SSCM.

The compact size of the RCM head makes this microscope more compatible with the use of
distance fixation targets than the SSCM. This feature is useful during examination of eccentric
corneal locations.
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One of the disadvantages of RCM is the requirement for contact between the cornea and lens
cap, with the associated risk of corneal compression, corneal abrasion and iatrogenic infective
keratitis. Because the SSCM objective lens and cornea are separated by a viscous gel
throughout the examination, the cornea can be imaged free of compression artefacts.
Additionally, subjects with fragile corneal surfaces (eg map-dot-fingerprint corneal dystrophy or
in the early postoperative period following refractive surgery) can be examined more safely than
with RCM.

The RCM produces higher quality images of the corneal basal epithelium, sub-basal nerve
plexus and stroma than the SSCM. However, the RCM is unable to image the superficial
corneal epithelial cells and images of the endothelium are more difficult to acquire and are of
poorer quality than with SSCM.
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CHAPTER 5

Pilot studies assessing differences between laser
scanning and slit scanning in vivo
confocal microscopes
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5.1 INTRODUCTION

The aim of this chapter is to directly compare the performance of the Confoscan 2 slit scanning
in vivo confocal microscope (SSCM) and the Heidelberg Retina Tomograph II Rostock Corneal
Module (Heidelberg Engineering, GmBH, Germany)(RCM) laser scanning in vivo confocal
microscope in a series of pilot studies.

5.2 STUDY 1: IMAGE CONTRAST

Contrast is defined as the difference in light intensity between the object of interest and the
adjacent background in relation to the background intensity (formula 5.1). Contrast is an
important factor in image quality because even with sufficient special resolution, an object
cannot be observed from it’s surroundings without sufficient contrast.6

Formula 5.1
C = (Io-Ib)/ Ib

C =Contrast
Io =Gray scale intensity of object
Ib =Gray scale intensity of adjacent background

Purpose
To analyse the difference in image contrast between the two in vivo confocal microscopes
utilized in the studies contained in this thesis.

Method & Subjects
Following informed consent, four subjects were recruited. All subjects had healthy corneas
when examined by slit lamp biomicroscopy, and had no history of contact lens wear, ocular
trauma/surgery, or systemic diseases that may affect the cornea. Three of the subjects were
female and one was male and the mean age of the group was 32 ± 7 years.
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The central cornea of the left eye of each subject was examined by SSCM and RCM using the
methodologies outlined in section II chapter 4(4.6).

For each subject, the best image was selected from each of the following layers: sub-basal
nerve plexus, anterior stroma, and posterior stroma. The gray scale intensities of objects within
the frames which were in focus and their adjacent background were recorded at 20 points per
frame using analySIS 3.1 (Soft Imaging System, Münster, Germany).

For one of the subjects, the surface plot function in Image J software (National Institute of
Health, Bethesda, MD, USA) was used to display 3-dimensional graphs of pixel intensities
(grayscale units) for one image from each layer.

Results
For all layers, the mean contrast was significantly higher for RCM compared to SSCM (P<0.01
Mann-Whitney U test) (Table 5.1).

Table 5.1. Mean contrast values for each in vivo confocal micoscope according to corneal layer.
Mean contrast ± std dev

Mean contrast ± std dev

Mann-Whitney U

for SSCM

for RCM

Sub-basal nerves

0.78 ± 0.28

2.86 ± 0.97

P<0.001

Anterior stroma

0.78 ± 0.57

2.57± 1.21

P<0.001

Posterior stroma

0.61 ± 0.32

2.69 ± 0.93

P<0.001

The surface plots (Fig 5.1) confirmed the difference in image contrast between the two
microscopes, with the RCM demonstrating higher peaks with steeper edges compared to the
SSCM. Additionally, high peaks were observed up to the edges of each image for RCM
whereas peaks were concentrated in a vertical line at the centre of SSCM images, with small
peaks at the lateral edges of each image.
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Figure 5.1. Surface plots of pixel intensities of in vivo confocal images of the sub-basal nerve
plexus, anterior stroma, and posterior stroma taken from a single subject using SSCM and
RCM. In all graphs, the vertical scale represents pixel intensity (Grayscale units).
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5.3 STUDY 2: ILLUMINATION INTENSITY

The intensity of the illuminating light source is a factor that determines image brightness and is
adjustable in both the SSCM and RCM.

SSCM
The brightness of the illuminating light source in SSCM may be altered manually. However, the
maximal light intensity is usually used as the default setting. In the author’s experience, this
setting produces the best quality images in the majority of cases. Reducing the light intensity
may be useful when imaging excessively reflective structures. A numerical scale for brightness
is not available.

RCM
The RCM has a default automatic brightness setting which dynamically adjusts the intensity of
the illuminating light to produce what the computer perceives as the best quality image. An
option to manually adjust the brightness is also available and this is useful when imaging very
reflective structures. However, a numerical scale for brightness is not available.

Purpose
To investigate the effects of altering illumination intensity when imaging the sub-basal nerve
plexus using SSCM and RCM.

Methods
The central cornea of a 29 year old female subject with a normal healthy cornea and no history
of ocular disease, contact lens wear or corneal surgery was examined using SSCM and RCM.
The methodology outlined in section II chapter 4A (4.6) was used. For SSCM, the illumination
brightness was reduced manually during examination. For RCM, both the automatic brightness
setting and manual brightness alteration settings were used.
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Results
When the illumination brightness was reduced during SSCM examination, images of the subbasal nerve plexus could not be acquired by the digital image capture system due to the
darkness of the images.

When imaged by RCM, sub-basal fibre bundles appeared thinner and beadings appeared to be
more prominent when the brightness was reduced compared to the automatic brightness
setting.

Measurement of nerve diameter at 10 random points in each image (Fig 5.2) confirmed that
nerve diameters are significantly smaller at reduced brightness levels (2.08 ± 0.74 µm)
compared to the automatic brightness setting (3.99 ± 0.58 µm)(P<0.01 Mann-Whitney U test).

Figure 5.2. RCM images of the
same field of view at the level
of the sub-basal nerve plexus
using the automatic brightness
setting (a) and manually
reducing the brightness (b),
making the nerve beadings
(arrow) more prominent.

5.4 STUDY 3: CALIBRATION

With the recent trend towards quantitative analysis of in vivo confocal microscopy images, it is
imperative that the accuracy of such measurements is validated.

It is important to note that although calliper tools such as the analySIS 3.1, Soft Imaging System
(Münster, Germany) are able to provide measurements to an accuracy of 0.01µm, the lateral
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resolution for images produced by the SSCM and RCM are 1µm and 2µm respectively.
Measured dimensions should therefore only be reported to the nearest micrometer.

Purpose
To investigate the accuracy of measurement of objects imaged by the two in vivo confocal
microscopes utilized in the studies contained in this thesis.

Methods
A glass slide etched with a micrometer scale was imaged using SSCM (200µm z-length, 4
passes, empirically reduced illumination intensity), and RCM (section mode, automatic
brightness adjustment).

Ten microlitres of 10 µm latex calibration microspheres (ProSciTech, Kirwan, Queensland,
Australia) were suspended in 100 µl of 1% agarose polymerised by microwave energy. The
agarose suspension was prepared as a layer, approximately 0.5mm thick, on a glass slide
within a ring of silicone sealant (Selleys, Auckland, NZ). The preparation was examined using
SSCM (200µm z-length, 4 passes), and RCM (volume mode).

Images were subsequently analysed using a calliper tool (analySIS 3.1, Soft Imaging System,
Münster, Germany). OsiriX 2.0 was used to 3-dimensionally reconstruct images of the latex
calibration microspheres.

The one-sample t-test was used to compare the manufacturer’s quoted object size with
measurements obtained from SSCM and RCM images.

Results
Clear images of the micrometer scales were obtained for both SSCM and RCM (Fig 5.3). The
highly reflective etched micrometer scale bars appeared thicker with increasing illumination
intensity. The best quality SSCM image (Fig 5.3a) was obtained by reducing the illumination
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intensity to approximately one third of maximum. Any further reduction resulted in poor visibility
of the peripheral scale bars.

Figure 5.3. A micrometer scale etched onto a glass slide imaged by (a) SSCM and (b) RCM

For both SSCM and RCM, the latex calibration spheres appeared as circular hyper-reflective
objects (Fig 5.4a,c). On three dimensional reconstruction of SSCM images, the latex calibration
spheres appeared as spheres with flattening in the z-axis (Fig 5.4b). Reconstructed RCM
images revealed double cone shaped structures which were joined by the cone apices, with the
anterior cone appearing brighter (Fig 5.4d). This unusual appearance is likely to be related to
the high reflectivity of the latex beads producing optical shadows predominantly posterior to the
bead and to the selective wavelength of light used by RCM.
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Figure 5.4. Images of 10 µm latex calibration beads taken using SSCM (a) and RCM (c). Three
dimensional reconstruction of volume scans taken by SSCM (b) and RCM (d).

There were significant differences in measurements obtained from SSCM images (Table 5.2) of
the 20 µm (P<0.01) and 100 µm (P<0.01) micrometer scales and the 10 µm latex spheres
(P<0.01) compared to the manufacturer’s quoted size.

There were no significant differences in measurements obtained from RCM images (Table 5.2)
of the 20 µm (P=0.17) and 100 µm (P=0.33) micrometer scales and the 10 µm latex spheres
(P=0.50) compared to the manufacturer’s quoted size.
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Table 5.2. Comparison of measurements of images taken using SSCM and RCM with the
manufacturer’s quoted size.
Manufacturer’s

Mean

Mean

quoted size (µm)

measurement on

measurement on

SSCM image ±

RCM image ±

std dev (µm)

std dev (µm)

Micrometer scale

20

17 ± 1

21 ± 1

Micrometer scale

100

94 ± 1

100 ± 1

Latex spheres

10

11 ± 1

10 ± 1

5.5 STUDY 4: IN VITRO IMAGING

Purpose
To investigate the ability of the two in vivo confocal microscopes to image keratocytes in vitro.

Methods
Cultured human keratocytes were fixed onto a glass slide using 2.5% paraformaldehyde (TAAB
Laboratories, Reading, UK) and phosphate buffered saline (Gibco BRL, Gaithersburg, MD,
USA).

Using a clamp, the glass slide was then fixed in position within the headrest of the SSCM and
RCM to enable in vivo confocal microscopy to be performed. The methodology outlined in
section II chapter 4(4.6) was used for in vivo confocal microscopy examinations.

Results
SSCM
Images of keratocytes (Fig 5.5b) were only visible when the illuminating light intensity was
reduced to approximately one third of maximum. Cells were only visible in the centre of the field
of view and the keratocytes were poorly defined.
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RCM
Good quality images of keratocytes were obtained (Fig 5.5c). Keratocyte cell borders were
clearly defined and keratocyte nuclei were clearly visible as dark oval shaped structures within
each cell.

Figure 5.5. Images of the same keratocytes on a glass slide imaged using the (a) light
microscope, (b) SSCM, and (c) RCM.

5.6 STUDY 5: EX VIVO IMAGING

Purpose
To investigate the ability of the two in vivo confocal microscopes to examine ex vivo corneal
tissue.

Methods
Donor corneal tissue had been in storage medium (Eagles MEM liquid medium with foetal calf
serum (Gibco BRL, Gaithersburg, MD, USA) for 13 days. The tissue was then transferred into
transport medium (Eagles MEM liquid medium with foetal calf serum (Gibco BRL, Gaithersburg,
MD, USA) and 5% Dextran (Sigma, St. Louis, MO, USA) for 7 days.

The corneo-scleral button was mounted onto a glass slide within a rim of silicon sealant
(Selleys, Auckland, NZ)(Fig 5.6). Using a clamp, the glass slide was then fixed in position within
the headrest of the SSCM and RCM to enable in vivo confocal microscopy to be performed. The
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methodology outlined in section II chapter 4 (4.6) was used for in vivo confocal microscopy
examinations.

Fig 5.6. A CCD camera “real time”
or live image of the corneo-scleral
button (arrowhead) from the
temporal aspect demonstrating the
rim of silicon sealant (arrow) used for
mounting the button.

OsiriX 2.0 was used to 3-dimensionally reconstruct images of the mid stromal keratocytes taken
using RCM.

Results
SSCM (Fig 5.7)
The corneal epithelium was highly reflective, although in some areas, bright oval shaped
structures, presumed to represent epithelial nuclei, were observed. Stromal images exhibited
diffuse haze throughout the full thickness of the corneal stroma, particularly posteriorly. A few
keratocyte nuclei were visible in the anterior and mid stroma although their borders were poorly
defined. The corneal endothelium could not be clearly imaged.

RCM (Fig 5.7)
The corneal epithelium exhibited cells with dark, poorly defined borders. Stromal images
exhibited diffuse haze throughout the full thickness of the corneal stroma, particularly
posteriorly. However, keratocyte nuclei were clearly defined in the anterior and mid-stroma. In
some areas, keratocyte cytoplasm was also observed in the aforementioned layers. The corneal
endothelium could not be clearly imaged.
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Figure 5.7. Imaging of ex vivo corneal tissue using SSCM and RCM, layer by layer.

Three dimensional reconstruction of RCM volume scans revealed flat keratocytes in a lamellar
arrangement (Fig 5.8). This suggests that the z-axis artefacts observed when imaging latex
beads do not occur when examining the human cornea.

Figure 5.8. (a) Three dimensional reconstruction of RCM images of mid stromal keratocytes in
ex vivo corneal tissue.(b) A saggital view reveals the lamellar arrangement of keratocytes.
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5.7 CONCLUSIONS

In vivo confocal microscopes have been used extensively for clinical research. However, there
is little data comparing the attributes of different types of microscopes.4 This is particularly
important when interpreting the results of studies using different in vivo confocal technologies.
The current study is the first to compare the SSCM and RCM and has demonstrated significant
differences in the imaging capabilities of these two systems.

As observed in study 1, the images produced by RCM have greater contrast than those
produced by SSCM. Additionally, the contrast remains high up to all edges of each RCM image,
but decreases markedly towards the lateral edges of each SSCM image. This has important
implications when quantitatively analysing these images because inclusion of the low contrast
edges of the image, where objects may not be clearly defined, may result in falsely low
measurements of the density of these objects.

Study 2 highlighted the effect of illumination intensity on the apparent thickness of sub-basal
nerve fibre bundles imaged by RCM. It was not possible to demonstrate this using SSCM
because the sub-basal nerve plexus could not be imaged when illumination intensity was
reduced below maximum. The results of this study suggest that comparisons of the dimensions
of reflective objects in images obtained by in vivo confocal microscopy are only valid when the
same type of in vivo confocal microscope is used and illumination intensity is constant.

Study 3 demonstrated that measurements of standard sized test objects are more accurate in
RCM images compared to SSCM images. This difference may partly be explained by the high
reflectivity of the test objects used in this study and the difficulty in reducing the intensity of
incident light whilst maintaining image quality over a sufficient area of the image in SSCM. It is
possible that the difference in accuracy may not be significant in vivo because objects of such
high reflectivity are not usually observed in the normal living human cornea.
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The potential for in vitro and ex vivo imaging using RCM has been demonstrated in pilot studies
4 and 5. Although the main role of RCM is in examination of the cornea in vivo, the ability of this
microscope to examine in vitro and ex vivo tissue non-invasively (and therefore without inducing
artifacts) provides a bridge between clinical and laboratory observations.
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The sub-basal plexus nerve density of the normal living
cornea imaged by slit scanning in vivo confocal
microscopy and correlated with corneal sensitivity
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6.1 INTRODUCTION

The cornea is one of the most densely innervated tissues in the human body, its innervation
originating from the ophthalmic branch of the trigeminal nerve. As well as serving a protective
function, corneal nerves also play important roles in regulating corneal epithelial integrity,
proliferation and wound healing.1

Corneal nerve architecture has been extensively studied using light and electron microscopy.2-4
However, studies using these techniques are limited in accuracy because human corneal
nerves have been shown to degenerate within 13.5 hours of death.3 In vivo confocal microscopy
overcomes this problem by enabling non-invasive examination of the living human cornea.

Unlike stromal corneal nerves, which vary in orientation, the sub-basal nerve plexus lies parallel
to the corneal surface between Bowman’s membrane and the basal epithelium. This enables
reproducible imaging and quantification of nerves in this layer. To our knowledge, only 3 studies
have used in vivo confocal microscopy to quantitatively analyse the sub-basal plexus in the
healthy human cornea and all only assessed the central cornea.1, 5, 6

The purpose of this study was to quantitatively analyse the sub-basal nerve plexus at five
corneal locations using in vivo confocal microscopy, and to correlate these microstructural
observations with corneal sensitivity.

6.2 METHODS

Subjects
Following informed consent, 60 human subjects were recruited and one normal eye of each
subject was included in the study. Exclusion criteria were previous contact lens wear, history of
ocular trauma or surgery, ocular disease and systemic diseases which may affect the cornea.
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Informed, written consent was obtained from all subjects after explanation of the nature and
possible consequences of the study. The protocol used was approved by the Auckland ethics
committee.

Examinations
All subjects were examined by slit lamp biomicroscopy to exclude corneal disease.Corneal
sensitivity was then measured by non-contact pneumatic corneal aesthesiometry7 using a
10mm working distance and 0.9 second stimulus duration. Corneal sensitivity threshold
measurements were made on the central cornea and the inferior, temporal, nasal and superior
mid-peripheries using the technique outlined in Section 1, Chapter 2.3.

In vivo confocal microscopy using slit-scanning technology (Confoscan 2, Fortune Technologies
America, Greensboro, NC, USA) was subsequently performed on all subjects using the
previously described protocol. For all subjects, the central cornea was examined using a
standard setting of four passes, with a scanning range between 700µm and 800µm (throughout
the z-axis) to image the full corneal thickness and a 200µm scanning range to specifically image
the sub-basal nerve plexus centrally and in the inferior, temporal, nasal and superior midperipheries.

Image analysis
For each corneal location in each subject, two of the clearest images containing the maximum
number of nerves at the level of the sub-basal plexus were selected. All frames were
subsequently randomised and encoded by an independent observer.

Measurements were performed using a calliper tool (analySIS 3.1, Soft Imaging System,
Münster, Germany). For all images, a standard frame size of 283µm x 212µm (area 0.06 mm2)
was selected. Nerve density was assessed by measuring the total length of nerves per frame
(Fig 6.1).
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Figure 6.1. Sub-basal nerve fibre bundles within the defined frame were traced to determine
sub-basal nerve density.

Statistical analysis
SPSS version 12 for windows (Chicago, IL, USA) was used for statistical analysis. The KruskalWallis test was used to determine any significant differences between multiple groups. The
Mann-Whitney U test was used to compare the means of variables between pairs of groups. P
values of <0.05 were considered significant for all statistical tests.

6.3 RESULTS
The subjects were divided into 3 groups according to age (Table 6.1).
Table 6.1. A summary of the three subject groups.

Number of eyes

Mean age ± std dev (years)

Males: females

Group 1

20

25.62 ± 3.02

11:9

Group 2

20

43.46 ± 4.64

7:13

Group 3

20

60.73 ± 6.74

6:14

A total of six hundred images of the sub-basal nerve plexus were selected. Sub-basal nerves
were absent in 63 of these frames.

Corneal location
The mean sub-basal nerve density and the mean corneal sensitivity (inverse of sensitivity
threshold) were greatest centrally and lowest in the nasal mid-periphery.
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When analysed according to corneal location using the Kruskal-Wallis test, all parameters
demonstrated significant differences between the locations (Table 6.2). Post hoc Mann-Whitney
U tests on pairs of location groups revealed that sub-basal nerve density and corneal sensation
were significantly greater in both the central cornea and temporal mid periphery compared to all
other peripheral locations (P≤0.01).
Table 6.2. Comparison of sub-basal nerve density and corneal sensitivity for each of five
corneal locations.
Mean sub-basal nerve

Mean corneal sensitivity
2

Corneal location

density ±std dev (µm/mm )

threshold ±std dev (mbars)

Central

14,731 ± 6,056

0.38 ± 0.21

Inferior mid-periphery

8,477 ± 6,460

0.45 ± 0.22

Nasal mid-periphery

7,850 ± 4,947

0.49 ± 0.25

Superior mid-periphery

8,566 ± 6,441

0.48 ± 0.23

Temporal mid-periphery

12,556 ± 6,909

0.41 ± 0.26

Kruskal-Wallis test

P<0.001

P<0.001

Age
When analysed according to age using the Kruskal-Wallis test, there was no significant
difference in mean total sub-basal nerve density with age. Corneal sensation demonstrated
significant differences between the age groups (Table 6.3). Post hoc Mann-Whitney U tests on
pairs of age groups revealed that corneal sensitivity threshold was significantly lower in group 2
compared to groups 1 (P=0.01) and 3 (P<0.01). However, there was no significant difference in
corneal sensation between groups 1 and 3 (P=0.37).
Table 6.3. Summary of data for all parameters according to age
Mean total subAge group

Mean corneal

basal nerve density
2

± std dev (µm/mm )

sensitivity
threshold ± std
dev (mbars)

Group 1

10,641 ± 6,819

0.44 ±0.21

Group 2

10,115 ± 6,766

0.39 ± 0.18

Group 3

10,552 ± 6,688

0.50 ± 0.29

Kruskal-Wallis test

P=0.70

P=0.001
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Correlations
For the whole data set Spearman’s rho correlation was performed to determine any significant
relationships between variables (Table 6.4).
Table 6.4. Spearman’s rho correlation for all parameters in the whole data set. Significant
correlations are highlighted in yellow.
Age

Age

Sub-basal
nerve density
Corneal
sensitivity
threshold

Correlation
coefficient
P
Correlation
coefficient
P
Correlation
coefficient
P

1.00

Sub-basal
nerve
density
-0.01

Corneal
sensitivity
threshold
0.72

-0.01

0.84
1.00

0.08
-0.12

0.84
0.72

-0.12

<0.01
1.00

0.08

<0.01

There was no significant correlation between age and sub-basal nerve density or corneal
sensitivity threshold. Sub-basal nerve density showed a significant positive correlation with
corneal sensitivity threshold.

6.4 DISCUSSION

In this study, the mean central sub-basal nerve density was higher than that found by other
investigators using SSCM (11,110 µm/mm2),1and TSCM (8,404µm/mm2).6 The disparity is likely
to be related to differences in methodology. In the current study, the clearest images containing
the maximum number of nerves at the level of the sub-basal plexus were selected, while others
selected the best focused and most representative images.1 Another important difference is in
the way nerve density is defined. The current study defined this parameter as the total length of
nerves visible within a defined frame. Some investigators only included nerve branches longer
than 50 µm when measuring the total length of nerves and included the whole area of the image
in the measurement.6 This is likely to result in a lower measured nerve density than the current
study because the blurred, dark regions at the edges of the image are not excluded.
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This study is the first to use in vivo confocal microscopy to quantitatively analyse the sub-basal
nerve plexus in the corneal mid-periphery, and to correlate these observations with corneal
sensation. Both sub-basal nerve density and corneal sensitivity were highest in the central
cornea, followed by the temporal mid-periphery. Studies using the Cochet-Bonnet
aesthesiometer or Larson-Millodot aesthesiometer revealed a similar variation in corneal
sensitivity with corneal eccentricity.8, 9 As corneal sensation serves a protective function, it
seems fitting that these locations (which are at greatest risk from trauma) should exhibit the
greatest sensitivity and sub-basal nerve density. It has been postulated that the low sensitivity
of the superior mid-periphery is due to neuronal adaptation to continuous pressure from the
upper lid.9

There was no significant change in total sub-basal nerve density with age, nor was there any
significant correlation between these variables. These results are in agreement with those of
previous studies investigating the central cornea.6
Although a significant difference in global corneal sensitivity between age groups was noted,
there was no significant correlation between age and corneal sensation.

Previous studies investigating the effect of age on corneal sensation have concentrated on the
central cornea. Draeger10 observed that central corneal sensitivity is not significantly affected by
age, while Millodot demonstrated a relatively even level of sensitivity up to the 5th decade of life,
after which corneal sensitivity rapidly decreases.11 In contrast, a recent study using the noncontact pneumatic corneal aesthesiometer noted a gradual reduction in central corneal
sensation with increasing age.

The significant correlations observed between sub-basal nerve density and corneal sensitivity
highlight the relationship between sub-basal nerve plexus structure and function.
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6.5 CONCLUSIONS

This study is the first to quantitatively correlate living human corneal nerve structure with an
aspect of nerve function. The data from this study provide a useful baseline, enabling
comparison with corneas affected by diseases, such as herpes simplex keratitis, that are known
to involve corneal nerves.
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Mapping of the normal human corneal sub-basal nerve
plexus by in vivo laser scanning confocal microscopy
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7.1 INTRODUCTION

The cornea is one of the most densely innervated tissues in the human body, its innervation
originating from the ophthalmic branch of the trigeminal nerve. In addition to their protective
function, corneal nerves also play important roles in regulating corneal epithelial integrity,
proliferation and wound healing.1

Corneal nerve architecture in humans has been studied using both light and electron
microscopy.2-6 However, these studies have the intrinsic limitation that they were performed on
corneal tissue obtained from cadavers or enucleated eyes and therefore likely to be affected by
artefacts resulting from tissue processing and post-mortem, or ex vivo, nerve degeneration. The
latter has been elegantly demonstrated by Muller et al in a transmission electron microscopy
study of human cadaver eyes in which sub-basal nerve bundles showed signs of significant
degeneration within 13.5 hours of death.2

Postulated structures of the sub-basal nerve plexus have been based on a combination of ex
vivo and in vivo data taken from focal regions in the central and peripheral cornea (Fig 7.1).
Although these studies have provided a wealth of ultrastructural data on human corneal
nerves,2-6 the architecture and distribution of nerves in the sub-basal plexus in vivo remains to
be fully elucidated.

Figure 7.1. Postulated schematics for the distribution of sub-basal corneal nerves by Muller et
al in (a) 1997,2 and (b) 2003.3
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The in vivo confocal microscope provides a unique opportunity for examination of the living
human cornea at the cellular level. The non-invasive nature of this technique means that
multiple examinations may be performed on the same tissue over time, and the induction of
artifacts observed with ex-vivo methods of examination are avoided. However, staining
techniques may not be used in conjunction with in vivo confocal microscopy of human corneas.

The purpose of this study was to produce a 2 dimensional reconstruction of the living human
corneal sub-basal nerve plexus using laser scanning in vivo confocal microscopy.

7.2 METHODS

Following informed consent, three subjects were recruited. The subjects had no personal or
family history of eye disease and no history of contact lens wear, ocular trauma/surgery, or
systemic diseases that may affect the cornea. Two of the subjects (i) and (ii) were female, aged
42 and 47 years respectively, and one (iii) was a male aged 46 years. One eye, the left, of each
subject was examined by slit lamp biomicroscopy and all corneas were confirmed to be clinically
normal.

Informed, written consent was obtained from all subjects after explanation of the nature and
possible consequences of the study. The protocol used was approved by the Auckland ethics
committee.

Laser scanning in vivo confocal microscopy was subsequently performed on all subjects using
the Heidelberg Retina Tomograph II Rostock Corneal Module (RCM) (Heidelberg Engineering
GmBH, Germany).

All eyes were anesthetised using a drop of 0.4% benoxinate hydrochloride (Chauvin
Pharmaceuticals, Surrey, UK). Viscotears (Carbomer 980, 0.2%, Novartis, North Ryde, NSW,
Australia) was used as a coupling agent between the applanating lens cap and the cornea.
During the examination, all subjects were asked to fixate on distance targets arranged in a grid
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pattern that was developed to enable examination of the cornea over a wide central to mid
peripheral area of approximately 5.00mm diameter. The centre of the grid (Fig 7.2a) was
aligned vertically and horizontally at 1.1m from the contralateral eye and consisted of 17 printed
spot targets (central spot 1.5cm and all other spots 1.0cm in diameter), each separated by 6cm
horizontally and 7cm vertically (overall grid dimensions 28cm x 24cm wide).

Figure 7.2. The fixation grid (a) consisted of 17 red spot targets. Each spot is separated by 6cm
horizontally and 7cm vertically. This grid was viewed by the subject at a distance of 1.1m. A
CCD camera “real time” or live image of the cornea from the temporal aspect (b) demonstrating
how the laser beam is aligned with the corneal apex (arrow) (original magnification 1x).

All of the subjects were emmetropic and none required presbyopic correction and so were able
to clearly visualise the targets with their contralateral eye. The cornea was scanned using the
device’s “section mode” to obtain high quality images of the sub-basal nerve plexus in each
position. The section mode enables instantaneous imaging of a single area of the cornea at a
desired depth. For subjects (i), (ii) and (iii), 640, 373 and 706 images were acquired for each
cornea respectively.

The overall examination took approximately 40 minutes to perform for each patient, including
breaks every few minutes and a total confocal exposure time of less than 20 minutes. None of
the subjects experienced any visual symptoms or corneal complications as a result of
examination.
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Macromedia Freehand 10 (Macromedia Inc, San Francisco, CA, USA) was used to arrange
images for each eye into wide-field montages of the sub-basal nerve plexus.

Sub-basal nerve density measurements were performed on the montages using a calliper tool
(analySIS 3.1, Soft Imaging System, Münster, Germany). In all cases, a standard frame size of
0.8 mm x 0.8 mm (area 0.64 mm2) was selected. Nerve density was assessed in the apical
region of the central cornea and in the region of the infero-central whorl by measuring the total
length of nerves per defined frame.

7.3 RESULTS

A mean of 573 ± 176 images were obtained from three left eyes of three subjects. All blurred,
oblique or duplicate images were discarded. Montages were thus created using 315, 301, and
366 images for subjects (i), (ii), and (iii) respectively. The mean dimensions of the corneal areas
mapped were 4.95 ± 0.53 mm horizontally and 5.14± 0.53 mm vertically centred upon the
corneal apex.

In all three subjects, nerve fibre bundles were arranged in a radiating pattern, converging
towards an area approximately 1-2mm inferior to the central cornea (Fig 7.3).

114

Section III

Chapter 7

Figure 7.3. A montage of 315 images depicting the architecture of the sub-basal nerve plexus
of subject (i). (Scale bar 400µm).
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In all cases, a clockwise whorl or vortex pattern (whorl-like complex) was observed in the area
of convergence (Fig 7.4).

Figue 7.4. The vortex or whorl-like pattern of the sub-basal nerve plexus in the infero-central
cornea of subject (ii). This montage was constructed using 32 images. (Scale bar 200µm)

Using a touch-pad drawing screen, electronic tracings of nerve fibre bundles were performed at
high magnification on the confocal montage images. This enabled the production of schematics
of the whorl-like complex in all 3 subjects (Fig 7.5). The mean dimensions of these whorl-like
complexes were 898 ± 201 µm horizontally and 671 ± 155 µm vertically.

Figure 7.5. Electronic tracings of nerve fibre bundles provide schematics devoid of background
data that highlight the infero-central whorl-like complex in three corneas of three subjects.
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The sub-basal corneal nerves appeared to form a complex series of anastamoses, with the
majority of nerves forming branches which subsequently join adjacent nerve fibre bundles, or
re-join the same nerve fibre bundle further along its course. The mean central nerve density
was 21,668 ± 1,411µm/mm2 and the mean nerve density in the whorl region was 25,249 ± 616
µm/mm2. The difference in nerve density between the two areas reached statistical significance
(Mann-Whitney P=0.05).

Bright irregularly shaped areas, 20-40µm in diameter, were observed most frequently in the
mid-peripheral cornea at the sites of apparent termination of nerve fibres and these were
occasionally noted more centrally (Fig 7.6a). These areas were observed at the level of the subbasal nerve plexus and appeared to extend posteriorly.

Two of the subjects exhibited multiple bright particles up to 15 µm in diameter which were
separate from nerve structures (Fig 7.6b). These particles were only observed at the level of the
sub-basal nerve plexus and dynamic imaging confirmed that they did not extend anterior or
posterior to this level.

Figure 7.6. (a) Probable sites of perforation of nerves through Bowman’s layer (arrow) in the
infero-temporal mid-periphery of subject (iii). (b) Multiple non-epithelial cells, possibly
Langerhans cells (arrow), observed anterior to Bowman’s layer, as determined by dynamic
imaging, in the nasal mid-periphery of subject (iii). (Scale bar 100µm)
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7.4 DISCUSSION

The majority of corneal nerve fibres are derived from the ophthalmic branch of trigeminal nerve.
Nerve bundles enter the peripheral mid-stroma in a radial pattern. These nerves lose their
perineurium and myelin sheath within 1mm of limbus, aiding the maintenance of corneal
transparency, and are subsequently only surrounded by Schwann cell sheaths.3 The nerves
course anteriorly, giving rise to multiple branches innervating the anterior and mid-stroma.1
Branches form the sub-epithelial nerve plexus that lies at the interface between Bowman’s layer
and the anterior stroma. This plexus is sparse and patchy in distribution, largely limited to the
mid-peripheral cornea, and may not be present in the central cornea.7 Fifty percent of these
nerves exhibit varicosities or beads.1 Nerve bundles penetrate Bowman’s membrane throughout
the central and peripheral cornea4, 5 at approximately 400 sites.8 Bundles then divide and run
parallel to the corneal surface between Bowman’s layer and the basal epithelium, forming the
sub-basal nerve plexus.4, 5 These nerve bundles consist of straight and beaded fibres, with the
beaded fibres located in the periphery of the bundle. The beads have been identified as axonal
efferent and sensory terminals,6, 8 and have been shown to consist of accumulations of
mitochondria and glycogen.2 Only the beaded fibres subsequently form branches that enter the
corneal epithelium, where they terminate.3, 4, 8

Because early studies of corneal nerves were unable to clearly identify the corneal position, the
orientation of the sub-basal nerves was uncertain.4, 5 The introduction of the clinical in vivo
confocal microscope enabled imaging of the living human sub-basal nerve plexus.9 On the basis
of data from serial section light and electron microscopy studies, in vivo confocal microscopy
and immunohistochemistry, it has been postulated that nerve bundles are preferentially
orientated in a superior-inferior direction at the corneal apex and in a nasal-temporal direction in
surrounding areas, with no defined focus.3

The two-dimensional reconstructions reported here reveal the architecture of the sub-basal
nerve plexus over the central 5-6 mm of the cornea. Sub-basal corneal nerve architecture in
vivo has not previously been elucidated to this extent since the majority of in vivo confocal
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microscopy studies of the sub-basal nerves have restricted examination to the corneal apex.
This is mainly due to the relative ease of obtaining good quality tangential images in this region.
The observation that the sub-basal nerves form a complex series of anastamoses is consistent
with the pattern seen in the human dermal nerve plexus, although the latter shows a less
regular arrangement.10

Human histological studies have shown that epithelial nerve branches are orientated
perpendicular to the corneal surface.5 This suggests that if there is centripetal epithelial slide,
then the epithelial cells and epithelial nerves must be moving in the same direction and at the
same velocity. Using in vivo confocal microscopy, Auran et al7 provided evidence that corneal
epithelial nerves participate in centripetal migration. Sub-basal nerves were demonstrated to
shift centripetally towards an area just inferior to the corneal apex with velocities ranging from
1.7 to 32.0 µm a day. The shape and length of nerve segments varied slightly as axons slid
centripetally. Studies have also shown that, unlike the sub-basal plexus, the stromal nerves,
subepithelial plexus and nerve perforation points through Bowman’s layer remain stationary
over extended periods of time and so may be used as landmarks for study.7, 11

The radiating pattern of nerve fibres converging on a whorl-like complex reported here echoes
the pattern seen in the epithelium in corneal verticillata and toxic keratopathies.12 This suggests
that epithelial cells and nerves may migrate centripetally in tandem. The patterns identified in
the latter two conditions are typically clockwise.13 Dua et al postulated that the combined effect
of the electric and magnetic fields on centripetally migrating epithelial cells would result in a
clockwise whorled pattern.13 Other theories regarding the driving force for centripetal movement
of epithelial cells include: (1) preferential desquamation of the central corneal epithelium and the
drawing of peripheral cells toward the central cornea; (2) population pressure from limbus and
peripheral cornea due to proliferation and migration of cells; (3) a gradient of chemical signals
emanating from limbal capillary vessels; and (4) stimulation by epithelial sympathetic nerves.14
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A possible explanation for the location of the whorl in the infero-central cornea is that cell and
nerve migration may be affected by shearing forces exerted by the eyelids on blinking and the
focus of the whorl is at the site of the end of upper and lower lid excursion.

The mean central nerve density reported here (21,668 µm/mm2) is significantly higher than
values previously reported in studies using white light in vivo confocal microscopy ( (11,110
µm/mm2)1 (8,404 µm/mm2)15). This is likely to be due to the differences in image quality and
contrast. Images obtained using slit-scanning in vivo confocal microscopy are brightest along a
central vertical strip, becoming darker laterally. Thus, nerve fibres at the edges of the image
may not be clearly visible. Images obtained using the Rostock Corneal Module are relatively
uniform in contrast and brightness throughout the image. Additionally, the light source for this
modality is coherent and brighter than that used in white light in vivo confocal microscopes. As
discussed previously, this appears to enable visualisation of the thinner nerve fibre bundles
which are not otherwise visible with slit-scanning in vivo confocal microscopy. The recent
observation that there appears to be no correlation between age and sub-basal nerve density15
suggests that differences in the ages of the subjects in this study, compared with other in vivo
confocal studies of nerve density, are unlikely to explain the observed differences in sub-basal
nerve density.

The central corneal location was determined by use of a CCD camera attachment enabling live
imaging of the cornea from the temporal side during examination (Fig 7.2b). Although this
technique is useful for localising the approximate area of the cornea under examination, it is not
sufficiently accurate to enable determination of the exact point location of the corneal apex.

The use of a fixation grid is a novel method of facilitating in vivo confocal examination of
different corneal locations. Theoretically, a precise relationship between points on the grid and
locations on the cornea could be developed, however, factors such as disconjugate eye
movements, microsaccades, involuntary patient movements and difficulty aligning the centre of
the grid with the corneal apex make such topographic measurements inaccurate at the present
time.
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The multiple bright particles observed in 2 of the subjects resembles those recently reported by
Zhivov et al16 who postulated that these represent Langerhans cells. In the latter study, these
cells were present in both the central cornea and in the inferior periphery of 85.7% of normal
subjects.

7.5 CONCLUSIONS

We report the first study to elucidate the distribution of sub-basal nerves in the living human
cornea. Although this pilot study is limited by the small number of subjects, it provides
interesting new data regarding the architecture of the corneal sub-basal nerve plexus.
Knowledge of the orientation of these nerves in various regions of the cornea may be helpful in
aiding localisation during in vivo confocal microscopy when only small areas of the cornea are
examined. Future studies may be directed at analysing nerve architecture over time or in
disease states known to affect corneal nerve structure and corneal sensation.
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Corneal sensation and laser scanning in vivo
microstructural analysis of the corneal epithelium and
sub-basal nerve plexus in keratoconus
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8.1 INTRODUCTION

Keratoconus is a non-inflammatory disorder in which the cornea assumes a conical shape due
to thinning and protrusion.1 Classically, onset is at puberty, with progression until the third or
fourth decade of life, when it usually arrests.2 Clinically, this corneal ectasia leads to myopia and
irregular astigmatism, and in severe cases, ruptures in Descemet’s membrane may occur,
resulting in corneal oedema and scarring.1

The pathophysiology of keratoconus has yet to be fully resolved though there appears to be an
underlying genetic predisposition.3

There is no animal model for keratoconus, so the majority of research investigating the
pathogenesis of keratoconus has involved the examination of corneal buttons taken during
penetrating keratoplasty. These studies have demonstrated histopathological abnormalities in
every layer of the keratoconic cornea.4 One major limitation of such studies is that, due to the
tissue source, they only sample the very severe end of the disease spectrum. In vivo confocal
microscopy overcomes this problem by enabling examination of the living human cornea at the
cellular level. The non-invasive nature of this technique means that multiple examinations may
be performed on the same tissue over time, and the induction of artefacts observed with ex-vivo
methods of examination are avoided.

The purpose of this study was to quantitatively analyse laser scanning in vivo confocal
microscopy images of the corneal epithelium and sub-basal nerve plexus in patients with
keratoconus and to correlate these microstructural observations with corneal sensitivity and
severity of disease.
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8.2 METHODS

Subjects
Following informed consent, 31 eyes of 31 normal human subjects, and 27 eyes of 27 patients
with an established diagnosis of keratoconus were recruited. Exclusion criteria were history of
ocular trauma or surgery, ocular disease (other than keratoconus) and systemic disease which
may affect the cornea. Those who routinely wore contact lenses were requested to temporarily
cease contact lens wear for 12 hours prior to examination. For keratoconic subjects in whom
both eyes were eligible for the study, one eye was selected at random.

Informed, written consent was obtained from all subjects after explanation of the nature and
possible consequences of the study. The protocol used was approved by the Auckland ethics
committee.

Examinations
Slit lamp biomicroscopy was performed on all eyes and each subject exhibited one or more of
the following clinical signs: central corneal stromal thinning, Fleisher’s ring, Vogt’s striae or
Munson’s sign. No eyes had signs of corneal hydrops or scarring.

Corneal sensitivity was measured by non-contact pneumatic corneal aesthesiometry5 using a
10mm working distance and 0.9 second stimulus duration. All subjects were asked to fixate on a
distance target to enable measurements on the central cornea using the technique outlined in
Section 1, Chapter 2.3.

In all cases Orbscan II slit-scanning elevation topography (Bausch and Lomb Surgical,
Rochester, NY, USA) was performed to confirm the clinical diagnosis and to further classify the
severity of keratoconus. The modified Rabinowitz-McDonnell test was used to confirm the
diagnosis of keratoconus6 and the severity of keratoconus was classified according to the
steepest simK reading on the keratometric map (mild <45D, moderate 45-52D, severe >52D).
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Laser scanning in vivo confocal microscopy was subsequently performed on all subjects using
the Heidelberg Retina Tomograph II Rostock Corneal Module (RCM) (Heidelberg Engineering
GmBH, Germany).

All eyes were anesthetised using a drop of 0.4% benoxinate hydrochloride (Chauvin
Pharmaceuticals). Viscotears (Carbomer 980, 0.2%, Novartis, Australia) was used as a coupling
agent between the applanating lens cap and the cornea. During the examination, all subjects
were asked to fixate on a distance target aligned to enable examination of the central cornea.
The full thickness of the central cornea was scanned using the device’s “section mode”. The
section mode enables instantaneous imaging of a single area of the cornea at a desired depth.
The overall examination took approximately 10 minutes to perform for each subject and none of
the subjects experienced any visual symptoms or corneal complications as a result of
examination.

Image analysis
For each subject, two images at each location which contained the clearest images of the basal
epithelium and the maximum number of nerves at the level of the sub-basal plexus were
selected. All frames were subsequently randomised and encoded by an independent observer.
Measurements were then performed using a calliper tool (analySIS 3.1, Soft Imaging System,
Münster, Germany).

For all epithelial images, a standard frame size of 100µm x 100 µm was selected. For all subbasal plexus images, a standard frame size of 300µm x 300µm was selected.

The mean basal epithelial diameter was determined by measuring the longest diameter and the
diameter of its perpendicular bisector for 10 cells. The area of 10 basal epithelial cells and the
density of cells within the frame were also measured. Sub-basal nerve density was assessed by
measuring the total length of nerves per frame.
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Statistical analysis
SPSS version 12 for windows (Chicago, IL, USA) was used for statistical analysis.
The Kruskal-Wallis test was used to determine any significant differences between multiple
groups. The Mann-Whitney U test was used to compare the means of variables between pairs
of groups. P values of <0.05 were considered significant for all statistical tests.

8.3 RESULTS

The group of 31 normal subjects consisted of 13 males and 18 females and the mean age of
this group was 35 ± 12 years. Twelve subjects (6 males and 6 females) with keratoconus had
never worn contact lenses (KNCL) and had a mean age of 37 ± 9 years. A third group consisted
of fifteen subjects with keratoconus who wore contact lenses routinely (KCL). This group
consisted of 8 males and 7 females and had a mean age of 37 ± 11 years. Fourteen of these
subjects wore rigid gas permeable contact lenses and 1 wore a soft contact lens. The mean
duration of contact lens wear in the KCL group was 10.3 ± 9.4 years, for a mean of 12.3 ± 4.6
hours per day.

Due to the difficulty in obtaining suitable age matched subjects, and the relative infrequency of
rigid gas permeable contact lens wear, normal subjects who wore gas permeable contact
lenses could not be recruited.

Of the 27 corneas with keratoconus, 4 were topographically classified as mild, 10 were
moderate, and 13 were severe.

When keratoconic corneas were imaged by laser scanning in vivo confocal microscopy, the
sub-basal nerves qualitatively appeared to be more tortuous than those in the normal cornea
(Fig 8.1) and the basal epithelial cells appeared to show greater variability in shape and size
compared to normal (Fig 8.2).
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Figure 8.1. In vivo confocal images of the central corneal sub-basal nerve plexus in the normal
cornea (a), and in keratoconus associated with rigid gas permeable contact lens wear (b).

Figure 8.2. In vivo confocal microscopy of the basal epithelium in normal cornea (a), in
keratoconus with no history of contact lens wear (b) and in keratoconus associated with rigid
gas permeable contact lens wear (c).

When analysed according to group using the Kruskal-Wallis test, all parameters demonstrated
significant differences between the groups (Table 8.1). Post hoc Mann-Whitney U tests on pairs
of groups revealed that central corneal sensation was significantly lower in KCL compared to
normal (P=0.028). However, there was no significant difference in corneal sensation between
the normal and KNCL groups (P=0.059).
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The mean sub-basal nerve density was significantly lower in both KNCL (P<0.001) and KCL
(P<0.001) compared to normal.

The mean basal epithelial densities of KNCL and KCL were significantly lower than normal
(P<0.001 for each group). Additionally, the mean basal epithelial diameters and areas were
correspondingly greater and this difference was significant (P<0.001) between each group.

Table 8.1. Comparison of corneal sensitivity threshold, sub-basal nerve density, and basal
epithelial parameters (diameter, area, and density) for each of three groups (normal, noncontact lens wearing keratoconics (KNCL), and contact lens wearing keratoconics (KCL)).

Eyes

Mean

Mean sub-

Mean

Mean

Mean basal

(n)

central

basal nerve

basal

basal

epithelial

corneal

density ±std

epithelial

epithelial

density ±std

diameter

area ±std

dev

sensitivity

2

dev (µm/mm )

threshold

±std dev

±std dev

(µm)

2

dev (µm )

(cells/mm2)

(mBar)
Normal

31

0.35 ± 0.11

25,929 ± 6,968

13 ± 1

154 ± 16

5,823 ± 602

KNCL

12

0.40 ± 0.12

16,082 ± 8,188

14 ± 2

180 ± 34

5,188 ± 765

KCL

15

0.48 ± 0.25

12,140 ± 6,739

16 ± 2

222 ± 66

4,428 ± 1,056

P=0.038

P<0.001

P<0.001

P<0.001

P<0.001

KruskalWallis
test

When analysed according to severity, using the Kruskal-Wallis test, all parameters
demonstrated significant differences between the severity groups (Table 8.2). Post hoc MannWhitney U tests on pairs of groups revealed that, with the exception of corneal sensation in the
normal verses moderate keratoconus groups, all parameters were significantly different
between the normal group and each keratoconus severity group.

There were no significant differences in any of the parameters when the mild and moderate
keratoconus groups were compared. The mild and severe keratoconus groups demonstrated
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significant differences in sub-basal nerve density, and epithelial diameter and area. The
moderate and severe groups were only significantly different in sub-basal nerve density.

Table 8.2. Comparison of corneal sensitivity threshold, sub-basal nerve density, and basal
epithelial parameters (diameter, area, and density) for different severities of keratoconus.
Eyes

Mean

Mean sub-basal

Mean basal

Mean basal

(n)

central

nerve density

epithelial

epithelial area

corneal

±std dev

diameter

±std dev (µm )

2

±std dev

sensitivity

(µm/mm )

threshold

Mean basal
2

epithelial density
±std dev
2

(cells/mm )

(µm)

±std dev
(mBar)
Normal

31

0.35 ± 0.11

25,929 ± 6,968

13.1 ± 0.8

154.0 ± 16.0

5,823 ± 602

Mild

4

0.44 ± 0.16

14,204 ± 8,057

13.9 ± 1.0

170.0 ± 23.5

5,225 ± 654

Moderate

10

0.39 ± 0.21

17,566 ± 7,620

15.1 ± 2.2

202.6 ± 61.8

4,945 ± 1,080

Severe

13

0.49 ± 0.21

10,971 ± 6,375

15.6 ± 1.9

213.9 ± 59.4

4,488 ± 975

P=0.01

P<0.001

P<0.001

P<0.001

P<0.001

KruskalWallis test

Spearman’s Rho correlation (Table 8.3) revealed that central corneal sensation was only
significantly correlated with sub-basal nerve density (P=0.001) and was not significantly
correlated with any of the basal epithelial parameters. Sub-basal nerve density showed
significant positive correlation with basal epithelial density (P<0.001) and corresponding
negative correlations with basal epithelial diameter and area (P<0.001 each).

Table 8.3. Spearmann’s rho correlations for corneal sensitivity threshold, sub-basal nerve
density, and basal epithelial parameters (diameter, area, and density).

Central corneal
sensation
Sub-basal nerve
density
Basal epithelial
diameter
Basal epithelial
area
Basal epithelial
density

Correlation
coefficient
P
Correlation
coefficient
P
Correlation
coefficient
P
Correlation
coefficient
P
Correlation
coefficient
P

Central
corneal
sensitivity
threshold
1

Sub-basal
nerve
density

Basal
epithelial
diameter

Basal
epithelial
area

Basal
epithelial
density

-0.31

0.13

0.02

-0.10

-0.31

0.001
1

0.167
-0.43

0.837
-0.36

0.283
0.48

0.001
0.13

-0.43

<0.001
1

<0.001
0.89

<0.001
-0.87

0.167
0.02

<0.001
-0.36

0.89

<0.001
1

<0.001
-0.84

0.837
-0.10

<0.001
0.48

<0.001
-0.87

-0.84

<0.001
1

0.283

<0.001

<0.001

<0.001
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7.4 DISCUSSION

The reported study is the first to investigate corneal sensation in keratoconus using the noncontact pneumatic corneal aesthesiometer. There was no significant difference in corneal
sensitivity between the KNCL group and the normal group, while contact lens wear in
keratoconic corneas was associated with significantly decreased corneal sensation compared to
normal. Additionally, there was no clear association between severity and corneal sensation.

Previous studies, using the Cochet-Bonnet aesthesiometer, have reported central corneal
sensation to be significantly lower than normal in non contact lens wearing keratoconics, and
was even lower in keratoconic eyes wearing contact lenses.7, 8 A significant correlation between
central corneal sensation and severity of keratoconus has also been reported, although only in
non contact lens wearers.7 The differences between the results of these studies and the current
one may be attributed to the different methods of assessing corneal sensitivity. The CochetBonnet aesthesiometer measures corneal touch threshold and has a limited range of stimuli,
often at supra-threshold levels. The non-contact pneumatic aesthesiometer has a larger range
of stimulus intensities and measures the corneal nerve threshold to a composite stimulus
consisting of air pressure, tear evaporation and disruption.5

This study demonstrated that the sub-basal nerve density was significantly lower than normal in
the KNCL group, and even lower in the KCL group. These observations suggest a potential role
for corneal nerves in the pathophysiology of keratoconus. The results of ex vivo studies support
this theory. A transmission electron microscopy study of keratoconic corneal discs removed at
penetrating keratoplasty noted that nerve fibres within the corneal epithelium showed signs of
moderate degeneration, with break-up of the nerve fibre membrane and liquefaction of
neurofibrils.9

Brookes et al provided evidence that the destructive process in keratoconus involved the
nerves, or their associated Schwann cells, which express proteolytic enzymes (cathepsin B and
G) more extensively in keratoconus compared to normal corneas.10
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Previously, in vivo data regarding alterations in the sub-basal nerve plexus have been limited to
qualitative studies. A recent in vivo confocal microscopy study noted sub-basal nerve fibres
running in and out of the plane of the field of view in the central cornea.11

In vivo studies of the corneal epithelium in keratoconus, using slit scanning confocal
microscopy, have revealed variable basal cell appearances. Somodi et al noted that the basal
cell layer exhibited highly reflective structures and fold-like changes in the apical region, while a
regular basal cell pattern was observed in the corneal periphery.12 Hollingsworth et al reported
that twelve percent of eyes exhibited a highly irregular basal cell layer appearance, with visible
nuclei and the majority of eyes in this group were classified as having severe keratoconus.11
Quantitative analysis revealed a significantly greater mean basal epithelial diameter in
keratoconic patients compared to that of normal subjects, though there were no data regarding
cell density.13 Neither of these studies made a distinction between contact lens wearers and non
wearers during data analysis. The current study concurs with, and extends, these observations
demonstrating that basal epithelial density was significantly lower in the KNCL group and even
lower in the KCL compared to normal. However, although epithelial density appeared to decline
with increased severity of keratoconus, these differences were not significant. These results
suggest that the basal epithelium is involved in the pathophysiology of keratoconus, and is
further affected by contact lens wear. This hypothesis is supported by histological and electron
microscopy studies of corneal buttons removed at penetrating keratoplasty. Teng9 identified
degenerative changes in the basal epithelium, with dead cells in this layer mostly present in the
central cornea. This led to the suggestion that these cells may be the site of the primary lesion
in keratoconus.

The reported study quantitatively confirms a significant correlation between sub-basal nerve
density and corneal sensation. Previous studies have attempted to determine the relationship
between sub-basal nerve structure and function with varying results. Some have noted a
significant correlation between corneal sensitivity and sub-basal nerve morphology14 or the
number of long nerve fibre bundles visible per frame15, while others have found no significant
correlation between these variables.16 All these studies differed from the current study in that
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corneal sensitivity was assessed using the Cochet-Bonnet aesthesiometer. Additionally, the
method of analysis of in vivo confocal images differed from that of the current study.

The confirmation of a positive correlation between sub-basal nerve density and basal epithelial
density reported here concurs with our knowledge of the close relationship between corneal
innervation and the maintenance of epithelial proliferation and wound healing obtained from
clinical17 and experimental18 observations.

7.5 CONCLUSIONS

This is the first study to quantitatively analyse the central corneal sensation, sub-basal nerve
density and epithelial density in keratoconus. The results of this study provide strong evidence
that both the sub-basal nerves and the basal epithelium are involved in the pathogenesis of
keratoconus, although it is uncertain whether these are primary or secondary changes. Future
studies may be directed at examining subjects with keratoconus over time in order to observe
whether changes in sub-basal nerve architecture precede, or follow, progression of the disease.
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Mapping the corneal sub-basal nerve plexus in
keratoconus by laser scanning in vivo
confocal microscopy
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9.1 INTRODUCTION

Keratoconus is a non-inflammatory disorder in which the cornea assumes a conical shape due
to thinning and protrusion.1 Classically, onset is at puberty, with progression until the third or
fourth decade of life, when it usually arrests.2 Clinically, this corneal ectasia leads to myopia and
irregular astigmatism, and in severe cases, ruptures in Descemet’s membrane may occur,
resulting in corneal oedema and scarring.1

The pathophysiology of keratoconus has yet to be fully resolved though there appears to be an
underlying genetic predisposition.3

The in vivo confocal microscope provides a unique opportunity for examination of the living
human cornea at the cellular level. The non-invasive nature of this technique means that
multiple examinations may be performed on the same tissue over time, and the induction of
artifacts observed with ex-vivo methods of examination are avoided. For these reasons, in vivo
confocal microscopy has increasingly been utilized in the assessment of a number of inherited
corneal diseases.4 However, compared to ex-vivo microscopy techniques, a current limitation is
that tissue staining techniques may not be used in conjunction with in vivo confocal microscopy
of human subjects and the maximum resolution is in the region of 1-2 µm.

An earlier study by the author (Chapter 7), using laser scanning in vivo confocal microscopy,
elucidated the architecture of the living human corneal sub-basal nerve plexus for the first time.5
This study revealed a radiating pattern of nerve fibre bundles converging towards an area
approximately 1-2 mm inferior to the corneal apex in a whorl-like pattern.

The aim of the current study was to utilize these techniques to produce a two-dimensional
reconstruction of the living, human, corneal sub-basal nerve plexus in keratoconus using laser
in vivo confocal microscopy.
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9.2 METHODS

Following informed consent, four subjects with an established diagnosis of keratoconus were
recruited for the study. Exclusion criteria were previous contact lens wear, history of ocular
trauma or surgery, ocular disease other than keratoconus, and systemic disease which might
affect the cornea. Two subjects were male and two female. The mean age was 44 ± 9 years.

Informed, written consent was obtained from all subjects after explanation of the nature and
possible consequences of the study. The protocol used was approved by the Auckland ethics
committee.

Slit lamp biomicroscopy was performed on all eyes and each subject exhibited one or more of
the following clinical signs: central corneal stromal thinning, Fleisher’s ring, Vogt’s striae or
Munson’s sign. No eyes had signs of corneal hydrops or scarring. In all cases Orbscan II slitscanning elevation topography (Bausch and Lomb Surgical, Rochester, NY, USA) was
performed to confirm the clinical diagnosis and to further classify the severity of keratoconus.
The modified Rabinowitz-McDonnell test was used to confirm the diagnosis of keratoconus6 and
the severity of keratoconus was classified according to the steepest simK reading on the
keratometric map (mild <45D, moderate 45-52D, severe >52D).

Laser scanning in vivo confocal microscopy was subsequently performed on all subjects using
the Heidelberg Retina Tomograph II, Rostock Corneal Module (RCM)(Heidelberg Engineering
GmBH, Germany).

All eyes were anesthetised using a drop of 0.4% benoxinate hydrochloride (Chauvin
Pharmaceuticals). Viscotears (Carbomer 980, 0.2%, Novartis, Australia) was used as a coupling
agent between the applanating lens cap and the cornea. During the examination, all subjects
were asked to fixate on distance targets arranged in a grid pattern as described previously.5
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The cornea was scanned using the device’s “section mode” to obtain high quality images of the
sub-basal nerve plexus in each position. The section mode enables instantaneous imaging of a
single area of the cornea at a desired depth. The overall examination took approximately 40
minutes to perform for each subject, including breaks every few minutes and a total in vivo
confocal exposure time of less than 20 minutes. None of the subjects experienced any visual
symptoms or corneal complications as a result of the examinations.

Macromedia Freehand 10 (Macromedia Inc, San Francisco, CA, USA) was used to arrange
images from each eye into wide-field montages of the sub-basal nerve plexus.

Sub-basal nerve density measurements were performed on the montages using a calliper tool
(analySIS 3.1, Soft Imaging System, Münster, Germany). In all cases, a standard frame size of
0.8 mm x 0.8 mm (area 0.64 mm2) was selected. Nerve density was assessed in the region of
the central cornea by measuring the total length of nerves per defined frame.

9.3 RESULTS

A mean of 657 ± 52 images were obtained from each of four eyes of four subjects (Table 9.1).
All blurred, oblique or duplicate images were discarded. Wide-field montages were thus created
using a mean of 402 ± 57 images (Fig 9.1). The mean dimensions of the corneal areas that
were mapped were 6.60 ± 0.70 mm horizontally and 5.91 ± 0.72 mm vertically.

Table 9.1. A summary of the age, steepest simK keratometry, severity of keratoconus and
images obtained and used for each subject and eye examined.
Subject

Age

Eye

Steepest

Topographic

Images

Images

(years)

examined

simK

severity

obtained

used in

keratometry

classification

montage

(Dioptres)

A

53

OD

44.0

Mild

712

411

B

43

OD

49.4

Moderate

631

428

C

48

OD

49.2

Moderate

688

450

D

31

OS

55.0

Severe

597

321
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Figure 9.1. A wide-field montage consisting of 428 images, depicting the architecture of the
sub-basal nerve plexus in a case of moderate keratoconus (subject B).

Using a Wacom tablet and pen (Wacom Co., Ltd., Japan), electronic tracings of nerve fibre
bundles were performed on all of the in vivo confocal montage images. This enabled the
production of schematics of the sub-basal nerve plexus in all 4 subjects. These line schematics
were subsequently superimposed (to scale) onto tangential keratometric maps obtained by
Orbscan II slit-scanning elevation topography (Fig 9.2). Regions of the line schematics
corresponding to the corneal apex (as determined by saved CCD camera images of the cornea
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taken from the temporal side during examination) were aligned with the topographic corneal
apex.

Figure 9.2. Electronic tracings of nerve fibre bundles provide schematics devoid of background
data in subjects A, B, C and D. These tracings are superimposed, to scale, onto the
corresponding tangential, keratometric, Orbscan II corneal topography maps.

In all subjects, sub-basal nerve fibre bundles exhibited abnormal configurations at the apex of
the cone where the sub-basal nerve plexus appeared to consist of a tortuous network of nerve
fibre bundles, many of which formed closed loops. At the topographic base of the cone, nerve
fibre bundles appeared to follow the curvilinear contour of the base, with many of the bundles
appearing to run concentrically with the cone in this region. Nerve fibre bundles in the region of
the apex of the cone appeared to adopt oblique or horizontal orientations in keratoconic
corneas. The mean central nerve density for keratoconic subjects was 10,478 ± 2,188 µm/mm2.
The mean sub-basal nerve density for the corresponding central area in normal subjects has
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previously been reported (Chapter 7), using an identical technique, as 21,668 ± 1,411µm/mm2.5
The difference in nerve density between these two groups was statistically significant (MannWhitney P<0.01), although the sample size is small.

In two of the subjects, A and C, focal abnormalities in Bowman’s layer were observed. These
consisted of irregularly shaped, well defined, areas of hyper-reflectivity containing multiple oval
shaped bright objects (Fig 9.3). Dynamic scanning confirmed that these regions extended from
the anterior stroma and did not extend into the corneal epithelium. They were observed in the
region of the base of the cone, particularly inferiorly.

Figure 9.3. Focal areas of hyper-reflectivity at the level of Bowman’s layer at the topographic
base of the cone in subject C (a) superiorly and (b) infero-temporally.

In the subject with severe keratoconus (D), some of the nerve fibre bundles appeared to
terminate abruptly within the region of the cone (Fig 9.4). These features were not observed in
the mild or moderate cases of keratoconus.
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Figure 9.4. Apparent abrupt terminations of sub-basal nerve fibre bundles within the region of
the cone in severe keratoconus (subject D).

9.4 DISCUSSION

The development of a technique for mapping the corneal sub-basal nerve plexus5 by the author,
as outlined in Chapter 7, opens up new avenues for the investigation of sub-basal nerves in
health and disease.

This study, currently in press in Investigative Ophthalmology and Vision Science, is the first to
map the architecture of the sub-basal nerve plexus in vivo in keratoconus and has
demonstrated that keratoconus is associated with grossly abnormal sub-basal nerve
morphology, even in mild keratoconus. As none of the subjects had a history of contact lens
wear, previous ocular surgery or other disease involving the cornea, it is reasonable to conclude
that the abnormal sub-basal nerve architecture observed is primarily related to keratoconus and
its pathophysiology.

In the current study, all of the subjects with keratoconus exhibited abnormal sub-basal nerve
architecture. The predominantly oblique and horizontal orientation of sub-basal nerve fibres at
the apex, and the curvilinear orientation at the base of the cone differ markedly from the pattern
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of nerve fibres radiating towards an infero-central whorl-like region that is observed in the
normal cornea.5

In the current study, alignment of the line schematics with tangential keratometric maps is a
novel method of determining the relationships between sub-basal nerve architecture and
corneal topography. However, this technique is limited by the fact that, although the use of a
real-time CCD camera is useful for localising the approximate area of the cornea under
examination, it is not sufficiently accurate to enable determination of the exact point location of
the corneal apex to better than approximately 1.00mm.

To date (September 2005), there are only five studies in the published literature that have
utilised in vivo confocal microscopy to specifically investigate the cornea in keratoconus.7-11
These studies have largely concentrated on evaluation of the central cornea and have provided
useful insights into cellular changes occurring at the level of the corneal epithelium, stroma and
endothelium. However, there is little in vivo data regarding alterations in the sub-basal nerve
plexus. In a recent qualitative in vivo confocal microscopy study, sub-basal nerve fibres were
noted to run in and out of the plane of the field of view in the central cornea.7

A role for the corneal nerves in the pathophysiology of keratoconus has previously been
suggested. Clinical support for this theory also comes from a case of unilateral progression of
keratoconus following Vth nerve palsy.12 In a transmission electron microscopy study of
keratoconic corneal discs removed at penetrating keratoplasty, Teng noted nerve fibres within
the corneal epithelium showed signs of moderate degeneration, with break-up of the nerve fibre
membrane and liquefaction of neurofibrils.13 Brookes et al from the Auckland research group
provided evidence that the destructive process in keratoconus involved the nerves, or their
associated Schwann cells, which express proteolytic enzymes (cathepsin B and G) more
extensively in keratoconus compared to normal corneas.14 The current study confirms that the
architecture of the sub-basal nerve plexus is altered in keratoconus and provides quantitative
evidence of a significant reduction in sub-basal nerve density compared to normal. The pattern
and density of the sub-basal nerve plexus is altered in the keratoconus disease process, even
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during the early stages, although it remains unclear whether these changes are a causative
factor in, or occur secondarily to, the structural changes in the cornea. It is also unclear how
these changes relate to the paradoxical apparent prominence of stromal corneal nerves in
subjects with keratoconus.1

The observation that sub-basal nerve fibre bundles exhibit the most abnormal configurations at
the apex of the cone correlates well with ex vivo studies demonstrating that the greatest
destruction of normal corneal architecture occurs at the apex of the cone and that there is a
gradient of diminishing damage towards the periphery.14

The multiple oval shaped hyper-reflective objects noted within focal hyper-reflective regions at
the level of Bowman’s layer (Fig.9.3) are likely to represent keratocyte nuclei as they were
observed to extend from the anterior stroma and exhibit similar morphologies. This observation
correlates well with features noted by Sherwin et al.(2002) from the Auckland research group, in
their unique ex vivo study of the peripheral keratoconic cone.15 In this study the authors noted
that in the peripheral cone keratocyte cell processes traversed Bowman’s layer, thus linking the
stroma to the corneal epithelium. Cellular material occupied localised “fractures” in the normally
acellular Bowman’s layer. A number of studies have reported similar breaks in Bowman’s layer
in the keratoconic corneal apex,16-19 although this feature was only noted in the region of the
topographic base of the cone in our study. This may be attributed to the fact that ex vivo studies
utilise corneal tissue obtained at penetrating keratoplasty, thus only sampling the very severe
end of the disease spectrum. The use of in vivo confocal microscopy in our study has enabled
examination of the cornea through a range of disease severity.

The apparent abrupt termination of sub-basal nerve fibre bundles observed within the cone of
the severe case of keratoconus under study has not previously been reported. These regions
may represent sites of perforation of nerve fibre bundles through Bowman’s layer and nerves
crossing Bowman’s layer are known to be closely associated with both keratocyte and epithelial
nuclei.14 Postulated perforation sites have been reported in the normal sub-basal nerve plexus
imaged by in vivo confocal microscopy,5 however, these were most commonly observed in the
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mid-peripheral cornea and were associated with bright irregularly shaped areas, 20-40 µm in
diameter. An alternative explanation is that the features described represent true nerve fibre
bundle termination points. This may correspond to an extension of the nerve degeneration that
has been observed in epithelial nerve fibres.13

9.5 CONCLUSIONS

This study is the first study to elucidate the distribution of sub-basal nerves in the living human
cornea with keratoconus and to correlate the two-dimensional distribution with computerized
corneal topography. Although this pilot study is limited by the small number of subjects, it
provides interesting new data regarding the architecture of the corneal sub-basal nerve plexus
in keratoconus and provides strong evidence for the involvement of these nerves in the disease
process.

Future studies may be directed at examining subjects with keratoconus over time in order to
observe whether changes in sub-basal nerve architecture precede or follow progression of the
disease. It would also be of interest to investigate the effects of contact lens wear on the
configuration of sub-basal nerves in patients with keratoconus.
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Laser scanning in vivo confocal microscopy of the
normal human limbus
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10.1 INTRODUCTION
The corneo-scleral junction, denoted the limbus, may be divided into two anatomical regions:
the corneal limbus, containing fine finger-like projections, and the more peripherally located
scleral limbus, within which lie the palisades of Vogt.1 The limbal palisades of Vogt are a series
of radially oriented fibrovascular ridges concentrated along the superior and inferior limbus.
Between these ridges lie the epithelial rete pegs, consisting of 10-15 layers of epithelial cells.2, 3

There is a large body of clinical and laboratory evidence to suggest that the corneo-scleral
limbus provides the niche for corneal epithelial stem cells. This self-renewing population of cells
plays a crucial role in the maintenance of corneal epithelial integrity.4 The limbus is thus a
region of great interest to both clinicians and scientists. However, most of our current
knowledge of the limbus comes from clinical observations and from data obtained from in vitro
or ex vivo studies. Investigation by in vivo confocal microscopy has the advantages of: enabling
examination of the limbus in its physiological state, avoiding the artefacts induced by ex vivo
study, and allowing multiple examinations of the same tissue over time.

The purpose of this study was to utilise laser scanning in vivo confocal microscopy to elucidate
the structure of the living human limbus, to quantitatively correlate limbal epithelial dimensions
and density with those of the central epithelium, and to assess whether these epithelial
parameters changed with age,

10.2 METHODS

Subjects
Fifty normal eyes were assessed from a recruited cohort of 50 healthy human subjects. Adult
subjects were recruited to provide a wide range of age. Subject exclusion criteria were: history
of ocular trauma or surgery, contact lens wear, ocular disease and systemic disease which may
affect the cornea.
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Informed, written consent was obtained from all subjects after explanation of the nature and
possible consequences of the study.

Examinations
All subjects were examined by slit lamp biomicroscopy. The presence or absence of the inferior
limbal palisades was assessed and the presence of limbal pigmentation noted.

Laser scanning in vivo confocal microscopy was subsequently performed on all subjects using
the Heidelberg Retina Tomograph II Rostock Corneal Module (RCM) (Heidelberg Engineering
GmBH, Germany).

All eyes were anesthetised using a drop of 0.4% benoxinate hydrochloride (Chauvin
Pharmaceuticals, Surrey, UK). Viscotears (Carbomer 980, 0.2%, Novartis, North Ryde, NSW,
Australia) was used as a coupling agent between the applanating lens cap and the cornea.
During the examination, all subjects were asked to fixate on a distance target aligned to enable
examination of the central cornea. Subjects were then asked to look upwards to enable
examination of the inferior limbus. The full thickness of the central cornea and inferior limbus
was scanned using the device’s “section mode”. The section mode enables instantaneous
imaging of a single area of the cornea at a desired depth. The overall examination took
approximately 10 minutes to perform for each subject and none of the subjects experienced any
visual symptoms or corneal complications as a result of examination.

Image analysis
For each subject, two images per location which contained the clearest images of the central
basal epithelium, limbus-cornea, and the limbus-palisade regions were selected. Any blurred or
non-tangential images were excluded. All frames were subsequently randomised within each of
3 groups (central, corneal limbus and limbal palisades) and encoded by an independent
observer. Measurements were then performed using a calliper tool (analySIS 3.1, Soft Imaging
System, Münster, Germany).
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For all central epithelial images, a standard frame size of 100µm x 100µm was selected. Due to
differences in configuration at each limbal location, a standard frame size of 200µm height x
50µm width was used for measurements of the limbus-palisade epithelium, and 50µm height x
200µm width for the limbus-cornea epithelium.

For each location, the mean epithelial diameter was determined by measuring the longest
diameter and the diameter of its perpendicular bisector for 10 cells. For each frame, the area of
10 basal epithelial cells was measured and the number of epithelial cells within the frame was
also counted to determine epithelial cell density. Epithelial cells that were overlapping the frame
boundary were only counted on the left and lower sides.

Statistical analysis
SPSS version 12 for windows (Chicago, IL, USA) was used for statistical analysis.
Where data was demonstrated to have a normal distribution, as shown by the one sample
Kolmogorov-Smirnov test, parametric tests were used. P values of less than 0.05 were
considered significant.

10.3 RESULTS

The subjects were divided in to two groups according to age. The younger group (A) had a
mean age of 30 ± 6 years (n=25) and the mean age of the older group (B) was 60 ± 11 years
(n=25). The ages of the groups were significantly different (P<0.01). The ethnic background
consisted of 64% European Caucasian, 16% Maori/Pacific Islander, 12% Indian, and 8% Asian
(east of India).

Pigmentation of the inferior limbal palisades was noted on slit lamp biomicroscopy in 26% of
subjects (n=13). Inferior limbal palisade ridges were clinically absent in 16% of subjects (n=8)
and all subjects within this group were European Caucasian and aged 57 years or older.
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Figure 10.1. A slit-lamp photograph of the inferior limbus, demonstrating pigmented borders
outlining the rim of individual palisade ridges (original magnification 40x).

When imaged by laser scanning in vivo confocal microscopy, the basal cells of the central
cornea (Fig 10.2a) and the limbus-cornea (Fig 10.2b) formed well defined regular mosaics of
dark cell bodies with light cell borders. In the region of the inferior scleral limbus (Fig 10.2c),
vertically oriented hyper-reflective linear structures were observed, corresponding to palisade
ridges and these were noted to alternate with columns of epithelial cells, corresponding to the
rete pegs.

Figure 10.2. Laser scanning in vivo confocal images of (a) the central basal epithelium, (b) the
corneal limbal basal epithelium, and (c) the limbal palisades demonstrating palisade ridges
(arrowhead) and basal epithelial cells (arrow).
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The palisade morphology was highly variable between individuals, with ridges exhibiting linear
or branching patterns. Circular or oval “islands” were also frequently observed beyond the “tips”
or apices of ridges. The mean width of palisade ridges was 25.0 ± 6.3 µm.
In one subject, multiple overlapping images of the corneo-scleral limbus could be obtained.
These were arranged into a wide-field montage using Macromedia Freehand 10 (Macromedia
Inc, San Francisco, CA, USA) to produce a two dimensional reconstruction of the limbus (Fig
10.3).

Figure 10.3. A two-dimensional reconstruction of the corneo-scleral limbus. Three anatomical
regions are discernable (a) the peripheral cornea, (b) the corneal limbus and (c) the scleral
limbus.
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In subjects with pigmented limbal palisades, hyper-reflective cells were observed at the level of
the basal layer of the palisades and, in heavily pigmented subjects, within the rete pegs. In
contrast, the palisade basal cells were poorly defined in subjects with non-pigmented limbal
palisades (Fig 10.4).

Figure 10.4. Subjects exhibited a variety of limbal palisade morphologies on laser scanning in
vivo confocal microscopy. Absent palisade ridges (a) and limbal palisades in a non pigmented
subject (b). In subjects with moderate pigmentation, hyper-reflective cells were observed in
palisade basal cells (c) while markedly pigmented subjects exhibited hyper-reflective cells within
the rete pegs in addition to the palisade basal cells.

When analysed according to age group, there was no significant change in mean central basal
epithelial diameter, area, or density with age. However, the mean diameter and area of
epithelial cells in both the limbus-cornea and limbus-palisade regions significantly increased
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with age, with a corresponding significant decrease in mean epithelial density with age in these
regions (Table 10.1).

Table 10.1. Comparison of three basal epithelial parameters (diameter, area and density) for
each of three corneal regions (central, limbus-cornea and limbus-palisade) between a younger
and older age group (N=50).

Group A (n=25)

Group B (n=25)

Independent
t-test

Mean age 30 ± 6 yrs

Mean age 60 ± 11
yrs

Mean basal epithelial
diameter ±std dev (µm)
Mean basal epithelial area
±std dev (µm2)
Mean basal epithelial
density ±std dev (cells/mm2)
LIMBUS – CORNEA

13 ± 1

13 ± 1

P=0.69

160 ± 15

157 ± 17

P=0.41

6162 ± 503

6362 ± 614

P=0.08

Mean basal epithelial
diameter ±std dev (µm)
Mean basal epithelial area
±std dev (µm2)
Mean basal epithelial
density ±std dev (cells/mm2)
LIMBUS – PALISADE

11 ± 1

12 ± 1

P<0.01

105 ± 17

127 ± 23

P<0.01

7253 ± 1077

6614 ± 987

P=0.03

Mean epithelial diameter
±std dev (µm)
Mean epithelial area ±std
dev (µm2)
Mean epithelial density ±std
dev (cells/mm2)

14 ± 1

15 ± 1

P<0.01

145 ± 20

170 ± 24

P<0.01

5409 ± 799

5055 ± 722

P=0.03

CENTRAL CORNEA

The mean epithelial diameters, areas and densities demonstrated significant differences
between locations (central, limbus-cornea, and limbus-palisade) (Table 10.2). Mean epithelial
diameters and areas were greatest at the limbus-palisades and lowest at the limbus-cornea.
The mean epithelial density was greatest at the limbus-cornea and lowest at the limbuspalisades. Post hoc analysis, using the Bonferroni multiple comparisons test, demonstrated
significant differences in all epithelial parameters between all locations (P<0.01) except for
epithelial areas in the central cornea vs limbus-cornea (P=1.00).
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Table 10.2. Comparison of three basal epithelial parameters (diameter, area and density) for
each of three corneal regions (central, limbus-cornea and limbus-palisade) (N=50 eyes).

Mean epithelial
diameter ±std dev (µm)
Mean epithelial area
±std dev (µm2)
Mean epithelial density
±std dev (cells/mm2)

Central

Limbus-cornea

Limbus-palisade

13 ± 1

12 ± 1

14 ± 1

One way
ANOVA
P<0.01

158 ± 16

113 ± 22

157 ± 25

P<0.01

6262 ± 568

7010 ± 1081

5289 ± 847

P<0.01

For the whole data set, Spearman’s Rho correlation was performed to determine any significant
relationships between variables. Limbus-palisade and limbus-corneal epithelial diameter and
area were positively correlated with age (P≤0.01) while epithelial density was correspondingly
negatively correlated with age in these regions (P≤0.02).

There was no significant correlation between the central basal epithelial parameters and the
limbus-corneal or limbus-palisade epithelial parameters (P≥0.12). However, limbus-cornea
parameters were significantly correlated with limbus-palisade epithelial parameters (P≥0.02).

10.4 DISCUSSION

To the author’s knowledge, the current study is the first laser scanning in vivo confocal
microscopy study to produce high quality images of the living human limbus enabling both
qualitative and quantitative analysis of the structures within this region. Previously, the
effectiveness of in vivo investigation of the human limbus by white light in vivo confocal
microscopy has been limited due to the poor image quality resulting from intense light scatter
from sclera. Investigators have attempted to circumvent this limitation by examining subjects
with prominent limbal palisades.5 In our experience of using both white light6, 7 and coherent
systems8, 9 to image the cornea in health and disease, we have noted that light scatter from the
sclera appears to be less of a problem with the recently developed laser scanning in vivo
confocal microscope. This may be related to the use of a coherent, single red wavelength light
source and thin optical sectioning.
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The absence of palisades on slit lamp biomicroscopy in 16% of subjects in this study, all aged
57years or older, concurs with the observations of Townsend3 who noted that limbal palisades
could not be visualised in 10-20% of the population, particularly in the lightly pigmented and the
older age group.

The linear and branching palisade morphology we have identified correlates well with previous
clinical observations2, 3 and histological studies on post mortem tissue.3, 10 The mean inferior
palisade width in the current study (25.0 ± 6.3 µm) is smaller than that noted in previous studies
(40 ± 7µm, 40 ± 10 µm).2, 3 However, the latter studies obtained measurements from magnified
photographic prints using a micrometer graduated in 10µm steps and were thereby limited by
both the image resolution and measuring tool.

In the current study, when compared to the central basal epithelium, limbus-corneal epithelial
cell density was observed to be significantly greater, while limbus-palisade epithelial density
was significantly lower. The regional variations in epithelial densities within the corneo-scleral
limbus may be partly explained by variations in anatomical configurations. Due to the undulating
configuration of the palisades of Vogt and tangential optical sectioning of these ridges by in vivo
confocal microscopy, epithelial basal cells in the palisades were only observed as a band of
cells with poorly defined borders, enclosing each ridge. Thus, their density could not be
accurately determined. In contrast, the epithelial cells within the rete pegs were clearly visible
between the palisade ridges, and the limbal palisade densities described in the current report
therefore relate to these epithelial cells. These cells thus represent a different population of cells
to those analysed in the limbus-cornea and central cornea. The basal cells of the latter regions
are arranged in flat sheets, enabling en face imaging and quantitative analysis.

Previous studies, using slit-scanning in vivo confocal microscopy, have observed significantly
smaller basal epithelial cells in the “limbus” compared to the central cornea.5, 11 However, these
studies were performed on small subject groups and only measured epithelial diameter on 4
cells at each location per subject. In addition, the position of the cells analysed relative to the
limbal palisades was unclear in these studies.
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The observation that there was no significant change in central epithelial density with age
concurs with the results of previous in vivo confocal microscopy studies.12, 13 However, the effect
of increasing age on limbal epithelial cell density has not previously been investigated. This
study observed a significant decrease in epithelial density both at the limbus-cornea and limbuspalisade regiosn with increasing age.

The presence of hyper-reflective cells in the basal layer of the limbal palisades correlates with
the distribution of pigment observed on slit lamp biomicroscopy in these subjects. The
hypothesis that these hyper-reflective cells represent melanocytes is supported by histological
and electron microscopy studies of the human limbus which have demonstrated pigment laden
cells among the basal cells of the rete pegs.3, 10 It has been postulated that the pigment serves
to protect putative limbal stem cells against solar damage.14

10.5 CONCLUSIONS

This is the first in vivo confocal microscopy study to clearly image the living human corneoscleral limbus and to quantitatively analyse its structure. It is also the first study to investigate
changes in limbal epithelial density with age. It would be of interest to investigate how limbal
structure and limbal epithelial density varies with circumferential location. Future studies may
also be aimed at determining limbal and central epithelial density in patients with known limbal
stem cell deficiency in order to determine if a critical density of limbal epithelial cells is required
for maintenance of the central corneal epithelium.
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In vivo confocal microscopy of
posterior polymorphous dystrophy
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11.1 INTRODUCTION

Posterior polymorphous dystrophy (PPD) is an uncommon, hereditary, typically non-progressive
endothelial dystrophy which was first described by Koeppe in 1916.1 In most cases affected
individuals are asymptomatic and the disorder is usually identified incidentally on slit lamp
examination but in some cases visual loss can occur as a result of corneal decompensation or
intercurrent glaucoma.2

Several methods have been utilised to delineate the structural features of PPD. These include
clinical biomicroscopy, histopathology, electron microscopy and specular microscopy. To our
knowledge, using a Medline search, there are only 3 published reports of PPD investigated by in
vivo confocal microscopy.3-5

The current study6 represents the largest case series to date of PPD imaged by in vivo confocal
microscopy, demonstrating unusual features that have not previously been reported using this
technique.

11.2 SUBJECTS

Case 1
A 54 year-old Caucasian male initially presented with a history of intermittent foreign body
sensation in his left eye, following a minor corneal abrasion OS, sustained whilst trimming a garden
hedge 8 months earlier. He had no significant ophthalmic or medical history, nor relevant family
history, although his mother had chronic uveitis and diabetic retinopathy.

His ocular symptoms had fully resolved at the time of assessment. However, on slit-lamp
examination signs consistent with bilateral posterior polymorphous dystrophy were identified and he
was referred to the Department of Ophthalmology, University of Auckland for further assessment.
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On examination, he exhibited a best spectacle corrected visual acuity (BSCVA) of 6/5 OD. Slit-lamp
biomicroscopy revealed bilateral vesicular lesions at the level of the endothelium forming curvilinear
patterns and clusters. Each lesion was surrounded by a grey “halo”. Clinically, there was no
associated corneal oedema. Intraocular pressures were within normal limits at 17mmHg OD and
18mmHg OS. The remainder of the slit-lamp and fundal examination was unremarkable.

Case 2
An 82 year-old male had undergone uneventful small incision cataract surgery to the left eye and at
the one-month post operative visit, bilateral endothelial abnormalities were noted.
Phacoemulsification had been performed on the right eye 16 months previously and was also
uneventful. The only other ocular history of note was excision of a left lower lid squamous cell
carcinoma 3 years previously. His BSCVA was 6/7.5 in the right eye and 6/12 in the left eye.

Slit lamp biomicroscopy revealed a curvilinear row of endothelial vesicular lesions 1mm below the
visual axis of the right eye (Fig 11.1). Each vesicle was associated with a greyish halo. A small
cluster of similar fine endothelial vesicles were observed superiorly in the left cornea.

Figure 11.1. Slit lamp photograph of curvilinear rows of endothelial vesicular lesions (arrows) in the
right eye of case 2 (Original magnification x40).
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Case 3
A 9 year-old female presented with a history of sensitivity to light for many years and a gradual
deterioration in vision. Apart from mild asthma, she was otherwise healthy. On examination, her
best spectacle corrected visual acuity was 6/12 bilaterally. Slit lamp examination of the corneae
demonstrated multiple widespread endothelial vesicular lesions associated with surrounding haze.
The remainder of the eye examination was unremarkable. Orbscan II slit-scanning pachymetry
(Bausch and Lomb Surgical, Rochester, NY, USA) revealed thickened corneae bilaterally (corneal
thickness 634µm OD, 638µm OS) and this was thought to be the cause of the patients reduced
visual acuity.

Case 4
A 42 year-old male was examined after his daughter (case 3) was diagnosed with PPD. He had a
history of left amblyopia secondary to corneal astigmatism and was otherwise fit and well. His
unaided visual acuity (UAVA) was 6/6 OD and 6/15 OS with no improvement with refraction or
pinhole. Slit-lamp biomicroscopy revealed widespread pleomorphic endothelial lesions associated
with grey haloes. No other ocular abnormalities were detected.

Case 5
A 30 year-old female attended as part of an unrelated study examining normal corneas. There was
no ocular history of note and she had a history of polycystic ovaries and Guillain Barre syndrome.
There was no known family history of ocular disorders. Her UAVA was 6/5 bilaterally and on slitlamp examination a very few subtle scattered endothelial vesicles were visible bilaterally. The
remainder of the ocular examination was unremarkable.

Case 6
A 53 year-old female presented following a routine optometric assessment with raised intraocular
pressures in both eyes. She had a history of migraine and excision of a benign left parotid lesion.
There was a strong family history of glaucoma, with both her mother and maternal grandmother
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being affected. There was no known history of corneal abnormalities. On examination, her best
spectacle corrected vision was 6/6 bilaterally. An incidental finding was a “snail track-like” band at
the level of the endothelium inferiorly in the left corneal periphery and “guttata” like lesions were
identified centrally. The right cornea had a normal appearance. Intraocular pressures were
22mmHg OD and 28mmHg OS with cup to disc ratios of 0.6 OD and 0.8 OS.

Medical treatment failed to control the intraocular pressures adequately and a progressive superior
arcuate visual field defect was identified and a left trabeculectomy was performed.

11.3 METHODS

After explanation of the procedure and obtaining informed consent, in vivo confocal microscopy was
performed on all subjects using a slit-scanning technology (Confoscan 2, Fortune Technologies,
Greensboro, NC, U.S.A.) as described in chapter 4 (4.6). For all subjects, the cornea was examined
by the previously described protocol, using a standard setting of four passes, with a scanning range
between 700µm and 800µm (throughout the z-axis) to image the full central corneal thickness and a
200µm scanning range to specifically image the corneal endothelium and posterior stroma.

Qualitative and quantitative analysis using NAVIS (Nidek Advanced Vision Information System)
proprietary software was performed. Endothelial cell density was determined by choosing 3
representative frames in which endothelial cells were clearly visible. A manually adjusted
automated cell count was performed on each frame over an area of 0.06mm2. Mean values for
endothelial cell density, cell area and the percentage of hexagonal cells within each frame were
recorded and mean values for each cornea were calculated.

168

Section IV

Chapter 11

11.4 RESULTS

Table 11.1 shows the results of endothelial analysis. Endothelial densities ranged from 613 to 3405
cells/mm2 but did not correlate with the clinical severity of the dystrophy (in terms of number of
lesions seen clinically and presence of corneal oedema). For example, the most severely affected
case (case 3) had an endothelial cell density of 1499 ± 68 cells/mm2.

Table 11.1. Results of endothelial cell analysis.
Eye

Mean

Age matched

Mean

Coefficient

Coefficient

Percentage

endothelial

normal range for

endothelial

of variation

of variation

hexagonal

density ± std

endothelial

cell area ±

(area)

(sides)

cells

dev

density

std dev (µm )

(%)

(%)

(%)

2

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

2

2

(cells/mm )

(cells/mm )

Right

879 ± 30

1712-3239

1139 ± 577

50.6

23.9

33.3

Left

755 ± 38

1712-3239

1326 ± 649

48.8

25.3

32.0

Right

613 ± 35

1590-3113

1634 ± 584

35.8

16.5

46.2

Left

Not imaged

Right

1499 ± 68

2648-4206

674 ± 254

37.5

14.1

55.0

Left

1841 ± 297

2648-4206

554 ± 219

39.5

15.4

45.8

Right

1607 ± 219

1798-3328

630 ± 277

43.9

16.9

45.2

Left

2176 ± 80

1798-3328

460 ± 268

58.2

17.4

40.2

Right

3405 ± 96

1932-3467

294 ± 118

40.1

15.9

50.7

Left

3232 ± 139

1932-3467

310 ± 131

42.1

15.9

50.0

Right

2272 ± 90

1718-245

443 ± 145

32.9

12.0

58.7

Left

1290 ± 11

1718-3245

775 ± 336

43.2

12.7

59.7

Endothelial polymegathism was noted in all cases, as demonstrated by high coefficients of variation
in cell area, however, endothelial pleomorphism was not a prominent feature, with all cases
showing low coefficients of variation in cell shape, and high proportions of hexagonality.
Interestingly, cases 1 and 2 exhibited prominent endothelial nuclei which were well-defined and
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brighter than the cytoplasm (Fig 11.2). Some endothelial cells appeared to have 2 nuclei (Fig
11.2a).

Figure 11.2. In vivo confocal microscopy of the endothelium in cases 1 (a) and 2 (b) revealed
prominent, bright endothelial nuclei (arrows). Scale bar = 50 µm.

A variety of abnormal endothelial morphologies were imaged by in vivo confocal microscopy. Cases
3, 4 and 5 demonstrated multiple small focal vesicular lesions (range 6µm to 16µm in diameter)
which protruded into the anterior chamber (Fig 11.3).

Figure 11.3. Focal vesicular endothelial lesions (arrows) observed on in vivo confocal microscopy
in cases 4 (a) and 5 (b). Scale bar = 50 µm.
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Many of the cases exhibited several atypical areas at the level of the endothelium, elevated towards
the anterior chamber or stroma, with transverse diameters ranging from 43µm to 145µm (Fig 11.4).
The edges of these unusual, generally round or oval areas, were both smooth and scalloped in
case 1 and smooth in cases 2, 4 and 6. The borders were well defined and appeared to overlap
with, or involve, adjacent endothelial cell bodies. These non-homogenous areas consisted of
clusters of dark and bright bodies (6µm to 22µm in diameter) that may be consistent with
degenerating endothelial cells.

Abnormal elliptical areas at the level of the endothelium were observed in case 3, protruding into
the corneal stroma and anterior chamber, ranging between 93 and 159µm in diameter. The
endothelial cells within these areas were abnormal, showing “dimpling” (central concavity towards
the anterior chamber) (Fig 11.4h, i).

All subjects, apart from case 5, showed hyper-reflectivity at the level of Descemet’s membrane
around the lesions and cases 3, 4, 6 seemed to have an “undulating” appearance in the endothelial
surface in the region of the PPD lesions.

Deep stromal keratocytes appeared to aggregate around, or were compressed by, the endothelial
lesions in case 1, producing the appearance of hypereflective keratocytes “surrounding” these
atypical round lesions (Fig 11.4b). Descemet’s folds were only observed in case 2.
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Figure 11.4. (a) In vivo confocal microscopy of endothelial lesions in case 1. Image (b) is at the
level of the deep stroma adjacent to the lesion seen in (a) and demonstrates keratocyte aggregation
around the lesion (arrows). Abnormal endothelial lesions observed in case 3 (c), case 5 (d), case 6
(e) and case 3 (f, g, h, i). Scale bar = 50 µm.

11.5 DISCUSSION

PPD is an uncommon corneal dystrophy which affects the endothelium and Descemet’s membrane.
It is a typically bilateral, usually asymptomatic, inherited disorder which usually demonstrates
autosomal dominant inheritance (OMIM #122000). Mutations in VSX1 homeobox7 (on chromosome
20q11) and COL8A28 (on chromosome 1p) genes have been identified in PPD. Clinically, PPD is
characterised by the presence of endothelial lesions which have been classified into three main
forms: vesicular, band and diffuse.9 Vesicles appear as endothelial blisters or blebs on slit-lamp
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examination and these may be isolated or form clusters or curvilinear patterns4. Band lesions are
characterised by strips of guttata-like irregularities of Descement’s membrane and diffuse PPD is
seen as diffuse irregularities in Descemet’s membrane, often associated with corneal oedema.10

Histological and electron microscopy studies of PPD have demonstrated 4 endothelial cell types in
PPD11, 12: normal cells, foci of degenerated cells, fibroblast-like cells and epithelial-like cells. The
latter often form layers of 1 to 5 cells and are covered with numerous microvilli11-13. Focal areas may
be devoid of endothelial cells14. Some studies have reported areas of thinning in Descemet’s
membrane11, 13 and most have shown abnormal lamination with deposition of collagenous material
between laminae12-14.

Unfortunately, histological studies have only been carried out on corneal buttons following
penetrating keratoplasty and so represent only severe cases of PPD with corneal oedema. Both
specular and confocal microscopy enable imaging of the cornea in vivo and so may be used to
examine earlier or mild cases which represent the most common form of PPD.

Laganowski10 described 3 forms of endothelial lesion on imaging PPD with specular microscopy.
Vesicles consisted of light mottled spots surrounded by dark rings with distinct edges. Clusters of
vesicles were also identified, with disrupted, partially segmented bands within them. Bands were
seen as broad strips with rough scalloped edges. Pits, excrescences, troughs and ridges were
present in Descemet’s membrane but multicell layering and epithelialisation of the endothelium
could not be demonstrated. Specular microscopy in diffuse type PPD has shown large areas of
abnormal pleomorphic cells with indistinct borders which appeared to represent epithelial-like
cells.15

The advantages of in vivo confocal microscopy over specular microscopy in imaging the
endothelium are that this technique offers higher magnification and greater lateral resolution.
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Descemet’s layer and adjacent posterior stromal keratocytes can also be readily visualised.
Importantly, the endothelium may still be imaged in cases where corneal transparency is reduced.16

To the author’s knowledge, there are only 3 published reports of in vivo confocal microscopy in
PPD.3-5 Grupcheva et al4, from the Auckland research group, identified endothelial vesicular lesions
composed of optically dense material, forming curvilinear bands. Endothelial pleomorpism and
polymegathism was observed and an increase in deep stromal keratocyte density was noted. An
interesting finding in this case was protrusion of endothelial vesicles into the anterior chamber.
Chiou et al3 reported 2 cases of PPD imaged by in vivo confocal microscopy and described the
presence of “roundish hyporeflective images within patchy hyper-reflective areas at the level of
Descemet’s membrane” but abnormal endothelial cells could not be identified. Cheng et al5 noted
“craters, streaks and cracks” over the undulating corneal endothelial surface in association with
endothelial polymegathism and pleomorphism.

A striking feature of two of the cases presented here is the presence of hyper-reflective nuclei in the
endothelial cells (see chapter 12). In these cases, endothelial cell density was less than 1000
cells/mm2. Interestingly, some endothelial cells in these cases appeared to have 2 nuclei. This may
be due to the presence of genuine binucleate cells or may represent an optical shadow from nuclei
anterior or posterior to the layer imaged, which would correlate with the multilayering of cells in PPD
as has been demonstrated by transmission electron microscopy12, 13.

The apparent aggregation of keratocytes around lesions in case 1 may be either due to
compression of the stroma by the lesion or may be an indication of a role for keratocytes in the
pathogenesis of PPD.

The “dimpling” of endothelial cells associated with reduced cell diameter may represent the early
stages of a “PPD lesion”. It may be that the cells gradually shrink and degenerate, leaving the cell
nucleus and debris within the lesion in the later stages.
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Hyper-reflectivity of Descemet’s membrane around the lesions correlates with the “grey halos” seen
on slit-lamp biomicroscopy and may relate to the abnormal deposition of collagenous material in
Descemet’s membrane seen on histology.12-14, 17 The irregular posterior surface of cornea seen in
the 2 most severe cases may be a sign of unevenness of Descemet’s membrane due to extensive
abnormal thickening of this structure.

One of the cases presented here had previous cataract surgery and this raises the question of
whether the endothelial lesions were secondary to cataract surgery. However, in our experience of
examining over 100 corneae post-phacoemulsification using in vivo confocal microscopy, none
exhibited the features described here.

10.6 CONCLUSIONS

The availability of in vivo confocal microscopy can provide instantaneous microstructural analysis of
the living cornea. In particular, PPD can be associated with a reduced endothelial cell density and
this has important implications when considering cataract surgery. For example, one of the cases
presented developed corneal oedema following cataract surgery. In uncommon corneal dystrophies
such as PPD, correlation of the in vivo microstructural characteristics with the published
pathological reports may be a useful aid to the clinical diagnosis, particularly in cases in which the
diagnostic features are obscured by corneal oedema when examined by slit-lamp biomicroscopy.
Additionally, the ability of in vivo confocal microscopy to assess the living cornea over time enables
monitoring of disease progression and thus the potential to identify and correlate development of, or
changes in, microstructural features. As more data become available these analyses may enable
the formulation of prognostic as well as diagnostic criteria.
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CHAPTER 12

Clinical and microstructural analysis of patients with
hyper-reflective corneal endothelial nuclei imaged by
in vivo confocal microscopy
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12.1 INTRODUCTION

The normal human corneal endothelium consists of a monolayer consisting of uniform,
polygonal shaped cells. This regular array becomes disrupted following trauma (accidental or
surgical) or in a variety of disorders such as iridocorneal endothelial syndrome (ICE) and Fuchs’
endothelial dystrophy.1

In vivo techniques such as specular microscopy and confocal microscopy have enabled
examination of the living human corneal endothelium, both instantaneously and over time.
Studies using these techniques have been able to quantify changes in endothelial cell density,
size and shape occurring with age2, or following cataract surgery.3

In the normal human cornea, endothelial cell nuclei are not usually visible when imaged by in
vivo confocal microscopy or specular microscopy. However, a few studies have noted hyperreflective endothelial nuclei in cases of ICE imaged by in vivo confocal microscopy and in cases
of late endothelial failure in penetrating keratoplasty4 imaged by specular microscopy. The
reasons for this appearance have yet to be elucidated and there are, to our knowledge, no
studies in the published literature that specifically address the incidence and significance of the
hyper-reflective endothelial nuclei imaged by in vivo confocal microscopy.

The purpose of this study was to determine the significance of hyper-reflective corneal
endothelial nuclei in terms of endothelial morphology, corneal thickness, and clinical diagnosis.
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12.2 METHODS

A retrospective study was performed using a database of 505 patients examined in a cornea
and anterior segment special interest clinic, including assessment by in vivo confocal
microscopy, between March 2000 and January 2004 at the Department of Ophthalmology,
University of Auckland. All examinations were performed using a slit-scanning confocal
microscope (Confoscan 2.0 microscope, Fortune Technologies, Greensboro, NC, USA) with a
x40 non-applanating immersion lens. A drop of Viscotears (CIBA Vision, Castle Hill, NSW,
Australia) on the lens objective served as an immersion and contact substance.

Informed consent was obtained from all subjects after explanation of the nature and possible
consequences of the study. The protocol used was approved by the Auckland ethics committee.

All examinations were assessed (N=505 patients) by two observers (Yun Shan Phua and the
author) and those exhibiting hyper-reflective endothelial nuclei were identified. Based on the
best visibility of endothelial cells, 3 representative frames from each scan were chosen for
analysis. Analysis of endothelial images was performed by a single observer (Yun Shan Phua).
The endothelial cell density and morphology were analyzed within a frame size of 0.06mm2,
using automated Navis Endothelial Analysis Software with manual adjustment of cell borders
(Fig 12.1). The parameters recorded included cell density, mean cell area, coefficient of
variation for area, mean number of sides and percentage of hexagonal cells. For images in
which endothelial cell borders were difficult to visualize, cell densities were estimated by
counting the number of endothelial nuclei within a frame size of 0.03mm2. The smaller frame
size was used because in most of these cases this was the largest area in which endothelial cell
nuclei could be clearly identified.
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B

C
Figure 12.1. (A) Using Navis
Endothelial Analysis Software, a
frame size of 0.06mm2 is selected. (B)
Automatic cell analysis in the
presence of bright endothelial nuclei
often gives erroneous results. (C)
Manual adjustment of cell borders
gives greater accuracy.

For comparison, all images on the database that appeared to have a low endothelial density on
observation, but did not exhibit hyper-reflective endothelial nuclei were selected. Endothelial
analysis was performed in these cases, and those with an endothelial density of less than 1500
cells/mm2 were selected for further analysis.

Data from the Orbscan II slit-scanning elevation topography system (Bausch & Lomb Surgical,
Rochester, NY, USA) was used, where available, to obtain values for central and peripheral
corneal thickness for both groups (37 patients, 41 eyes). Pachymetric values for the central area
and the mean of 12 mid-peripheral areas, of 12.57 mm2 each, were recorded in each case.
Peripheral values that lay outside the coloured map were excluded.

Subsequent to these analyses, the clinical diagnoses and ocular history were obtained from the
clinical records for the groups studied.
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12.3 RESULTS

Hyper-reflective nuclei were identified in 41 corneas of 39 patients (7.7% of patients on the
database). The mean age was 62.5 ± 15.8 years whereas the mean age of the entire study
group was 55.4 ± 21.7 years (P=0.59 Mann-Whitney). Bright endothelial nuclei (Fig 12.2) were
most commonly observed following cataract surgery (14 eyes). Other diagnoses associated with
bright nuclei included posterior polymorphous dystrophy (PPD), ICE, and penetrating
keratoplasty (Table 12.1).

Table 12.1. Endothelial morphology and corneal thickness in eyes exhibiting bright nuclei
according to diagnosis. (PPD=posterior polymorphous dystrophy, PK=penetrating keratoplasty,
ICE= iridocorneal endothelial syndrome, N=number of patients, NA=not available).

Diagnosis

N

Mean cell

Mean cell

Mean

Mean

Mean corneal thickness ±

(eyes)

density

area

Coefficient

percentage

std dev(µm)

± std dev

of variation

of

(area) ± std

hexagonal

dev (%)

cells ± std

± std dev
2

(cells/mm )

2

(µm )

Central

Midperipheral

dev (%)
Post-

14

1330 ± 654

956 ± 512

34.9 ± 10.4

47.8 ± 15.3

567 ± 32

609 ± 41

cataract

(14)

PPD

5 (6)

848 ± 238

1262 ± 337

36.9 ± 12.8

48.3 ± 19.4

553 ± 6

610 ± 27

Fuchs’/

3 (3)

909 ± 152

1132 ± 198

34.1 ± 10.3

52.5 ± 10.4

583 ± 43

638 ± 32

Post PK

9 (10)

902 ± 202

1128 ± 314

33.9 ± 7.5

56.6 ± 7.6

599 ± 71

611 ± 33

Brown-

1 (1)

3925 ± 130

255 ± 102

40.0 ± 5.2

42.1± 2.5

NA

NA

7 (7)

2254 ± 1256

NA

NA

NA

618 ± 105

671 ± 96

guttata

McLean
ICE
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Figure 12.2. In vivo
confocal microscopy of
the endothelium in a
normal cornea (a).
Bright endothelial nuclei
(arrows) are visible
following penetrating
keratoplasty (b) and in
Brown-McLean
syndrome (c). A PMMA
contact lens wearer with
a low corneal
endothelial density does
not exhibit bright nuclei
(d). (Scale bar 50µm)

Compared to normal values, the mean endothelial density of all corneas with bright nuclei was
statistically lower, at 1325 ± 872 cells/mm2 (normal for 7th decade 2280 ± 375 cells/mm2)5
(P<0.001, 1 sample t-test), with a greater mean cell area of 1063 ± 423 µm2 (normal for 7th
decade 375 ± 18µm2)2 (P<0.001, 1 sample t-test).

In eyes exhibiting bright endothelial nuclei, both increased cellular polymegathism (coefficient of
variation of cell area 33.9 ± 7.4) (normal for 7th decade 30 ± 2)2 (P=0.002, 1 sample t-test) and
cellular pleomorphism were noted (51.8 ± 9.0% hexagonal cells)(normal for 7th decade 64.3 ±
2.3%)2 (P<0.001, 1 sample t-test). The mean central corneal thickness was 582 ± 52µm and the
mean mid-peripheral corneal thickness was 618 ± 45µm (normal mean central corneal
thickness 538 ± 38 µm)6 (P<0.001, 1 sample t-test).
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The endothelial density was below age-adjusted normal values in 69.2% of patients with bright
nuclei. Bright endothelial nuclei associated with a normal endothelial density were only
observed in ICE, Brown-McLean syndrome and following cataract surgery. Ten patients (13
eyes) were identified on the database with corneal endothelial density below 1500 cells/mm2 yet
did not exhibit bright endothelial nuclei (Table 12.2).The Kruskal-Wallis test showed there were
no significance differences in endothelial density (P=0.09), endothelial morphology (cell area
P=0.45, coefficient of variation (area) P=0.99, percentage hexagonal cells P=0.79) and corneal
thickness (central P=0.69, peripheral P=0.57) between the group exhibiting bright endothelial
nuclei and the group with low endothelial density not exhibiting bright endothelial nuclei.

Table 12.2. Endothelial morphology and corneal thickness in eyes with and without bright
endothelial nuclei.
N

Mean cell

Mean cell

Mean

Mean

Mean corneal thickness

(eyes)

density

area

coefficient

percentage

± std dev (µm)

± std dev

of variation

of hexagonal

(area) ± std

cells

dev (%)

± std dev (%)

± std dev
2

(cells/mm )

All Bright

39

nuclei

(41)

Low

27

density,

(29)

2

(µm )

Central

Midperipheral

1325 ± 872

1063 ± 423

33.9 ± 7.4

51.8 ± 9.0

582 ± 52

612 ± 36

894 ± 243

1187 ± 344

33.8 ± 7.7

51.3 ± 9.4

581 ± 47

605 ± 45

932 ± 162

1116 ± 228

34.5 ± 9.2

48.8 ± 11.4

564 ± 70

608 ± 65

Bright
nuclei
Low

10

density,

(13)

no bright
nuclei

Stromal and epithelial changes consistent with previous or current corneal oedema (Descemet’s
folds and/or epithelial oedema) were present in 53.7% of eyes with bright nuclei. Of these
cases, 12 eyes had undergone cataract surgery between 1 and 84 months prior to examination
(mean 20.8 ± 25.6 months).

Stromal changes consistent with previous or current corneal oedema were present in 38.5% of
eyes with low endothelial cell density but no bright nuclei. Endothelial cells containing more than
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one nucleus were clearly visible in the corneas of 2 patients (diagnoses of PPD and guttata)
(Fig 12.3).

Figure 12.3. Multinucleated cells (arrows) were seen in a case of PPD (a) and in an eye with
corneal guttata (b). (Scale bar=50µm)

There was no significant difference in mean time from surgery between the groups with bright
nuclei, bright nuclei and low endothelial density and low endothelial density without bright nuclei
(P=0.744 Kruskal-Wallis test) (Table 12.3).

Table 12.3. Comparison of age, time from surgery and diagnoses between groups. No statistical
difference was identified in relation to mean time from surgery (P=0.744 Kruskal-Wallis test).
(PPD=posterior polymorphous dystrophy, ICE= iridocorneal endothelial syndrome)
N

Mean age ± std dev

Mean time from

(Eyes)

(years)

surgery ± std dev

22 (23)

62.5 ± 15.8

Diagnoses (% eyes)

(months)
All bright

108 ± 140

nuclei

39% post cataract surgery
24.4% penetrating keratoplasty
17.1% ICE

Low density,

5 (5)

63.5 ± 17.1

123 ± 173

bright nuclei

37.9% post cataract surgery
34.5% penetrating keratoplasty
13.8% PPD

Low density,
no bright

5 (5)

68.7 ± 24.6

108 ± 81

60% post cataract surgery
40% penetrating keratoplasty

nuclei
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No subjects with clinically normal corneas exhibited bright nuclei. The majority of corneas that
exhibited bright nuclei post-cataract surgery had undergone “non-routine” surgery e.g. hard
nuclei, complicated surgery, extra capsular cataract extraction (ECCE). In subjects with PPD,
bright endothelial nuclei were only observed in those with low endothelial densities (Table 12.4).

Table 12.4. The proportions of subjects (eyes) exhibiting bright nuclei according to diagnosis
(PPD=posterior polymorphous dystrophy, PK=penetrating keratoplasty, ICE= iridocorneal
endothelial syndrome).

Diagnosis

Total patients (eyes)

Patients with bright

Comment

nuclei (eyes)
Normal volunteers

235 (248)

0 (0%)

Contact lens wear

42 (61)

0 (0%)

Post-cataract surgery

109 (109)

14 (12.8%) (14)

5 hard nuclei
4 complicated/not phaco
2 PPD
2 uncomplicated
3 notes not available

Fuchs

18 (34)

3 (16.7%) (3)

ICE

7 (7)

7 (100%) (7)

Brown-McLean

4 (7)

1 (25%) (1)

Post PK

17 (20)

9 (53%) (10)

PPD

9 (16)

5 (56%) (6)

Only in mild to moderate
cases

Only associated with low
endothelial density.
2 underwent previous
cataract surgery

12.4 DISCUSSION

This study demonstrates that hyper-reflective corneal endothelial nuclei are a relatively
uncommon phenomenon (7.7%) when a diverse group of subjects attending a corneal and
anterior segment sub-speciality clinic are imaged by in vivo confocal microscopy. Indeed, it
appears to be a feature typically associated with endothelial trauma or disease states that
primarily affect the endothelium, and is not observed in the normal healthy cornea. Ageing does
not appear to be a causative factor. Previous intraocular surgery is the most common
association.
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The majority of post-cataract surgery corneas exhibiting bright nuclei had undergone “nonroutine” surgery (e.g. hard nuclei, complicated surgery, ECCE), and so were more likely to have
sustained significant endothelial trauma. Penetrating keratoplasty carries an even greater risk of
endothelial trauma, and this may explain why a greater proportion of patients who had
undergone this procedure exhibited hyper-reflective nuclei. There was no statistical difference in
time from surgery between groups and it is unlikely that the presence of bright nuclei is an
acute, short term response to surgical trauma because hyper-reflective nuclei were observed as
long as 41 years post-operatively.

Although the mean corneal thickness was significantly greater than normal in those eyes
exhibiting bright endothelial nuclei, this is likely to be a reflection of the low mean endothelial
density. This is supported by the observation that corneal thickness was not significantly
different in eyes with low corneal endothelial densities that did not exhibit bright nuclei.

Hypothetically, the bright nuclear appearance may occur as a result of thinning of the
endothelial cell. The nucleus may thus become more visible due to thinning of the overlying
cytoplasm or to alterations in the relative reflectivity as a result of thinning of the surrounding
cytoplasm. Normal endothelial cells are 4-6µm thick and endothelial wound healing is known to
involve flattening and enlargement of cells to maintain an intact monolayer.7

In one ultrastructural study of Fuchs’ endothelial dystrophy, endothelial nuclei were located in
“valleys” between guttae whereas over the guttae, cells were extremely thin. The average
endothelial cell thickness was measured to be 3.5µm across the nucleus, whereas, near the
junction between cells and over the guttae, cell thickness was markedly reduced to an average
of 0.176 µm.8

In the current study, the mean endothelial density of all eyes with bright nuclei was lower and
the mean cell area was correspondingly higher than normative data (P<0.001), which may
suggest that the endothelial cells were typically thinner than normal and so would support this
theory. However, observations that might challenge this hypothesis are that bright nuclei were
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not visible in a subset of corneas with equally low endothelial densities and similar cell
morphologies. In addition, in 30.8% of eyes with hyper-reflective nuclei in this study a normal
endothelial cell density was observed (post cataract surgery, ICE and Brown McLean
syndrome).

An alternative explanation, which might also account for these observations is an alteration in
nuclear morphology, composition or function that subsequently affects the reflectivity of the
nucleus on in vivo confocal microscopy. The aforementioned transmission electron microscopy
study of Fuchs’ endothelial dystrophy provides some support to this theory since the nuclei were
often more rounded and less flat than the normal oval shape seen in transverse section. Some
nuclei had very little heterochromatin and were, as a consequence, pale in appearance. In these
instances the nucleus had adopted a nearly spherical shape.8

A third possibility is that nuclear hyper-reflectivity is an optical artefact, occurring as a result of
stromal changes such as those seen in corneal oedema. The mean central corneal thickness in
the bright nuclei group was greater than normal, suggesting mild corneal oedema. However,
only 53.7% of eyes in this group had signs of corneal oedema on in vivo confocal microscopy. In
addition, 38.5% of eyes in the group that did not exhibit bright nuclei did exhibit signs of corneal
oedema suggesting that this cannot be the full explanation for this appearance.

The presence of multinucleate cells is an interesting observation that has also been noted in
previous studies. By using DNA cytofluorometry and cell morphometry, Ikebe et al9
demonstrated that the normal cornea has a few enlarged endothelial cells which are polyploid or
multinucleate and that these cells increase in number with age. They also observed that all
small sized endothelial cells were diploid and mononucleate. Injured endothelium has been
shown to have more polyploid and multinucleate cells than the normal cornea. These cells were
2 to 20 times larger than normal diploid cells and exhibited irregular, polymorphous shapes.10
One possible explanation for the presence of multinucleate cells is amitotic nuclear cleavage.
An alternative explanation is that during periods of endothelial stress, adjacent cells coalesce to
form large multinucleated cells.11
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12.5 CONCLUSIONS

The in vivo confocal microscope provides a unique opportunity to examine all layers of the living
human cornea, and hence, enables investigation of its responses to trauma or disease.
Furthermore, this technique enables examination of the cornea over time, thus allowing
monitoring of disease progression. This study12 is the first to identify the presence of hyperreflective endothelial nuclei imaged by in vivo confocal microscopy as a marker for endothelial
abnormalities. We suggest that the most likely explanation for this appearance are alterations in
nuclear or cytoplasmic morphology, composition or function.

Future prospective studies, particularly on cases undergoing intraocular surgery, may elucidate
additional associations with bright nuclei and may indicate new directions for in vivo and in vitro
research into endothelial function.
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CLINICAL CASE REPORTS
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13.1 INTRODUCTION

In the process of completing these PhD studies the author encountered a number of unusual
and rare ocular conditions, many of which had never been assessed by in vivo confocal
microscopy. Some of these were sufficiently noteworthy to be written up as clinical case studies.
Three such conditions are included in this chapter as examples of the contribution, albeit
incremental, that analysis of individual cases can make to our knowledge in a relatively new
field such as in vivo confocal microscopy. These cases include: Maroteaux-Lamy syndrome,1 a
unique case of massive surgical detachment of Descemet’s membrane2 and a case illustrating
the ocular effects of systemic chlorpromazine.3

13.2 IN VIVO MICROSTRUCTURAL ANALYSIS OF THE CORNEA IN MAROTEAUX-LAMY
SYNDROME

13.3 Introduction
Maroteaux-Lamy syndrome (MPS-VI) is one of the rare lysosomal storage disorders termed
mucopolysaccharidoses (MPS). The reported incidence of MPS-VI in Western Australia is
approximately 1 in 320,000 live births.4 MPS-VI is inherited as an autosomal recessive trait and
the gene defect has been mapped to chromosome 5q13.5

The underlying defect is a deficiency of the enzyme arylsulfatase B (N-acetylgalactosamine-4sulfatase) which results in the incomplete degradation and storage of dermatan sulfate (a
glycosaminoglycan). The clinical phenotype occurs as a consequence of the accumulation of
partially degraded glycosaminoglycans in lysosomes. Mild, intermediate and severe forms of
MPS-VI have been described and phenotypic features include growth retardation, skeletal
deformities, coarse facies, cardiac abnormalities, hepatosplenomegaly and hydrocephalus.
Associated ocular abnormalities include corneal opacification, glaucoma6, papilloedema due to
hydrocephalus7, scleral thickening8, and multiple iridociliary cysts9.
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To the author’s knowledge this is the first reported case of mild corneal opacification in MPS-VI
imaged by in vivo confocal microscopy.

13.4

Case report

A 17 year-old Caucasian female initially presented at 4 years of age when paediatricians noted
"wide spaced eyes and an unusual gait". Physical examination revealed dysplastic hips,
arrested hydrocephalus, and mitral valve prolapse. She had normal intellectual function. The
definitive diagnosis of MPS VI was made later on the basis of low levels of leukocyte Nacetylgalactsamine-4-sulphatase, sulphatidase and 4MU-sulphatase enzyme activity.
At recent ophthalmic assessment there was no family history of note and she took no
prescription medications.

She initially presented to an ophthalmologist, complaining of a painful right eye and was
diagnosed with contact lens related bacterial keratitis which was successfully treated leaving
only a small paracentral subepithelial scar. Her best contact lens corrected visual acuity was
20/30 bilaterally (refraction +5.00/+0.50x150 OD and +5.00/+1.00x20 OS). However, slit-lamp
biomicroscopy also revealed mild bilateral diffuse corneal haze, mainly involving the posterior
half of the stroma (Fig 13.1a). Dilated fundus examination revealed small optic discs (1.4mm
diameter) with crowded vessels nasally. The optic disc margins were distinct with no evidence
of optic atrophy. Multiple fine, radial, macular retinal folds extending from the centre of the
fovea towards the vascular arcades were identified (Fig 13.1b).
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Figure 13.1. (a ) Slit lamp biomicroscopy highlighting mild stromal haze predominantly involving
the posterior stroma (arrows) and a right fundus photograph (b) showing fine macular retinal
folds (arrow).

She was subsequently referred to the Department of Ophthalmology, University of Auckland for
further ophthalmic investigations. Optical Coherence Tomography (OCT) examination by a
single observer (Judy Ku) revealed normal foveal thickness (142 µm OD, 138 µm OS) with
irregular surface contours. Heidelberg Retina Tomography (HRT) showed healthy optic rim
volume (0.540 mm3 OD, 0.616 mm3 OS) with normal mean retinal nerve fibre layer thickness
(0.228 µm OD, 0.239 µm OS).

Orbscan II slit-scanning elevation topography (Bausch and Lomb Surgical, Rochester, NY,
USA) was performed on both eyes. Central pachymetry was 562 µm OD, and 567 µm OS.
Mean mid-peripheral thickness (12 measurements measuring 12.57mm2 each) was 632 ± 54
µm OD, and 616 ± 35 µm OS.

In vivo confocal microscopy of the cornea was performed using a slit-scanning technology
(Confoscan 2, Fortune Technologies America, Greensboro, NC, USA) as previously described
in chapter 4 (4.6). In brief, the subject was asked to fixate on a target, and the examination was
performed with a 40X non-applanating, immersion lens that covers an area of approximately 0.1
mm2. A drop of Viscotears (Carbomer 940 2 mg/g, CIBA Vision, Australia) on the objective lens
served as an immersion and contact substance.
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For all examinations, a standard setting of four passes, with an 858µm scanning range
(throughout the z-axis) was used. One exam was performed on the centre of each cornea and
up to 300 images were obtained for each exam.

Qualitative and quantitative analysis using NAVIS (Nidek Advanced Vision Information System)
proprietary software was performed.

In vivo confocal microscopy revealed that the epithelium and Bowman’s layer had normal
appearance, however, the anterior stroma appeared hazy, containing poorly defined cells. The
middle and posterior stroma were clearly visualised and exhibited well defined, unusually
shaped keratocytes. These cells contained single or multiple hyporeflective regions with welldefined borders and ranged from 1µm to 11.6 µm in size. These abnormal keratocytes were
particularly abundant in the posterior stroma and sparse in the anterior stroma (Fig 13.2b-d).

Endothelial cell densities were 3501 ± 83 cells/mm2 OD and 3397 ± 97 cells/mm2 OS (normal
for age = 2185-3727 cells/mm2). There was no significant polymegathism (coefficient of
variation 32.3% OD and 36.2% OS) or pleomorphism (percentage of hexagonal cells 63.3% OD
and 50.3% OS) and the endothelial morphology was otherwise normal (Fig 13.2f).
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Figure 13.2. In vivo confocal
microscopy of the cornea
demonstrating a normal subbasal nerve appearance (a),
the anterior stroma (b), the
posterior stroma (c,d) with
vacuolated keratocytes
(arrows). Posterior stromal
keratocytes from a normal
subject are shown for
comparison (e). The reported
subject had normal
endothelial cell morphology
and density (f). (scale bar =
50 µm

13.5 Discussion
The most striking microstructural observation in this case is the presence of hyporeflective
regions within keratocytes, giving a “vacuolated” appearance. These regions are likely to
represent the intracellular inclusions demonstrated in histological studies.10, 11 Electron
microscopy studies have distinguished 2 main types of inclusions; mainly fibrillogranular
vacuoles and predominantly membranous lamellar vacuoles.8

These vacuoles consist of membrane bound accumulations of glycosaminoglycans.10, 11
Ultrastructural findings by Akhtar et al suggest that these accumulations lead to the
degeneration and enlargement of keratocytes with subsequent build up of extracellular
proteoglycans. The result is disruption of the regular arrangement of collagen lamellae.11
Goldman et al have shown that if the collagen lamellae are separated by more than 200 nm,
light scatter increases, resulting in corneal haze.12 In this early and mild case of Maroteaux-
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Lamy syndrome vacuolated keratocytes were predominantly seen in the posterior stroma and
were relatively sparse in the anterior stroma. This is in contrast to light and electron microscopy
studies, in which the entire stroma is typically involved.8 Endothelial involvement has also been
reported.10 These differing findings may be related to the fact that all previous studies were
carried out on specimens taken at penetrating keratoplasty, and so represent severe end-stage
corneal disease in which visual loss was significant.

Using a Medline search, there are no other reported cases of corneal opacification in MPS-VI
imaged by in vivo confocal microscopy and these are therefore the first observations in this
disease area.1 However, Grupcheva et al from the Auckland research group reported the in vivo
confocal microstructural characteristics of the cornea in mucopolysaccharidosis type I-S
(Scheie’s syndrome) using the same system.13 Some of their findings were comparable to the
presented case. Unusually shaped vacuolated keratocytes were noted particularly in the middle
to posterior stroma and cellular elements in the anterior stroma were not clearly identifiable.
Mild endothelial polymegathism was also noted. Contrasting findings were signs of anterior
stromal fibrosis and the presence of unusually bright cells at the level of the basal epithelium.
However, this case of Scheie’s syndrome was relatively advanced, exhibiting full thickness
involvement of the stroma clinically.

The most prominent features of the posterior segment were the bilateral, radial, retinal folds
extending from the centre of the fovea. To our knowledge, this has not been reported
previously in patients with Maroteaux-Lamy Syndrome. Several explanations are possible.
Histological studies of the sclera in patients with Maroteaux-Lamy syndrome have shown
significant posterior thickening, and accumulation of intracellular and extracellular acid
mucopolysaccaride.8 These findings were identical to those in patients with uveal effusion
syndrome.14 Investigators have therefore suggested a role for mucopolysaccharides in uveal
effusion syndrome. It is possible that the reported case has had mild bilateral uveal effusion,
causing thickening of the choroid and hence the retinal folds in the macular area. However,
serous retinal detachment was not a feature in this case. In the presence of high hyperopia, and
potentially thickened posterior sclera, a more likely explanation for the retinal folds would be
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posterior microphthalmia. Several reported cases of posterior microphthalmia are associated
with hyperopia, elevated macular retinal folds, and variable visual acuity.15 Three types of
retinal folds have been reported: grossly deforming falciform folds, multiple thin retinal folds
radiating from the disc, and a single funnel-shaped papillomacular retinal fold.16 It has been
proposed that these folds are due to the primary failure of the outer ocular coats to develop
fully, while the sensory retina grows more abundantly.

In view of the thickened sclera in Maroteaux-Lamy Syndrome, it is reasonable to speculate that
the scleral canal would be narrowed contributing to the relatively small optic nerve head. In
contrast to previous reports of optic atrophy8, the reported case has relatively healthy
neuroretinal rims.

13.6 Conclusions
This report highlights the usefulness of in vivo confocal microscopy as a non invasive technique
for assessing rare and unusual corneal disorders. As a research tool, it may provide insight into
the disease process. As a clinical tool it can aid in diagnosis which, in some cases, may reduce
the need for further invasive investigation. In addition, in the future, the in vivo confocal
microscope may assist in ophthalmic management and prognosis by enabling assessment of
the living cornea in diseases such as Maroteaux-Lamy Syndrome over time.
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13.7 EXTENSIVE SURGICAL DETACHMENT OF DESCEMET’S MEMBRANE AND
ENDOTHELIUM IMAGED OVER TIME BY IN VIVO CONFOCAL MICROSCOPY.

13.8 Introduction
Descemet’s membrane breaks and detachments are an uncommon, but potentially devastating
complication of intra-ocular surgery. Reattachment or repair of detached Descemet’s membrane
can occur spontaneously or with surgical intervention.17-21

At the time of this study, following a Medline search, it was noted that large Descemet’s
membrane detachments with endothelial cell loss occurring secondary to cataract surgery have
not previously been imaged by in vivo confocal microscopy. However, in vivo confocal
microscopy has been used for the differential diagnosis of linear corneal structures and
investigation of corneal oedema and various types of corneal pathology.22

This case report describes an unusually large Descemet’s membrane tear and detachment
occurring as a complication of cataract surgery. Observations by in vivo confocal microscopy
over a 3-year period demonstrates Descemet’s membrane fibrosis and endothelial remodeling.

13.9 Case report
This study is based around a 90 year-old Caucasian female who was reviewed 9 months and
45 months after complicated right phaco-emulsification with intraocular lens (IOL) implantation.

During right cataract surgery a paracentesis was made using a diamond keratome at 12'oclock
and visco-elastic (Viscoat, Alcon Laboratories, Frenchs Forest, NSW, Australia) was injected via
a rycroft canula. Unfortunately, the anterior chamber view was initially compromised by a large
air bubble and, unknown to the surgeon, a total visco-dissection of Descemet’s membrane had
occurred due to the imperforate nature of the paracentesis. The air bubble persisted and the
true extent of the Descemet’s detachment was not recognised. A 3.2 mm diamond keratome
was used to create a temporal clear corneal wound and a bent 27g needle utilized to initiate the
"anterior capsulorhexis" of the detached Descemet’s membrane, which abutted the anterior
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capsule, and a continuous curvilinear rhexis was completed with difficulty. Only at this stage
was the Descemet’s detachment identified. A genuine anterior lens capsulorhexis was
performed thereafter and “routine” phaco-emulsification completed. A foldable silicone IOL was
inserted into the capsular bag, a 10.0 nylon suture was placed in the corneal wound and subconjunctival Kefzol administered.

Immediately following surgery the patient and family were informed of the surgical complication
and a very guarded prognosis was offered regarding the post-operative vision. On day one
post-operatively her best spectacle corrected visual acuity was hand movements and there was
marked corneal oedema with apparent folds of residual Descemet’s membrane that resolved
over several months.

Nine months post-surgery the subject was referred by her surgeon to the Department of
Ophthalmology, University of Auckland, for initial assessment of her cornea by in vivo confocal
microscopy. On examination, her best spectacle corrected visual acuities were 6/15 OD and
6/15 OS with refractions of +3.00D/-0.75D x 53° and -0.50D/-2.50D x 90° respectively. Slit lamp
biomicroscopy revealed a large circular break in Descemet’s membrane (approximately 6mm in
diameter) involving the mid peripheral cornea of the right eye (Fig 13.3a, b). However, clinically
there was no corneal oedema although the endothelium had a “beaten–metal” appearance with
endothelial pigment deposits centrally. The left cornea had an entirely normal appearance.
Intraocular pressures were 12mmHg OD and 16mmHg OS.
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Figure 13.3. Slit lamp photography of the right eye showing a curvilinear break in Descemet’s
membrane (a) temporally and (b) nasally.

The posterior chamber intraocular lens in the right eye was minimally decentred with moderate
posterior capsule thickening. An early nuclear cataract was noted in the left eye and fundus
examination OU was unremarkable.

Orbscan II slit-scanning elevation topography (Bausch and Lomb Surgical, Rochester, NY,
USA) of the right eye revealed a central corneal thickness of 553µm and mean mid-peripheral
corneal thickness of 601 ± 43µm.

In vivo confocal microscopy was performed on the temporal cornea of the right eye following the
previously described protocol in chapter 4 (4.6) (Confoscan 2, Fortune Technologies,
Greensboro, NC, USA).

The endothelial cell density in the temporal mid-periphery was low at 934 ± 69 cells/mm2 (age
matched normal range 1566 to 3088 cells/mm2). Endothelial cell evaluation by the proprietary
NAVIS software demonstrated endothelial polymegathism (coefficient of variation 70.0 ± 10.2%
(normal for aged over 80 is 29 ± 1.2%23)) and pleomorphism (29 ± 8% hexagonal cells (normal
for aged over 80 is 61.4 ± 1.0%23). Relatively small, pleomorphic, hyper-reflective, structures,
presumed to be pigmented deposits, were also observed at the level of the corneal
endothelium. (Fig 13.4a). Descemet’s folds were noted, with fold diameters of up to 24 µm (Fig
13.4b). Unfortunately, the left eye could not be examined due to patient fatigue.
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Figure 13.4. In vivo confocal microscopy of the right temporal cornea on initial presentation (9
months post-surgery) revealed reduced endothelial density with cellular pleomorphism and
polymegathism (a). Descemet’s folds (arrow) were prominent (b).

The subject subsequently underwent right YAG laser capsulotomy and left cataract surgery.
She was reassessed in the University Department 3 years after the initial in vivo confocal
microscopy assessment (45 months post-cataract surgery). At this time her unaided visual
acuities were 6/15 OD and 6/7.5 OS with no further improvement with pinhole. The corneal
appearances of each eye were unchanged on slit lamp biomicroscopy. Intraocular pressures
remained within the normal range (14mmHg bilaterally) and fundus examination revealed
bilateral macular retinal pigment epithelial changes consistent with early age related macular
degeneration.

The central corneal thickness in the right eye was within normal limits at 533µm as measured by
Orbscan II topography. The mean mid-peripheral corneal thickness was 565 ± 51µm.
In vivo confocal microscopy performed on the right eye revealed the temporal mid-peripheral
corneal endothelial density (in the region of the Descemet’s break) was 948 ± 66 cells/mm2.

However, cellular pleomorphism was reduced, with 50 ± 13% of endothelial cells now exhibiting
hexagonality. There was also a reduction in polymegathism (coefficient of variation 32.4 ± 7.2%)
compared to that noted 3 years previously (Fig 13.5a). The central endothelial cell density was
794 cells/mm2.
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Imaging in the region of the temporal portion of the Descemet’s break showed well-defined
linear structures with hyper-reflective edges (Fig 13.5b,c,d). Compared to 3 years previously,
the temporal cornea at the level of Descemet’s membrane appeared to have significantly
greater reflectivity.

Figure 13.5. Three years after initial assessment (9 months post surgery), in vivo confocal
microscopy of the right temporal cornea demonstrated that the endothelial density remained
unchanged during the 3-year period, however, there was less cellular pleomorphism and
polymegathism (a). Folds and breaks in Descemet’s membrane were present (arrows) and
there was increased reflectivity at the level of Descemet’s membrane (b,c,d).

13.10 Discussion
Descemet’s membrane is a basal lamina produced by the endothelium and is approximately 3-4
µm thick at birth and reaches a thickness of 10-12 µm or more in the adult.24 Endothelial cells,
when stimulated by inflammation or trauma, can produce excess abnormal basal lamina25,
causing thickening of Descemet’s membrane. Thus the multiple layers of Descemet’s
membrane can provide a morphologic record of previous episodes of disease.
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Descemet’s membrane breaks are an uncommon, but well-recognized, intra-operative
complication of cataract surgery and usually extend from the corneal incision. In most cases,
the breaks and detachments are small and of no visual significance. Rarely, extensive
detachments occur and can be a potentially devastating complication. Descemet’s membrane is
easily detached from the stroma and can regenerate readily after injury. Reattachment or repair
of detached Descemet’s membrane can occur spontaneously or with surgical intervention.17-21

Fang et al26 reported a case of bilateral Descemet’s membrane detachments following cataract
surgery. Endothelial specular microscopy had been performed pre-operatively on one eye and
highlighted the qualitative appearance of an irregular endothelial surface similar to, but more
coarse than, the beaten-metal appearance of the endothelium in iridocorneal endothelial
syndrome. The authors postulated an anatomic predisposition to Descemet’s membrane
detachments.

Histological examination of a cornea 8 months after a Descemet’s membrane detachment which
failed to resolve demonstrated wrinkling and contracture of the detached Descemet’s
membrane. Fibrosis was also identified between the stroma and Descemet’s membrane.21
These changes are likely to prevent reattachment, suggesting that surgical repair should be
performed early, before the onset of fibrosis.

Specular microscopy performed 2 years after successful repair of a Descemet’s membrane
detachment highlighted an endothelial cell count of 650 cells/mm2, however, Descemet’s
membrane per se was not imaged in this case.21

In the current case, the increased reflectivity of Descemet’s membrane, noted 3 years after the
initial post-operative in vivo confocal examination, probably represents scarring and fibrosis of
this structure. Interestingly, the endothelial cell density remained essentially unchanged during
this 3 year period, as did the corneal thickness, however, in vivo confocal microscopy showed a
reduction in endothelial polymegathism and pleomorphism with time. This is probably the result
of cellular re-modelling and repair. Schultz et al27 noted that immediately following intracapsular
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and extracaspsular cataract surgery the endothelial cells lose their regular hexagonal shape
and uniformity of size as they elongate and migrate to cover defects left by damaged cells.
Cellular re-modelling then occurs and the endothelial cells return to a normal morphologic
configuration within 3 months. In contrast, this process can take up to 2 years following
penetrating keratoplasty.28

13.11 Conclusions
The reported case demonstrates recovery of good visual acuity despite a very extensive
Descemet’s membrane defect. This shows the ability of endothelial cells to survive and maintain
useful function despite a major loss of endothelial cells centrally. Indeed, a 6mm “capsulorhexis”
of Descemet’s and associated endothelium (in a 11.5mm diameter cornea) represents
approximately a 30% cell loss. This unusual case highlights the usefulness of in vivo confocal
microscopy in following disease progression and endothelial recovery over time.2
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13.12 IN VIVO CONFOCAL MICROSTRUCTURAL ANALYSIS OF CORNEAL ENDOTHELIAL
CHANGES IN A PATIENT ON LONG TERM CHLORPROMAZINE THERAPY.

13.13 Introduction
Deposits in the cornea and lens are a known complication of long-term chlorpromazine
therapy.29, 30 This is the first published report to describe chlorpromazine deposits on the corneal
endothelium imaged using in vivo confocal microscopy.3

13.14 Case Report
A 59-year-old woman presented with gradual onset of blurred vision in her left eye. There was
no significant ophthalmic or family history, although her past medical history included angina,
hypercholesterolaemia, borderline personality disorder and depression. Her psychotropic
medication consisted of amitriptyline, risperadone and clonazepam. The patient had previously
taken chlorpromazine for 20 years with doses up to 1200 mg/day, with a mean dose of 400
mg/day.

When examined by her ophthalmologist, her best spectacle corrected visual acuities were 6/9
and 6/48 in the right and left eye respectively. Slit-lamp biomicroscopy revealed multiple fine
creamy-white deposits on her corneal endothelium (Fig 13.6a) and anterior crystalline lens
capsule (Fig 13.6b) bilaterally. Deposits in the cornea extended to the periphery while the
lenticular deposits were only seen centrally. Posterior subcapsular cataracts were present in
both eyes but more marked on the left.
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Figure 13.6. Slit-lamp photographs highlighting multiple fine creamy-white deposits (arrows) on
the corneal endothelium (a) and anterior lens capsule (b) of the left eye.

Orbscan II slit-scanning elevation topography (Bausch and Lomb Surgical, Rochester, NY,
USA) revealed early sub-clinical keratoconus in the left eye (steepest keratometry 51.8D) and a
borderline topographic pattern in the right eye (steepest simK keratometry 47.3D).

In vivo confocal microscopy was performed on both corneae using the ConfocoScan 2.0
microscope (Fortune Technologies, Greensboro, NC, USA) as previously described in chapter 4
(4.6).

In vivo confocal microscopy identified irregular hyper-reflective deposits on the posterior surface
of the endothelium. The deposits varied in size from 1 to 70 µm in diameter and had well
defined edges (Fig 13.7a). Endothelial morphology was otherwise normal bilaterally. The
endothelial density in both eyes were within the normal age-adjusted range (left eye 2,542 ± 95
cells/mm2 and right eye 3,552 ± 30 cells/mm2 (normal range 1,684-3,209 cells/mm2)) and there
was no endothelial pleomorphism or polymegathism. A few fine hyper-reflective spots were
identified at all levels of the stroma (Fig 13.7c, e). The corneal epithelium appeared normal.
The central corneal thickness measured by Orbscan II pachymetry was 534 µm and 515 µm in
the left and right eye respectively.
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Figure 13.7. (a) In vivo
confocal microscopy of
the left cornea
demonstrating multiple
hyper-reflective
(arrows) deposits on
the posterior
endothelial surface and
sparse bright deposits
within the (c) anterior
stroma and (e)
posterior stroma.
Endothelial cells (b),
anterior stroma (d) and
posterior stroma (f)
from a normal subject
are shown for
comparison. (Scale bar
= 50 µm)

13.15 Discussion
Previous studies have observed deposits on the anterior lens capsule and in the posterior
cornea of patients on long-term phenothiazines such as chlorpromazine.29, 30 These deposits
have been found to be dose-dependent and to persist after the drug is ceased.31 Deposits in the
lens occur in 50% of patients with a cumulative chlorpromazine dose of more than 1000 g and
corneal deposits occur at higher levels.31 In the case reported here, the patient's cumulative
chlorpromazine dose was more than 2000 g.

The corneal changes are usually described as occurring in the posterior stroma, Descemet's
membrane, and endothelium, although involvement of all corneal layers has been reported.31 In
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the case reported here, the deposits were predominantly endothelial. This distribution may
suggest that the drug is deposited via the aqueous humour. Chlorpromazine-induced ocular
toxicity is likely to result from drug interactions with sunlight on unidentified anterior segment
proteins, causing them to opacify and accumulate in the conjunctiva, cornea, and lens.32
Specific interactions may be with hydroxylated metabolites of chorpromazine.33

Chlorpromazine has also been found to accelerate the normal ageing processes of the lens34,
which may have contributed to the patient's cataracts.

13.16 Conclusions
The first report of in vivo confocal imaging of deposits resulting from long-term chlorpromazine
use suggests that, following microstructural analysis of the corneal endothelium, no significant
abnormalities in cellular morphology result from these deposits.
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14.1 INTRODUCTION

When research for this thesis began, in January 2003, the vast majority of published in vivo
confocal microscopy studies were qualitative in nature and concentrated on examination of the
central cornea. Since then, there has been a rapid increase in the number of quantitative studies in
this field, furthering our knowledge of the cornea at the cellular level in health and disease.

The studies described in this thesis add to the pool of scientific knowledge of the cornea, and
resolve a number of previously unanswered questions.

14.2 COMPARING IN VIVO CONFOCAL MICROSCOPES (Chapters 4 & 5)
The objectives of these chapters were two-fold

1.

To compare the known attributes of the slit-scanning and the laser scanning in vivo
confocal microscopes.
The attributes of SSCM and RCM were reviewed.

Conclusions
a) The illumination source is non-coherent white light with a range of wavelengths in the
SSCM and single red wavelength coherent light in the RCM.
b) The RCM has more modes of image acquisition than the SSCM.
c) The RCM is more compatible with the use of distance fixation targets than the SSCM.
d) The RCM produces higher quality images of the corneal basal epithelium, sub-basal nerve
plexus and stroma than the SSCM. However, the RCM is unable to image the superficial
corneal epithelial cells and images of the endothelium are more difficult to acquire and are
of poorer quality than with SSCM.
e) Both RCM and SSCM may be affected by artifacts resulting from misalignment or motion.
Compression artefacts are rare with SSCM but relatively common with RCM.
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To directly compare the performance of slit-scanning and laser scanning in vivo
confocal microscopes.
A series of five pilot studies were performed to qualitatively and quantitatively compare the
performance of the two in vivo confocal microscopes used in this thesis.

Conclusions
a) RCM images have greater contrast than SSCM images. Contrast remains high up to all
edges of each RCM image, but decreases markedly towards the lateral edges of each
SSCM image.
b) Decreasing illumination intensity decreased the apparent thickness of sub-basal nerve fibre
bundles imaged by RCM. The sub-basal nerve plexus could not be imaged by SSCM when
illumination intensity was reduced below maximum.
c) The dimensions of reflective objects in images obtained by in vivo confocal microscopy are
only valid when the same type of in vivo confocal microscope is used and illumination
intensity is constant.
d) Measurements of highly reflective standard sized test objects are more accurate in RCM
images compared to SSCM images. However, this may not equate to differences in the
accuracy of measurement of in vivo images.
e) RCM may be used for both in vitro and ex vivo imaging.

14.3 STUDIES OF THE NORMAL SUB-BASAL NERVE PLEXUS (Chapters 6 and 7)
The purpose of these studies was to quantitatively analyse the sub-basal nerve plexus at five
corneal locations using in vivo confocal microscopy, and to correlate these microstructural
observations with corneal sensitivity in 60 normal eyes. Three eyes were examined by RCM to
elucidate the distribution of sub-basal nerves in the living human cornea.
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Conclusions
a) The mean sub-basal nerve density and the mean corneal sensitivity were greatest in the
central cornea and lowest in the nasal mid-periphery of the cornea.
b) Sub-basal nerve density did not change significantly with increasing age.
c) Sub-basal nerve density showed a significant negative correlation with corneal sensitivity
threshold.
d) Two-dimensional reconstructions of the normal sub-basal nerve plexus, over a diameter of
approximately 5mm, can be produced using RCM.
e) In the normal living human cornea, the sub-basal nerve plexus exhibited a radial pattern
with an area of convergence 1-2mm inferior to the corneal apex. The region of convergence
comprised a whorl-like complex in a clockwise configuration.
f)

Probable sites of perforation of nerves through Bowman’s layer were identified and were
most frequently observed in the mid-peripheral cornea.

14.4 STUDIES OF THE SUB-BASAL NERVE PLEXUS AND BASAL EPITHELIUM IN
KERATOCONUS (Chapters 8 and 9)
The purpose of these studies was to quantitatively analyse the central sub-basal nerve plexus and
basal epithelium using in vivo confocal microscopy and central corneal sensitivity, in 27 subjects
with keratoconus. A control group of 31 normal eyes was used. Four eyes of four subjects with
keratoconus were examined by RCM to elucidate the distribution of sub-basal nerves in this ectatic
disorder.

Conclusions
a) The mean central corneal sensation was lower in keratoconus compared to normal
controls. However, this difference was only significant for contact lens wearing
keratoconics.
b) The mean central sub-basal nerve density was significantly lower in keratoconus compared
to normal controls.
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c) The mean corneal basal epithelial density was significantly lower in keratoconus compared
to normal controls.
d) Two-dimensional reconstructions of the sub-basal nerve plexus in keratoconus, over a
diameter of approximately 6mm, can be produced using RCM.
e) Even in mild cases, keratoconus is associated with grossly abnormal sub-basal nerve
plexus architecture. At the apex of the cone, a tortuous network of nerve fibre bundles was
noted, many of which formed closed loops. At the topographic base of the cone, nerve fibre
bundles appeared to follow the contour of the base, with many of the bundles running
concentrically in this region.
f)

In severe keratoconus, some of the sub-basal nerve fibre bundles appeared to terminate
abruptly within the region of the cone

14.5 CORNEO-SCLERAL LIMBUS STUDY (Chapter 10)
This study assessed 50 normal eyes to elucidate the structure of the living human limbus, and to
quantitatively correlate limbal epithelial dimensions with those of the central epithelium.

Conclusions
a) Inferior limbal palisade ridges were clinically absent in 16% of subjects and all subjects
within this group were European Caucasian and aged 57 years or older.
b) Pigmentation of the inferior limbal palisades was noted on slit lamp biomicroscopy in 26%
of subjects.
c) High quality images of the living human limbus may be obtained using RCM.
d) In subjects with pigmented limbal palisades, hyper-reflective cells were observed at the
level of the basal layer of the palisades and, in heavily pigmented subjects, within the rete
pegs.
e) There was no significant change in mean central basal epithelial diameter, area, or density
with age.
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The mean diameter and area of epithelial cells in both the limbus-cornea and limbuspalisade regions significantly increased with age, with a corresponding significant decrease
in mean epithelial density with age in these regions.

g) Mean epithelial diameters and areas were greatest at the limbus-palisades and lowest at
the limbus-cornea.
h) Two-dimensional reconstructions of the normal inferior limbus can be produced using RCM.

14.6 STUDIES OF THE CORNEAL ENDOTHELIUM (Chapters 11 and 12)
The purposes of these studies were two-fold.

1. To qualitatively and quantitatively analyse the corneal endothelium in posterior
polymorphous dystrophy.
Six subjects with clinically diagnosed PPD were examined by SSCM in vivo confocal microscopy.

Conclusions
a) Endothelial densities ranged from 613 to 3405 cells/mm2 but did not correlate with the
clinical severity of the dystrophy.
b) Endothelial polymegathism was noted in all cases, however, endothelial pleomorphism was
not a prominent feature.
c) Two of the cases exhibited prominent endothelial nuclei which were well-defined and
brighter than the cytoplasm. Some of these endothelial cells appeared to have 2 nuclei.
d) A variety of abnormal endothelial morphologies were imaged by in vivo confocal
microscopy. Lesions ranged between 6 and 156 µm in diameter.

2. To determine the significance of hyper-reflective corneal endothelial nuclei in terms of
endothelial morphology, corneal thickness, and clinical diagnosis.
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This study arose as a result of the observation of hyper-reflective corneal endothelial nuclei in the
previous study. This retrospective study analysed a database of 505 subjects imaged by SSCM in
vivo confocal microscopy and Orbscan II topography.

Conclusions
a) Hyper-reflective endothelial nuclei were observed in 7.7% of subjects on the database.
b) Hyper-reflective endothelial nuclei are associated with endothelial trauma or disease states
that primarily affect the endothelium,and is not observed in the normal healthy cornea.
Previous intraocular surgery is the most common association with hyper-reflective
endothelial nuclei.
c) The mean endothelial density of all corneas exhibiting bright nuclei was significantly lower
than normal with increased cellular polymegathism and pleomorphism.
d) Corneal thickness was not significantly different in eyes with low corneal endothelial
densities that did not exhibit bright nuclei.
e) There were no significance differences in endothelial density, endothelial morphology and
corneal thickness between the group exhibiting bright endothelial nuclei and the group with
low endothelial density not exhibiting bright endothelial nuclei.
f)

There was no significant difference in mean time from surgery between the groups with
bright nuclei, bright nuclei and low endothelial density and low endothelial density without
bright nuclei

14.7 CLINICAL CASE REPORTS (Chapter 13)

Conclusions
a) In vivo confocal microscopy in a case of Maroteaux-Lamy syndrome revealed unusually
shaped keratocytes in the middle and posterior corneal stroma. These cells contained
single or multiple hyporeflective regions with well defined borders. This report highlights the
usefulness of in vivo confocal microscopy as a non invasive technique for assessing mild to
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moderate corneal disorders.
b) In vivo confocal microscopy in a case of surgical detachment of Descemet’s membrane and
endothelium demonstrated no change in endothelial cell density over a 3 year period,
although a reduction in endothelial polymegathism and pleomorphism with time was noted.
This unusual case highlights the usefulness of in vivo confocal microscopy in following
disease progression and endothelial recovery over time.

c) Hyper-reflective deposits were observed on the posterior surface of the corneal
endothelium in a patient on long term chlorpromazine therapy. Endothelial density and
morphology was otherwise normal bilaterally in this case. This case highlights the
usefulness of in vivo confocal microscopy to clearly image endothelium despite multiple
endothelial deposits.

14.8 CONCLUSIONS

These in vivo confocal microscopy studies have provided both qualitative and quantitative data
regarding the human cornea in health and disease states. As well as extending the work of other
researchers in this field, these studies have opened up new avenues for future research.

The development of a technique for producing two-dimensional reconstructions of the sub-basal
nerve plexus and corneo-scleral limbus is novel and has, for the first time, answered questions
regarding the architecture of these regions in the living human cornea.

Despite the significant contribution of in vivo confocal microscopy to our knowledge of the cornea in
its physiological state, it is clear that a number of challenges remain.

The first is to overcome the problem of poor topographic reproducibility. Accurate corneal
localisation remains a difficulty despite attempts at using fixation targets. This is partially due to the
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inevitable involuntary movements of the subject. In the future, this may be overcome by either
developing methods to immobilise the eye during examination, or by increasing the speed of
imaging. Solving these difficulties will make sequential observations over time of significantly
greater value, and will improve our ability to produce good quality three-dimensional reconstructions
of the cornea.

In terms of the microscopes, future designs should aim to provide a range of selective wavelengths
for safe in vivo corneal examination (as this thesis has demonstrated white light and coherent light
systems provide complimentary data). Also, the ability to accurately image saggital sections of the
cornea would enhance the versatility of this examination technique.

Currently, all in vivo confocal microscopes require contact between the cornea and the objective
lens, either directly or via a viscous gel. The development of a purely non-contact technique would
avoid the need for topical anaesthetics and viscous gels, and so allow the cornea to be examined
without the alterations to the corneal surface that these substances are known to produce.

It is hoped that future studies will aim to correlate in vivo corneal cellular morphology with function,
and, in relation to the exponential increase in our knowledge of ocular genetics over the past two
decades, with specific gene mutations. Additionally, a move away from predominantly examining
the central cornea, as highlighted in this thesis, is anticipated.

The future holds much promise in the rapidly evolving world of in vivo confocal corneal imaging.
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Niuean
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E
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Mapping of the Normal Human Corneal Sub-Basal
Nerve Plexus by In Vivo Laser Scanning
Confocal Microscopy
Dipika V. Patel and Charles N. J. McGhee
PURPOSE. To produce a two-dimensional reconstruction map of
the living human sub-basal corneal nerve plexus using in vivo
confocal microscopy.
METHODS. Laser scanning in vivo confocal microscopy was
performed on three normal eyes of three healthy human subjects. Subjects were asked to fixate on targets arranged in a grid
to enable examination of the cornea in a wide range of positions. Using the section mode, a mean of 573 ⫾ 176 images of
the sub-basal plexus were obtained for each subject. The data
were arranged and images were mapped for each subject into
confluent montages.
RESULTS. Mean dimensions of the corneal areas mapped were
4.95 ⫾ 0.53 mm horizontally and 5.14 ⫾ 0.53 mm vertically. In
all subjects, the sub-basal nerve plexus appeared to radiate
toward a whorl-like complex centered 1 to 2 mm inferior to
the corneal apex. Outside this area, the nerve fiber bundles in
the remainder of the cornea were arranged in a radiating
pattern. Mean nerve density was significantly higher in the
inferocentral whorl region (25,249 ⫾ 616 m/mm2) compared
with the central cornea (21,668 ⫾ 1411 m/mm2) (MannWhitney U test; P ⫽ 0.05).
CONCLUSIONS. This is the first study to elucidate the overall
distribution of sub-basal nerves in the healthy, live central to
mid-peripheral human cornea by laser scanning in vivo confocal microscopy. The whorl pattern of the sub-basal nerves is
similar to that seen in the epithelium in corneal verticillata and
may lend support to the theory that epithelial cells and nerves
migrate centripetally in tandem. (Invest Ophthalmol Vis Sci.
2005;46:4485– 4488) DOI:10.1167/iovs.05-0794

al.2 in a transmission electron microscopy study of human
cadaver eyes in which sub-basal nerve bundles showed signs of
significant degeneration within 13.5 hours of death.
Although ex vivo studies have provided a wealth of ultrastructural data on human corneal nerves,2– 6 the architecture
and distribution of nerves in the sub-basal plexus in vivo
remains to be fully elucidated.
In vivo confocal microscopy provides a unique opportunity
to examine the living human cornea at the cellular level. The
noninvasive nature of this technique means that multiple examinations may be performed on the same tissue over time,
and the induction of artifacts observed with ex-vivo methods of
examination are avoided. However, staining techniques may
not be used in conjunction with in vivo confocal microscopy of
human corneas.
The purpose of this study was to produce a two-dimensional reconstruction of the living human corneal sub-basal
nerve plexus using laser in vivo confocal microscopy.
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After informed consent, three subjects were recruited. The subjects
had no personal or family history of eye disease and no history of
contact lens wear, ocular trauma/surgery, or systemic diseases that
might have affected the cornea. Two of the subjects (subject 1) and
(subject 2) were women aged 42 and 47 years, respectively, and one
(subject 3) was a man aged 46 years. The left eye of each subject was
examined by slit lamp biomicroscopy, and all corneas were confirmed
to be clinically normal.
The research adhered to the tenets of the Declaration of Helsinki.
Informed, written consent was obtained from all subjects after explanation of the nature and possible consequences of the study. The
protocol used was approved by the Auckland ethics committee.
Laser scanning in vivo confocal microscopy was subsequently performed on all subjects with the use of a corneal module (Heidelberg
Retina Tomograph II Rostock Corneal Module [RCM]; Heidelberg Engineering GmbH, Heidelberg, Germany). This microscope uses a
670-nm red wavelength diode laser source. This is a class 1 laser system
and so, by definition, does not pose any ocular safety hazard. However,
to guarantee the safety of the operator and the subjects, the manufacturers have imposed a limit on the maximum period of exposure of
3000 seconds (50 minutes) for patient and operator in any single
examination period. A 60⫻ objective water immersion lens with a
numerical aperture of 0.9 (Olympus, Tokyo, Japan) and a working
distance, relative to the applanating cap, of 0.0 to 3.0 mm was used.
The dimensions of each image produced using this lens are 400 m ⫻
400 m, and the manufacturer quotes transverse resolution and optical
section thickness as 2 m and 4 m, respectively. The RCM uses an
entirely digital image capture system.
Each eye was anesthetized with a drop of 0.4% benoxinate hydrochloride (Chauvin Pharmaceuticals, Surrey, UK). Viscotears (Carbomer
980, 0.2%; Novartis, North Ryde, NSW, Australia) was used as a coupling agent between the applanating lens cap and the cornea. During
the examination, all subjects were asked to fixate on distance targets
arranged in a grid pattern to enable examination of the cornea over a
wide central to mid-peripheral area of approximately 5-mm diameter.
The center of the grid (Fig. 1a) was aligned vertically and horizontally
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T

he cornea is one of the most densely innervated tissues in
the human body, its innervation originating from the ophthalmic branch of the trigeminal nerve. In addition to their
protective function, corneal nerves play important roles in
regulating corneal epithelial integrity, proliferation, and wound
healing.1
Corneal nerve architecture in humans has been studied
using light and electron microscopy.2– 6 However, these studies have the intrinsic limitation that they were performed on
corneal tissue obtained from cadavers or enucleated eyes and,
therefore, were likely to be affected by artifacts resulting from
tissue processing and postmortem, or ex vivo, nerve degeneration. The latter has been elegantly demonstrated by Muller et
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FIGURE 1. The fixation grid (A), consisting of 17 spot targets. Spots
are separated from each other by 6 cm horizontally and 7 cm vertically.
This grid was viewed by the subject at a distance of 1.1 m. A CCD
camera “real time” or live image of the cornea from the temporal
aspect (B) demonstrating how the laser beam is aligned with the
corneal apex (arrow). Original magnification, 1⫻.

at 1.1 m from the contralateral eye and consisted of 17 printed spot
targets (central spot, 1.5 cm; all other spots, 1 cm in diameter), each
separated by 6 cm horizontally and 7 cm vertically (overall grid dimensions 28 cm ⫻ 24 cm wide). All the subjects had emmetropia, and none
required correction of presbyopia; hence, they were able to clearly
visualize the targets with the contralateral eye. The cornea was
scanned using the device’s “section mode” to obtain high-quality images of the sub-basal nerve plexus in each position. The section mode
enables instantaneous imaging of a single area of the cornea at a
desired depth. For subjects 1, 2, and 3, 640, 373, and 706 images were
acquired for each cornea, respectively.
The overall examination took approximately 40 minutes to perform
for each patient, including breaks every few minutes and a total
confocal exposure time of ⬍20 minutes. None of the subjects experienced any visual symptoms or corneal complications as a result of
examination. A computer program (Macromedia Freehand 10; Macromedia Inc., San Francisco, CA) was used to arrange images for each eye
into wide-field montages of the sub-basal nerve plexus.
Sub-basal nerve density measurements were performed on the
montages using a caliper tool (analySIS 3.1; Soft Imaging System,
Münster, Germany). In all cases, a standard frame size of 0.8 mm ⫻ 0.8
mm (area, 0.64 mm2) was selected. Nerve density was assessed in the
apical region of the central cornea and in the region of the inferocentral whorl by measuring the total length of nerves per defined frame.

RESULTS
A mean of 573 ⫾ 176 images was obtained from three left eyes
of three subjects. All blurred, oblique, or duplicate images
were discarded. Montages were thus created using 315, 301,
and 366 images for subjects 1, 2, and 3, respectively. The mean
dimensions of the corneal areas mapped were 4.95 ⫾ 0.53 mm
horizontally and 5.14 ⫾ 0.53 mm vertically centered on the
corneal apex.
In all three subjects, nerve fiber bundles were arranged in a
radiating pattern, converging toward an area approximately 1
to 2 mm inferior to the central cornea (Fig. 2). A clockwise
whorl or vortex pattern (whorl-like complex) was observed in
the area of convergence of each subject (Fig. 3). Using a
touch-pad drawing screen, electronic tracings of nerve fiber
bundles were performed at high magnification on the confocal
montage images. This enabled the production of schematics of
the whorl-like complex in all three subjects (Fig. 4). The mean
dimensions of these whorl-like complexes were 898 ⫾ 201 m
horizontally and 671 ⫾ 155 m vertically.
The sub-basal corneal nerves appeared to form a complex
series of anastomoses, with most nerves forming branches that
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subsequently joined adjacent nerve fiber bundles or rejoined
the same nerve fiber bundle further along its course. The mean
central nerve density was 21,668 ⫾ 1411 m/mm2, and the
mean nerve density in the whorl region was 25,249 ⫾ 616
m/mm2. The difference in nerve density between the two
areas reached statistical significance (Mann-Whitney U test;
P ⫽ 0.05).
Bright, irregularly shaped areas 20 to 40 m in diameter
were observed, usually in the mid-peripheral cornea at the sites
of apparent termination of nerve fibers, and these were occasionally noted more centrally (Fig. 5a). These areas were observed at the level of the sub-basal nerve plexus and appeared
to extend posteriorly.
Two of the subjects exhibited multiple bright particles up
to 15 m in diameter that were separate from nerve structures
(Fig. 5b). These particles were only observed at the level of the
sub-basal nerve plexus, and dynamic imaging confirmed that
they did not extend anteriorly or posteriorly to this level.

DISCUSSION
Most corneal nerve fibers are derived from the ophthalmic
branch of the trigeminal nerve. Nerve bundles enter the peripheral mid-stroma in a radial pattern. These nerves lose their
perineurium and myelin sheath within 1 mm of limbus, aiding
the maintenance of corneal transparency, and are subsequently
surrounded by only Schwann cell sheaths.3 The nerves course
anteriorly, giving rise to multiple branches innervating the
anterior and mid-stroma.1 Branches form the subepithelial
nerve plexus that lies at the interface between Bowman’s layer
and the anterior stroma. This plexus is sparse and patchy in
distribution, largely limited to the mid-peripheral cornea, and
may not be present in the central cornea.7 Fifty percent of
these nerves exhibit varicosities or beads.1 Nerve bundles
penetrate Bowman’s membrane throughout the central and
peripheral cornea4,5 at approximately 400 sites.8 Bundles then
divide and run parallel to the corneal surface between Bowman’s layer and the basal epithelium, forming the sub-basal
nerve plexus.4,5 These nerve bundles consist of straight and
beaded fibers, with the beaded fibers located in the periphery
of the bundle. The beads have been identified as axonal efferent and sensory terminals6,8 and have been shown to consist of
accumulations of mitochondria and glycogen.2 Only the
beaded fibers subsequently form branches that enter the corneal epithelium, where they terminate.3,4,8
Because early studies of corneal nerves were unable to
clearly identify the corneal position, the orientation of the
sub-basal nerves was uncertain.4,5 The introduction of the
clinical in vivo confocal microscope enabled imaging of the
living human sub-basal nerve plexus.9 On the basis of data from
serial section light and electron microscopy studies, in vivo
confocal microscopy, and immunohistochemistry, it has been
postulated that nerve bundles are preferentially orientated in a
superior-inferior direction at the corneal apex and in a nasaltemporal direction in surrounding areas, with no defined focus.3
The two-dimensional reconstructions we report reveal the
architecture of the sub-basal nerve plexus over the central 5 to
6 mm of the cornea. Sub-basal corneal nerve architecture in
vivo has not previously been elucidated to this extent because
most in vivo confocal microscopy studies of the sub-basal
nerves have restricted examination to the corneal apex. This is
mainly because of the relative ease of obtaining good-quality
tangential images in this region. The observation that the subbasal nerves form a complex series of anastomoses is consistent with the pattern seen in the human dermal nerve plexus,
though the latter shows a less regular arrangement.10
Human histologic studies have shown that epithelial nerve
branches are orientated perpendicularly to the corneal surface.5 This suggests that if there is centripetal epithelial slide,
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FIGURE 2. A montage of 315 images
depicting the architecture of the subbasal nerve plexus of subject 1. Scale
bar, 400 m.

the epithelial cells and epithelial nerves must be moving in the
same direction and at the same velocity. Using in vivo confocal
microscopy, Auran et al.7 provided evidence that corneal epithelial nerves participate in centripetal migration. Sub-basal
nerves were demonstrated to shift centripetally toward an area
just inferior to the corneal apex, with velocities ranging from
1.7 to 32.0 m a day. Shapes and lengths of nerve segments

FIGURE 3. The vortex or whorl-like pattern of the sub-basal nerve
plexus in the infero-central cornea of subject 2. This montage was
constructed using 32 images. Scale bar, 200 m.

varied slightly as axons slid centripetally. Studies have also
shown that, unlike the sub-basal plexus, the stromal nerves,
subepithelial plexus, and nerve perforation points through
Bowman’s layer remain stationary over extended periods of
time and may be used as landmarks for study.7,11
The radiating pattern of nerve fibers converging on a whorllike complex reported here echoes the pattern seen in the
epithelium in corneal verticillata and toxic keratopathies.12
This suggests that epithelial cells and nerves may migrate
centripetally in tandem. The patterns identified in the latter
two conditions are typically clockwise.13 Dua et al.13 postulated that the combined effect of the electric and magnetic
fields on centripetally migrating epithelial cells would result in
a clockwise whorled pattern. Other theories regarding the
driving force for centripetal movement of epithelial cells include: (1) preferential desquamation of the central corneal
epithelium, drawing peripheral cells toward the central cornea; (2) population pressure from limbus and peripheral cornea because of proliferation and migration of cells; (3) gradient
of chemical signals emanating from limbal capillary vessels; and
(4) stimulation by epithelial sympathetic nerves.14
A possible explanation for the location of the whorl in the
inferocentral cornea is that cell and nerve migration may be
affected by shearing forces exerted by the eyelids on blinking,
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FIGURE 4. Electronic tracings of
nerve fiber bundles provide schematics devoid of background data that
highlight the infero-central whorllike complex in three corneas of
three subjects.

and the focus of the whorl is at the site of the end of upper and
lower lid excursion.
The mean central nerve density reported here (21,668 m/
mm2) is significantly higher than values previously reported in
studies using white light in vivo confocal microscopy ([11,110
m/mm2]1 [8404 m/mm2]15), probably because of differences in image quality and contrast. Images obtained using
slit-scanning in vivo confocal microscopy are brightest along a
central vertical strip and become darker laterally. Thus, nerve
fibers at the edges of the image may not be clearly visible.
Images obtained using the RCM are relatively uniform in contrast and brightness throughout the image. Additionally, the
light source for this modality is coherent and brighter. This
appears to enable visualization of the thinner nerve fiber bundles, which are not otherwise visible with slit-scanning in vivo
confocal microscopy (authors’ unpublished data, May 2005).
The recent observation that there appears to be no correlation
between age and sub-basal nerve density15 suggests that differences in the ages of the subjects in this study, compared with
other in vivo confocal studies of nerve density, are unlikely to
explain the observed differences in sub-basal nerve density.
The central corneal location was determined by use of a
charge-coupled device (CCD) camera attachment enabling live
imaging of the cornea from the temporal side during examination (Fig. 1b). Although this technique is useful for localizing
the approximate area of the cornea under examination, it is not
sufficiently accurate to enable determination of the exact point
location of the corneal apex.
The use of a fixation grid is a novel method of facilitating in
vivo confocal examination of different corneal locations. Theoretically, a precise relationship between points on the grid
and locations on the cornea could be developed; however,
factors such as disconjugate eye movements, microsaccades,
involuntary patient movements, and difficulty aligning the center of the grid with the corneal apex make such topographic
measurements inaccurate at present.
The multiple bright particles observed in two of the subjects resemble those recently reported by Zhivov et al.,16 who
postulated that these represent Langerhans cells. In the latter

FIGURE 5. (a) Probable sites of perforation of nerves through Bowman’s layer (arrow) in the infero-temporal mid-periphery of subject 3.
(b) Multiple nonepithelial cells, possibly Langerhans cells (arrow),
observed anterior to Bowman’s layer, as determined by dynamic imaging, in the nasal mid-periphery of subject 3. Scale bar, 100 m.

study, these cells were present in the central cornea and in the
inferior periphery of 85.7% of healthy subjects.
We report the first study to elucidate the distribution of
sub-basal nerves in the living human cornea. Although this
pilot study is limited by the small number of subjects and
although the power of the study was low (50% on post hoc
power analysis), it provides interesting new data regarding the
architecture of the corneal sub-basal nerve plexus. Knowledge
of the orientation of these nerves in various regions of the
cornea may be helpful in aiding localization during in vivo
confocal microscopy, when only small areas of the cornea are
examined. Future studies may be directed at analyzing nerve
architecture over time or in disease states known to affect
corneal nerve structure and corneal sensation.
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The purpose of this study was to determine the significance of hyper-reflective corneal endothelial nuclei imaged by in vivo confocal
microscopy.
A retrospective analysis was performed using a database of 505 patients that had undergone in vivo confocal microscopy of the cornea. All
subjects with hyper-reflective endothelial nuclei were identified and these images were analysed to determine corneal endothelial cell density and
morphology. The clinical notes of these patients were reviewed and corresponding data regarding corneal thickness was obtained from a related
database of Orbscan II pachymetry.
Hyper-reflective endothelial nuclei were identified in 41 eyes of 39 (7.7%) patients. Diagnoses included previous cataract surgery or penetrating
keratoplasty, posterior polymorphous dystrophy, Fuchs’ endothelial dystrophy and irido-corneal endothelial syndrome. No patients with clinically
normal corneas exhibited bright endothelial nuclei. The mean endothelial cell density in this group was 1325G872 cells mmK2 and endothelial
density was below age-adjusted normal values in 69.2% of patients. Both cellular polymegathism (coefficient of variation of cell area 33.9G7.4%)
and cellular pleomorphism were noted (51.8G9.0% hexagonal cells). The mean central corneal thickness was 582G52 mm.
There was no significant difference in endothelial density and morphology compared to cases that had low endothelial density but did not
exhibit bright nuclei.
In conclusion, this study is the first to investigate the significance of bright endothelial nuclei detected by in vivo confocal microscopy. The
strong association with corneal disease states suggests that the most likely explanation for this appearance is the alteration in cellular/nuclear
morphology, composition or function.
q 2005 Published by Elsevier Ltd.
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The normal human corneal endothelium consists of a
monolayer consisting of uniform, polygonal-shaped cells. This
regular array becomes disrupted following trauma (accidental
or surgical) or in a variety of disorders such as irido-corneal
endothelial syndrome (ICE) and Fuchs’ endothelial dystrophy
(Bourne and McLaren, 2004).
In vivo techniques such as specular microscopy and
confocal microscopy have enabled examination of the living
human corneal endothelium, both instantaneously and over
time. Studies using these techniques have been able to quantify
changes in endothelial cell density, size and shape occurring
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with age (Yee et al., 1985), or following cataract surgery (Inoue
et al., 2002).
In the normal human cornea, endothelial cell nuclei are not
usually visible when imaged by in vivo confocal microscopy or
specular microscopy (Fig. 1). However, a few studies have
noted hyper-reflective endothelial nuclei in cases of ICE
imaged by in vivo confocal microscopy and in cases of late
endothelial failure in penetrating keratoplasty (Bell et al.,
2000) imaged by specular microscopy. The reasons for this
appearance are yet to be elucidated and there are, to our
knowledge, no studies in the published literature that
specifically address the incidence and significance of the
hyper-reflective endothelial nuclei imaged by in vivo confocal
microscopy.
The purpose of this study was to determine the significance
of hyper-reflective corneal endothelial nuclei in terms of
endothelial morphology, corneal thickness, and clinical
diagnosis.
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Fig. 1. In vivo confocal microscopy of the endothelium in a normal cornea (a). Bright endothelial nuclei (arrows) are visible following penetrating keratoplasty (b)
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A retrospective study was performed using a database of
505 patients examined in a cornea and anterior segment special
interest clinic, including assessment by in vivo confocal
microscopy, between March 2000 and January 2004 at the
Department of Ophthalmology, University of Auckland. All
examinations were performed using a slit-scanning confocal
microscope (Confoscan 2.0 microscope, Fortune Technologies,
Greensboro, NC, USA) with a !40 non-applanating immersion lens. A drop of Viscotears (CIBA Vision, Castle Hill,
NSW, Australia) on the lens objective served as an immersion
and contact substance. The research adhered to the tenets of
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selected for further analysis.
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Hyper-reflective nuclei were identified in 41 corneas of 39
patients (7.7% of patients on the database). The mean age was
62.5G15.8 years whereas the mean age of the entire study
group was 55.4G21.7 years (PZ0.59, Mann–Whitney). Bright
endothelial nuclei were most commonly observed following
cataract surgery (14 eyes). Other diagnoses associated with

bright nuclei included posterior polymorphous dystrophy
(PPD), ICE, and penetrating keratoplasty (Table 1).
Compared to normal values, the mean endothelial density of
all corneas with bright nuclei was statistically lower, at 1325G
872 cells mmK2 (normal for 7th decade 2280G375 cells mmK2)
(Abib and Barreto Junior, 2001) (P!0.001, 1 sample t-test), with
a greater mean cell area of 1063G423 mm2 (normal for 7th
decade 375G18 mm2) (Yee et al., 1985) (P!0.001, 1 sample
t-test). Both cellular polymegathism (coefficient of variation of
cell area 33.9G7.4) (normal for 7th decade 30G2) (Yee et al.,
1985) (PZ0.002, 1 sample t-test) and cellular pleomorphism
were noted (51.8G9.0% hexagonal cells) (normal for 7th decade
64.3G2.3%) (Yee et al., 1985) (P!0.001, 1 sample t-test). The
mean central corneal thickness was 582G52 mm and the mean
mid-peripheral corneal thickness was 618G45 mm (normal mean
central corneal thickness 538G38 mm) (Cosar and Sener, 2003)
(P!0.001, 1 sample t-test).
The endothelial density was below age-adjusted normal
values in 69.2% of patients with bright nuclei. Bright
endothelial nuclei associated with a normal endothelial density
were only observed in ICE, Brown–McLean syndrome and
following cataract surgery. Ten patients (13 eyes) were
identified on the database with corneal endothelial density
below 1500 cells mmK2 yet did not exhibit bright endothelial
nuclei (Table 2).The Kruskal–Wallis test showed that there
were no significant differences in endothelial density
(PZ0.09), endothelial morphology (cell area PZ0.45,
coefficient of variation (area) PZ0.99, percentage hexagonal
cells PZ0.79) and corneal thickness (central PZ0.69,
peripheral PZ0.57) between the group exhibiting bright
endothelial nuclei and the group with low endothelial density
not exhibiting bright endothelial nuclei.
Stromal and epithelial changes consistent with previous or
current corneal oedema (Descemet’s folds and/or epithelial

Table 2
Endothelial morphology and corneal thickness in eyes with and without bright endothelial nuclei

N

270

N (eyes)

Mean cell densityGstd dev
(cells mmK2)

Mean cell areaG
std dev (mm2)

39(41)
27 (29)

1325G872
894G243

10 (13)

932G162

U

269

R

268

All bright nuclei
Low density,
bright nuclei
Low density, no
bright nuclei

292
293
294
295
296
297

N, number of patients; NA, not available.

F

236

O

235

EC
TE

234

287

Diagnosis

O

231
232

286

PR

230

Table 1
Endothelial morphology and corneal thickness in eyes exhibiting bright nuclei

D

229

3

299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

Mean coefficient of
variation (area)G
std dev (%)

Mean percentage
of hexagonal
cellsGstd dev (%)

Mean corneal thicknessGstd dev
(mm)
Central

Mid-peripheral

1063G423
1187G344

33.9G7.4
33.8G7.7

51.8G9.0
51.3G9.4

582G52
581G47

612G36
605G45

1116G228

34.5G9.2

48.8G11.4

564G70

608G65
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Table 3
Comparison of age, time from surgery and diagnoses between groups

345
346
347

400
401

N (eyes)

Mean ageGstd dev (years)

Mean time from surgeryGstd
dev (months)

Diagnoses (%eyes)

402
403

All bright nuclei

22 (23)

62.5G15.8

108G140

404

Low density, bright nuclei

5 (5)

63.5G17.1

123G173

Low density, no bright nuclei

5 (5)

68.7G24.6

108G81

39% post-cataract surgery, 24.4%
penetrating keratoplasty, 17.1% ICE
37.9% post-cataract surgery, 34.5%
penetrating keratoplasty, 13.8% PPD
60% post-cataract surgery, 40% penetrating keratoplasty

348
349
350
351
352

360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375

381
382
383
384
385
386
387
388
389

R

380

This study demonstrates that hyper-reflective corneal
endothelial nuclei are a relatively uncommon phenomenon
(7.7%) when a diverse group of subjects attending a corneal
and anterior segment sub-speciality clinic are imaged by
in vivo confocal microscopy. Indeed, it appears to be a
feature typically associated with endothelial trauma or
disease states that primarily affect the endothelium, and is

R

379

4. Discussion

O

377
378

Table 4
The proportions of subjects (eyes) exhibiting bright nuclei according to diagnosis
Diagnosis

390

393
394
395
396
397
398

N

392

Normal volunteers
Contact lens wear
Post-cataract surgery

U

391

C

376

F

359

O

358

not observed in the normal healthy cornea. Ageing does not
appear to be a causative factor. Previous intraocular surgery
is the most common association. The majority of postcataract surgery corneas exhibiting bright nuclei had undergone ‘non-routine’ surgery (e.g. hard nuclei, complicated
surgery, ECCE), and so were more likely to have sustained
significant endothelial trauma. Penetrating keratoplasty
carries an even greater risk of endothelial trauma, and this
may explain why a greater proportion of patients who had
undergone this procedure exhibited hyper-reflective nuclei.
There was no statistical difference in time from surgery
between groups and it is unlikely that the presence of bright
nuclei is an acute, short-term response to surgical trauma
because hyper-reflective nuclei were observed as long as
41 years post-operatively.
Although the mean corneal thickness was significantly
greater than normal in those eyes exhibiting bright endothelial
nuclei, this is likely to be a reflection of the low mean
endothelial density. This is supported by the observation that
corneal thickness was not significantly different in eyes with
low corneal endothelial densities that did not exhibit bright
nuclei.
Hypothetically, the bright nuclear appearance may occur as
a result of thinning of the endothelial cell. The nucleus may
thus become more visible due to thinning of the overlying
cytoplasm or to alterations in the relative reflectivity as a result
of thinning of the surrounding cytoplasm. Normal endothelial
cells are 4–6 mm thick and endothelial wound healing is known
to involve flattening and enlargement of cells to maintain an
intact monolayer (Waring et al., 1982).

O

357

oedema) were present in 53.7% of eyes with bright nuclei.
Of these cases, 12 eyes had undergone cataract surgery
between 1 and 84 months prior to examination (mean 20.8G
25.6 months).
Stromal changes consistent with previous or current corneal
oedema were present in 38.5% of eyes with low endothelial
cell density but no bright nuclei. Endothelial cells containing
more than one nucleus were clearly visible in the corneas of
two patients (diagnoses of PPD and guttata). There was no
significant difference in mean time from surgery between the
groups with bright nuclei, bright nuclei and low endothelial
density and low endothelial density without bright nuclei (PZ
0.744 Kruskal–Wallis test) (Table 3).
No subjects with clinically normal corneas exhibited bright
nuclei. The majority of corneas that exhibited bright nuclei
post-cataract surgery had undergone ‘non-routine’ surgery, e.g.
hard nuclei, complicated surgery, extra capsular cataract
extraction (ECCE). In subjects with PPD, bright endothelial
nuclei were only observed in those with low endothelial
densities (Table 4).

PR

356

407
408
410
411

D

355

406

409
No statistical difference was identified in relation to mean time from surgery (PZ0.744 Kruskal–Wallis test).

EC
TE

353
354

405

Fuchs
ICE
Brown–McLean
Post-PK
PPD

Total patients (eyes)

Patients with bright nuclei
(eyes)

235 (248)
42 (61)
109 (109)

0 (0%)
0 (0%)
14 (12.8%) (14)

18 (34)
7 (7)
4 (7)
17 (20)
9 (16)

3 (16.7%) (3)
7 (100%) (7)
1 (25%) (1)
9 (53%) (10)
5 (56%) (6)

399

412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445

Comment

446
447
448

5 hard nuclei, 4 complicated/not phaco, 2 PPD, 2
uncomplicated, 3 notes not available
Only in mild to moderate cases

449
450
451
452
453

Only associated with low endothelial density, 2 underwent
previous cataract surgery

454
455
456
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in this group had signs of corneal oedema on in vivo confocal
microscopy. In addition, 38.5% of eyes in the group that did not
exhibit bright nuclei did exhibit signs of corneal oedema
suggesting that this cannot be the full explanation for this
appearance.
The presence of multinucleate cells is an interesting
observation that has also been noted in previous studies.
By using DNA cytofluorometry and cell morphometry, Ikebe
et al. (1986) demonstrated that the normal cornea has a few
enlarged endothelial cells which are polyploid or multinucleate
and that these cells increase in number with age. They also
observed that all small sized endothelial cells were diploid and
mononucleate. Injured endothelium has been shown to have
more polyploid and multinucleate cells than the normal cornea.
These cells were 2–20 times larger than normal diploid cells
and exhibited irregular, polymorphous shapes (Ikebe et al.,
1988). One possible explanation for the presence of multinucleate cells is amitotic nuclear cleavage. An alternative
explanation is that during periods of endothelial stress, adjacent
cells coalesce to form large multinucleated cells (Fig. 2) (Laing
et al., 1983).
The in vivo confocal microscope provides a unique
opportunity to examine all layers of the living human cornea,
and hence, enables investigation of its responses to trauma or
disease. Furthermore, this technique enables examination of
the cornea over time, thus allowing monitoring of disease
progression. This study is the first to identify the presence of
hyper-reflective endothelial nuclei imaged by in vivo confocal
microscopy as a marker for endothelial abnormalities. We
suggest that the most likely explanation for this appearance is
alterations in nuclear or cytoplasmic morphology, composition
or function.
Future prospective studies, particularly on cases undergoing
intraocular surgery, may elucidate additional associations with

PR

459
460

In one ultrastructural study of Fuchs’ endothelial dystrophy,
endothelial nuclei were located in ‘valleys’ between guttae
whereas over the guttae, cells were extremely thin. The average
endothelial cell thickness was measured to be 3.5 mm across the
nucleus, whereas, near the junction between cells and over the
guttae, cell thickness was markedly reduced to an average of
0.176 mm (Bergmanson et al., 1999).
In the current study, the mean endothelial density of all
eyes with bright nuclei was lower and the mean cell area was
correspondingly higher than normative data (P!0.001),
which may suggest that the endothelial cells were typically
thinner than normal and so would support this theory.
However, observations that might challenge this hypothesis
are that bright nuclei were not visible in a subset of corneas
with equally low endothelial densities and similar cell
morphologies. In addition, in 30.8% of eyes with hyperreflective nuclei in this study, a normal endothelial cell
density was observed (post-cataract surgery, ICE and Brown
McLean syndrome). An alternative explanation, which might
also account for these observations, is an alteration in nuclear
morphology, composition or function that subsequently
affects the reflectivity of the nucleus on in vivo confocal
microscopy. The aforementioned transmission electron
microscopy study of Fuchs’ endothelial dystrophy provides
some support to this theory since the nuclei were often more
rounded and less flat than the normal oval shape seen in
transverse section. Some nuclei had very little heterochromatin and were, as a consequence, pale in appearance. In these
instances, the nucleus had adopted a nearly spherical shape
(Bergmanson et al., 1999).
A third possibility is that nuclear hyper-reflectivity is an
optical artefact, occurring as a result of stromal changes such as
those seen in corneal oedema. The mean central corneal
thickness in the bright nuclei group was greater than normal,
suggesting mild corneal oedema. However, only 53.7% of eyes
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Fig. 2. Multinucleated cells (arrows) were seen in a case of PPD (a) and in an eye with corneal guttata (b) (scale bar 50 mm).
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bright nuclei and may indicate new directions for in vivo and
in vitro research into endothelial function.
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Appendix 2

WRITTEN CONSENT FORM FOR CLINICAL EXAMINATION OF THE
EYE BY IN VIVO CONFOCAL MICROSCOPY
English

I wish to have an interpreter.

Yes

No

Maori

E hiahia ana ahau ki tetahi kaiwhakamaori/kaiwhaka pakeha korero.

Ae

Kao

Samoan

Oute mana’o ia iai se fa’amatala upu.

Ioe

Leai

Tongan

Oku ou fiema’u ha fakatonulea.

Io

Ikai

Cook Island

Ka inangaro au i tetai tangata uri reo.

Ae

Kare

Niuean

Fia manako au ke fakaaoga e taha tagata fakahokohoko kupu.

E

Nakai

Other languages to be added following consultation with relevant
communities.

I, _________________________________ have read and I understand the information sheet dated
_________________ for volunteers taking part in the study designed to evaluate and analyse corneal nerve
density and sensation.
I have had the opportunity to discuss this study.
I am satisfied with the answers I have been given.
I give consent for my eye to be tested for visual acuity and examined in standard clinical manner (by slitlamp biomicroscopy, corneal aesthesiometry, corneal topography, ultrasound pachymetry), and in vivo
confocal microscopy by the Research Group at the University of Auckland for use in research into
understanding corneal innervation in health and disease.
I wish to receive a copy of the results.

YES / NO

I agree to my GP or other current care provider being informed of my
participation in this study/the results of my participation in this study.

YES/NO

Signed ______________________________

Date ________________________

APPROVED BY AUCKLAND ETHICS COMMITTEE
on 4/2/04 until 1/11/05
- Reference AKY/03/09/225
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Perspective
Inherited corneal disease: the evolving molecular, genetic and
imaging revolution
Andrea L Vincent FRANZCO, Dipika V Patel MA MRCOphth and Charles NJ McGhee PhD FRCOphth
Department of Ophthalmology, Faculty of Medical and Health Sciences, University of Auckland, Auckland, New Zealand

ABSTRACT
Advances in molecular genetics and in vivo ocular imaging
modalities have enhanced our understanding of the corneal
dystrophies. To date at least 11 genes have been identified, in
which mutations manifest in corneal disease. In addition there
are at least eight other loci identified to which corneal dystrophies have been linked. The information gained from the
knowledge of gene function, aberrant protein production, or
altered enzyme activity in the cornea, has resulted in greater
knowledge of the pathophysiological mechanisms in these
disorders. In vivo confocal microscopy has recently enabled
microstructural study of dystrophic corneas throughout the
disease course, rather than being limited to histopathological
analysis of tissue removed at corneal transplantation. This
perspective article summarizes the current knowledge, with
emphasis on the genes, mutant proteins and resultant mechanisms that lead to manifestations of disease, along with characteristic findings with in vivo confocal microscopy.
Key words: cornea, dystrophy, genetics.

INTRODUCTION
Historically, our understanding of inherited corneal disorders has evolved slowly, the major determinant being the
limitations of the available tools with which to characterize
these disorders. These techniques have included slit-lamp
examination to describe the clinical appearance, to define
apparent inheritance within pedigrees, and to monitor the
natural progression of the various disease entities. Histological examination of corneal tissue has largely been restricted
to tissue excised postmortem or following therapeutic penetrating keratoplasty for severe visual loss or symptoms. Consequently, the existing classification system is often
confusing, cluttered by multiple eponyms, and largely constructed around the slit-lamp biomicroscopic appearance
coupled with the limited histopathological staining data that

are available. Until relatively recently, these established
approaches have denied us wider insight into the disease
processes, due to a limitation in our ability to determine the
underlying cellular, genetic and molecular pathology. Subsequently, contemporary treatment is largely reserved for
advanced corneal disease, with a relatively limited treatment
armamentarium – exemplified by the effective, but relatively
‘blunderbuss’ option of excising the affected tissue combined
with penetrating keratoplasty.
Over the last two decades, an exponential increase in the
field of molecular science has allowed elucidation of many
of the genetic defects causing corneal disorders. Understanding the gene defect and the resultant behaviour of
mutant protein provides a clearer characterization of the
disease process.1–3 Although still in its infancy, one could
postulate this increased knowledge will allow further possible therapeutic interventions, particularly in an era where
limited health resources and availability of donor tissue limits the number to whom traditional treatments may be
offered. This is particularly important as inherited corneal
diseases typically affect those of working age and the support and rehabilitation required for young individuals with
impaired vision contributes to a significant social and economic cost.
Paralleling the explosion of molecular knowledge has
been the advent of more sophisticated corneal imaging
modalities, allowing in vivo confocal microscopic study of
dystrophic corneas. Micro-structural analysis can now be
performed throughout the disease course, rather than only
at the end-stage. The information gained from these techniques has enhanced our understanding of the pathophysiological mechanisms at play in the disparate disease
entities.
This perspective article is intended to provide a contemporary overview of specific inherited corneal disorders in
which our knowledge has been enhanced by the recent evolution of genetic and imaging modalities (Table 1). The classification of corneal dystrophies is still predominantly based
on historical types; however, there has been a slow move
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Table 1. Summary of inherited corneal disorders with gene, gene location, inheritance pattern and pathophysiology
Dystrophy

Gene

Chromosome

Inheritance

Meesmann

K3
K12

12q12–q13
17q12

AD
AD

Gelatinous drop-like

TACSTD2 (M1S1)

1p32

AR

Macular
Reis-Buckler

CHST6
TGFBI

16
5q31

AR
AD

Thiel-Behnke

TGFBI

5q31

AD

Granular
Avellino
Lattice I/IIIa
Lattice II
Schnyder
Corneal fleck
Bietti
Fish-eye
Fuchs
PPD
CHED1
CHED2
Cornea plana
Peter’s anomaly,
ASMD
Keratoconus

?
TGFBI
TGFBI
TGFBI
GSN
?
?
CYP4V2
LCAT
COL8A2
COL8A2, VSX1
?
?
KERA
CYP1B1
PAX6, PITX2
VSX1
?

10q23–24
5q31
5q31
5q31
9q34
1p36–p34.1
2q35
4q35-ter
16q22.1
1p34–p32
1p34–p32, 20p11–q11
20p11.2–q11.2
20p11.2–q11.2
12q21
2p
–
20p11–q11
16p22–23, 20q12.2,
15q22–24,13p14–q13

AD
AD
AD
AD
AD
AD
AD
AR
AD
AD
AD
AD
AR
AD, AR
AR
–
Complex

towards genetic classification, particularly with the TGFBI
group of corneal dystrophies.
The corneal disorders covered in this review include not
only the classical ‘corneal dystrophies’, but other disorders
of the cornea that appear to be bilateral, congenital in nature
and genetically determined. Therefore, some developmental
corneal abnormalities are included as they represent one end
of the disease spectrum. Molecular characterization is not
available for all disorders yet, and some, such as keratoconus,
are obviously complex diseases with genetic heterogeneity
and probably subject to environmental influence. Some corneal disorders represent a localized mucopolysaccharidosis,
and certainly many systemic metabolic diseases, such as the
mucopolysaccharidoses or Fabry disease, may manifest with
severe corneal involvement. Although the latter are included
for completeness, a comprehensive discussion of these entities is beyond the scope of this article.

GENETIC

TERMINOLOGY

Each speciality develops it own particular terminology that
can be confusing to the uninitiated. A brief guide to some
relevant genetic terms is provided in Appendix I, and the

Pathological mechanism
Form heterodimers for intermediate filament
assembly in anterior corneal epithelium.
Keratin aggregates within epithelium and
keratinocyte fragility
Cell surface glycoprotein, affects cell junctions,
increased epithelial cell permeability
Decreased keratan sulphate, GAG accumulation
Aberrant folding of TGFBI protein, abnormal
aggregates forming amyloid or other
non-fibrillar deposits
Aberrant folding of TGFBI protein, abnormal
aggregates forming amyloid or other
non-fibrillar deposits
?
Aberrant TGFBI protein deposits
Aberrant TGFBI protein deposits
Aberrant TGFBI protein deposits
Amyloidogenic gelsolin fragment secreted
Abnormal local lipid transport or metabolism
Mucopolysaccharide and lipid deposition
Cholesterol/esters inclusions
Elevated lipoproteins
Abnormal collagen deposition, ?structural role
Developmental and/or structural role
Developmental
Developmental
Abnormal development of transparency
17b-estradiol hydroxylation
Transcription factors
?

interested reader is directed to a genetics text that provides
a clear overview.4
Each individual has 23 pairs of chromosomes; 22 autosomes (numbered 1–22), and the sex chromosome pair (XX
or XY). By convention the short arm of the chromosome is
named p (from the French for small: ‘petit’), and the long
arm, q (the next letter in the alphabet). Distinctive banding
patterns observed on chromosomal analysis (karyotype)
have been numbered to a convention. Therefore the location
(locus) for the transforming growth factor, beta-induced
gene (TGFBI) is 5q31. This refers to band 31 on the long
arm of chromosome 5 and it is similar to providing a map
reference for a street address.
A phenotype describes the observable disease features,
including physical appearance, age of onset, biochemical
markers or histological appearance. In fact, it refers to any
aspect of the disease that is not a direct test of the genotype
(specific mutation in a given gene). For the corneal dystrophies, a phenotypic description may include age of onset,
slit-lamp appearance, disease progression, visual acuity, histological findings and in vivo confocal microscopy appearance.
In this review, the inheritance pattern is provided in the
discussion of each corneal dystrophy, followed by the

Inherited corneal disease
gene(s) in which mutations are known to cause this disease.
If the gene is not known, but linkage has been established
to a locus (loci) on a chromosome, that locus is given. A brief
phenotypic description follows, with an outline of the mechanistic effect of the gene mutation, and in vivo confocal
microscopy findings if available.
Each corneal dystrophy and gene has a unique Online
Mendelian Inheritance in Man (OMIM) reference number.
OMIM is a catalogue of human genes and genetic disorders,
and is part of the public database, Entrez (http://
www.ncbi.nlm.nih.gov/Entrez). This database is maintained
by the National Centre for Biotechnology Information, in
conjunction with the National Library of Medicine, and the
National Institute of Health. It is an invaluable resource for
any clinician, and provides a regularly updated synopsis of
published literature pertaining to a given disorder, or gene,
with links to references in the PubMed database.
Each gene has been assigned a symbol (short form abbreviation) by the HUGO (Human Genome Organization)
Nomenclature committee. This was established to standardize gene names according to the family to which they belong
and/or to eliminate confusion, as often a gene may have been
cloned at a similar time by two or more different centres,
each assigning their own name. As a result, some of the genes
involved in the pathogenesis of the corneal dystrophies have
more than one recognized name (e.g. TGFBI was previously
known as BIGH3). Any former names are listed so as to avoid
confusion.
The following discussion is organized by corneal dystrophy. Each header is in the format: Current name [HUGO
symbol, if existing] (OMIM number). Alternative names, if
existing, are listed below the header.

CORNEAL DYSTROPHIES
Meesmann’s corneal dystrophy (OMIM 122100)
Inheritance: Autosomal dominant
Gene: KRT12 (Keratin 12, K12), 17q12 (OMIM 601687);
KRT3 (Keratin 3, K3), 12q12–q13 (OMIM 148043)

Figure 1. Meesmann’s
corneal
dystrophy. (a) Retroillumination
demonstrating multiple intraepithelial cystic lesions (arrows) and
serpiginous intraepithelial lines
(arrowhead). (b) In vivo confocal
microscopy demonstrating oval
hyporeflective areas at the level of
the basal epithelium. (Scale bar
50 mm.)
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Phenotype
Onset is typically in early childhood with the appearance of
multiple intraepithelial vesicles/microcysts, which increase
in number through life (Fig. 1a). Gray serpiginous lines and
subepithelial opacities may also be seen in advanced cases.
However, the individual may be asymptomatic, but susceptible to recurrent epithelial erosions with associated pain,
lacrimation and intermittent blurred vision.5

Effect of gene mutation
The intrinsic abnormality relates to structural proteins. The
KRT3 (type II protein, acidic) and KRT12 (type I, basic or
neutral) proteins are 10 nm keratin intermediate filaments
that are keratinocyte specific, and coexpressed in the anterior
corneal epithelium to form heterodimers required for the
structural integrity of the cell: the cytoskeleton.6 Mutations
in the KRT3 and KRT12 genes occur in the highly conserved
helix boundary motifs.6–8 The mutant protein has a dominant
negative effect with aberrant assembly of intermediate filaments, causing resultant disruption of keratinocyte filament
architecture, and cell lysis when subject to mild trauma. The
K12 knock-out mouse (which has been genetically manipulated so as to have both copies of the K12 gene inactivated)
shows complete loss of the K3/K12 cytoskeleton with resultant fragility of keratinocytes.6
Histopathology highlights irregularly thickened corneal
epithelium with numerous cytoplasmic vacuolations, and
intraepithelial cysts5 containing a Periodic acid–Schiff (PAS)
positive ‘peculiar substance’ shown to be keratin aggregates
under electron microscopy.

In vivo confocal microscopy
When imaged by in vivo confocal microscopy, these intraepithelial cysts appear as hyporeflective areas in the basal epithelial layer (Fig. 1b). These lesions may be circular, oval or
teardrop shaped and range between 40 mm and 150 mm in
diameter (unpublished data). Reflective spots may be visible
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within the lesions, and these may represent the peculiar
substance and tonofilament bundles observed in electron
microscopy studies.

Vincent et al.
Gene: Carbohydrate sulphotransferase gene (CHST6),
16q22 (OMIM 605294)

Phenotype
Gelatinous drop-like corneal dystrophy [GDLD]
(OMIM 204870)
Alternative name: Familial subepithelial corneal amyloidosis
Inheritance: Autosomal recessive
Gene: Tumour-associate calcium signal transducer 2
(TACSTD2; previously known as M1S1, TROP2, GA733-1),
1p32–31 (OMIM 137290)

Phenotype
The disease presents in the first decade, primarily with subepithelial nodular deposits, which later increase in number
and depth to become raised yellow-grey gelatinous masses
(mulberry). Minimal vascularization is present. Vision may
be ‘blurred’ early in the disease process with associated photophobia and irritation and subsequent progressive decrease
in vision.

Effect of gene mutation
The TACSTD2 product is a cell surface glycoprotein and a
substrate for protein kinase C (Ca2+dependent).9 Expressed
in multistratified epithelia, it transduces an intracellular calcium signal and regulates binding to other cytoplasmic molecules or to plasma membranes.10 Mutations all result in
premature termination of protein structure, and the most
common mutation, Q118X, accounts for 82% of mutations
in the Japanese population.10 These may represent loss-offunction mutations. The truncated protein that is expressed
is distributed in perinuclear cytoplasm forming distinct
aggregation bodies, compared with the normal, diffuse cytoplasmic distribution, and a homogenous, fine granular
appearance.
In GDLD, the corneas have high epithelial permeability,
which directly correlates with abnormalities in epithelial
structure, including irregular cell junctions. The cell adhesion activity of missense mutant TACSTD2 protein is half
that of wild-type protein.11 This suggests that the abnormal
TACSTD2 gene product may affect epithelial cell junctions
resulting in increased cell permeability in GDLD corneas.12
Histopathology demonstrates amyloid in the subepithelium
and anterior stroma, and Bowman’s membrane is usually
absent.
No data have been published in respect to the in vivo
confocal microscopy appearance of this disease.

Macular corneal dystrophy [MCD]: MCDI,
MCDIa, MCDII (OMIM 217800)
Alternative name: Groenouw type II corneal dystrophy
Inheritance: Autosomal recessive

Onset of disease occurs in the first decade of life with grayish
opacities that exhibit indistinct edges, which start axially in
superficial stroma. Later these lesions extend peripherally
and into the deep stroma, and the intervening corneal stroma
becomes hazy (Fig. 2a). There is progressive loss of vision,
photophobia and ocular surface discomfort. Definitive surgical treatment is usually required by the second or third
decade.13

Effect of gene mutation
CHST6 encodes an enzyme, Corneal N-acetylglucosamine6-sulphotransferase (C-GlcNAc6ST),14 which initiates sulphation of keratan sulphate (KCS) in the cornea.15
Different types of MCD are recognized depending on
where the mutation occurs in the gene.
In MCDI and Ia, the mutations (missense, deletion, insertions and frameshift) occur in the coding regions of
CHST6.14,16 These represent loss-of-function mutations and
result in synthesis of inactive enzyme. Homozygotes and
compound heterozygotes are documented, and the carrier
state is high in Iceland.16 In MCDI there is no (appreciable)
serum or corneal KCS, and keratan chain sulphation is absent
in cornea and cartilage. Keratan sulphate chain concentration is decreased by 25% in cornea.15 MCDIa is similar,
although sulphated keratan sulphate may be detected in the
keratocytes.
In MCDII the mutations (rearrangements or deletions)
occur in the upstream regions that are thought to contain
gene regulatory elements, and therefore affect CHST6 transcription.14 This reduced sulphation results in premature
keratan sulphate chain termination.15 Compared with MCDI,
serum and corneal KCS is detectable and often normal,
although the keratan chain sulphation is decreased by 50%
in the cornea.
Both MCDI and MCDII have accumulation of other glycosaminoglycans (GAGs) (chondroitin/dermatan sulphate,
hyaluron), presumably due to elevated keratocyte production as a metabolic response to an abnormal (i.e. KCS deficient) extracellular matrix. Chondroitin/dermatan sulphate
chain concentration is increased by 60–70%, and hyaluron
(a GAG that is absent in the normal healthy cornea) is also
present. Therefore corneal opacification may result not only
from lack of KCS, but also from the deposition of extra
GAGs, which may interfere with collagen fibril arrangement.15 As MCD is a local deficiency of enzyme (carbohydrate sulphotransferase), it is therefore a ‘localized’ form of
a mucopolysaccharidosis.
MCDI and II can occur in the same family;14,17 the MCDII
genotype dominant over MCDI if the affected individual is
a compound heterozygote (coding mutation and upstream
mutation).17

Inherited corneal disease

307

Figure 2. Examples of common
corneal phenotype in macular, lattice, Schnyder and pre-Descemet’s
dystrophies. (a) Grey-white round
deposits in macular corneal dystrophy are separated by hazy intervening stroma. (b) Typical branching,
linear refractile deposits are
observed in lattice corneal dystrophy type I. (c) Anterior stromal
deposits in central crystalline dystrophy of Schnyder have a ‘glass
wool’ appearance and are often
associated with ‘arcus senilis’ lipid
deposition. (d) The fine preDescemet’s deposits in corneal fleck
dystrophy are best demonstrated
by retroillumination.

Histopathology shows an accumulation of GAGs
between lamellae, under epithelium, within keratocytes and
endothelial cells. These GAGs stain with alcian blue and
other stains.13

Transforming growth factor, beta-induced
[TGFBI] (BIGH-3) corneal dystrophies
Includes: CBDI, CBDII, CDGGI, CDA, CDLI, CDL IIIA,
CDLIIIA-like, CDL IV
The nomenclature for this group of dystrophies can be very
confusing. See individual listings for more detail.
Inheritance: All the TGFBI dystrophies are autosomal dominant, with complete penetrance, yet variable expressivity
Gene: TGFBI (BIGH-3) (OMIM 601692)

Effect of gene mutation
Transforming growth factor, beta-induced, on chromosome
5q31 encodes for a 683 amino acid protein, which is highly
conserved between species. It contains an N-terminal secretory signal, four domains of internal homology and an arggly asp (RGD) motif at the C terminus, which is found in
many extracellular matrix proteins. The RGD motif modulates cell adhesion, and acts as a recognition sequence for
integrin binding. The protein is located at the periphery of

the cell membrane, and expressed in the corneal epithelium
and stromal keratocytes.
Mutations occur at CpG dinucleotides, and there is now
a very well characterized genotype–phenotype correlation.18
Two codons within the gene, both which encode the amino
acid arginine, are ‘hotspots’ – arginine in position 124, and
the arginine at position 555. Although a number of other
mutations are described, the resultant amino acid substitutions at these two residues result in the majority of the
clinical disease spectrum seen in this group. As a TGF betainduced gene, it is therefore linked to processes such as
wound healing, and fibroblast spreading and adhesion.19
Mutations in the gene result in aberrant protein folding with
progressive accumulation of corneal deposits and eventual
loss of vision. These deposits are shown to contain TGF
beta-induced protein (previously called keratoepithelin) on
immunohistochemical studies. Aggregation of abnormal isoforms of TGF beta-induced protein forms amyloid or other
non-fibrillar deposits. The nature of the deposit formed by
the isoform aggregation depends on the location and nature
of the mutation.

Corneal dystrophy of Bowman’s layer type I
[CBDI] (OMIM 608470)
Alternative name: Reis-Bücklers corneal dystrophy
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Phenotype
Onset is during the first decade. Clinically, the corneal surface appears rough and irregular, and there is accumulation
of opacities at the level of Bowman’s layer in annular, crescent, polygonal or map-like formations. These opacities are
confined to the central and mid-peripheral cornea and the
extreme periphery almost always remains transparent. These
increase to become more diffuse and uniform in appearance,
with corneal epithelial erosions commencing at an early age.
Surgery is often required in the second or third decades of
life due to severe visual loss.13

Vincent et al.
erosions. Symptoms and opacification are often not as severe
as in CBDI.

Effect of gene mutation
A TGFBI mutation of R555Q (arginine substituted by
glutamine) is the predominant causative mutation.
A further locus on chromosome 10q24 has been linked to
a family with CBDII implying genetic heterogeneity.21 Light
microscopy demonstrates a dystrophic Bowman’s layer with
a relatively amorphous, paucicellular fibrous layer that is PAS
positive. This corresponds to short ‘curly’ collagen fibrils
seen on electron microscopy.20

Effect of gene mutation
The specific mutation in TGFBI is R124L (leucine substituting the arginine). Histology shows a dystrophic Bowman’s
layer with an accumulation of a fibrocellular material. This
may extend into the anterior stroma.20 On electron microscopy, this corresponds to rod-shaped bodies.

Corneal dystrophy of Bowman’s layer type II
[CDBII] (OMIM 602082)
Alternative name: Thiel-Behnke corneal dystrophy

Phenotype
From an early age, there is superficial opacification in a
characteristic ‘honeycomb’ pattern, with resultant corneal

In vivo confocal microscopy
Focal deposits of reflective material are demonstrated almost
exclusively in Bowman’s layer.22

Granular dystrophy type 1 [CDGG1]
(OMIM121900)
Alternative name: Groenouw Type I corneal dystrophy

Phenotype
Onset is in the first decade of life, becoming obvious at
puberty. Discrete white granular opacities, which have been
described as ‘bread-crumb-like’, appear in the central corneal
anterior stroma (Fig. 3a,c). Progression results in an increase

Figure 3. Granular corneal dystrophy. (a) Classic ‘bread-crumblike’ deposits in the corneal stroma
(arrow). Unlike macular corneal
dystrophy the intervening stroma is
clear. (b) In vivo confocal microscopy in this case demonstrates large
hyper-reflective stromal deposits.
(c) A slit-lamp photograph of a mild
case of granular dystrophy showing translucent stromal deposits
(arrow). (d) In this case, the deposits (arrow) observed on in vivo confocal microscopy are smaller and
contain multiple fine reflective
spots. (Scale bars 50 mm.)

Inherited corneal disease
in number, density, size, and depth of opacities; however, the
intervening stroma and peripheral cornea remain characteristically clear (unlike macular corneal dystrophy). Symptoms include pain from recurrent epithelial erosions, and
decreased vision due to subepithelial scarring or dense stromal deposits.5

Effect of gene mutation
The most frequent mutation in TGFBI is R555W (a substitution of arginine by tryptophan), but a R124S (arginine
replaced by serine) also causes this subtype.18
The main histological feature is the deposition of hyalinelike material between lamellae in the corneal stroma.5 These
deposits stain bright red with Masson’s trichrome stain. On
electron microscopy, dense rod-like deposits are seen within
and near keratocytes.13

In vivo confocal microscopy
When imaged by in vivo confocal microscopy, the corneal
deposits in most cases of CDGG1 are usually markedly
hyper-reflective and so obscure microstructural details
(Fig. 3b). In very mild cases, well-defined reflective deposits
with a variety of morphological forms may be observed in
the anterior and intermediate stroma (Fig. 3d). These
deposits contain multiple hyper-reflective spots from less
than 1 mm up to 11 mm in diameter. Some deposits appear
vacuolated, with these hyporeflective areas ranging
between 6 mm and 32 mm in diameter (authors’ unpublished
data).

Avellino corneal dystrophy [CDA] (OMIM
607541)
Alternative name: Granular corneal dystrophy type II

309

Lattice corneal dystrophy [CDL]: type I [CDLI]
(OMIM 122200); type III/IIIa [CDLIII] (OMIM
608471)
Phenotype
This dystrophy manifests in the first or second decade with
the appearance of linear, refractile, branching deposits
within the anterior stroma. These deposits are confined to
the central cornea, leaving the periphery clear. The lines
composing the lattice have a double contour, enclosing an
optically clear central cleft which in turn may show fine
punctuate opacities (Fig. 2b).5,13 The central visual axis is
progressively opacified by a stromal haze, with scarring and
a resultant deterioration in vision.

Effect of gene mutation
The TGFBI mutation R124C (substitution of the arginine
residue by cysteine) most frequently manifests as CDLI.18 A
number of other missense mutations in the fasc4 domain of
TGFBI also account for this subtype and CDLIIIa.18 A further
form of this entity presents often in the fifth to sixth decade
and has been classified as CDLIII, but no mutations as yet
identified in TGFBI. Histological analysis shows amorphous
deposits (amyloid) in anterior stromal layers extending posteriorly, which stain intensely with Congo red, and shows
birefringence and dichroism. Electron microscopy shows
fine filaments of 8–10 nm intermingled with collagenous
fibres.13

Lattice corneal dystrophy type II [CDLII]
(OMIM 105120)
Alternative names: Finnish type, Familial amyloidosis,
Meretoja syndrome
Inheritance: Autosomal dominant
Gene: GSN, Gelsolin, 9q34 (OMIM137350)

Phenotype
Disease onset is in the second decade, and the cornea demonstrates both granular and lattice-like, branching deposits
within the stroma. The granular opacities are fewer than in
GCDI, have an earlier onset than the lattice-like deposits,
and are located more superficially. The central visual axis
progressively opacifies and scarring causes decreased vision.

Effect of gene mutation
The R124H (substitution of the arginine by a histidine residue) mutation in TGFBI causes this variant.18 In one study
corneal guttata are described in over 70% of patients with a
corneal dystrophy segregating with the R124H mutation.23
Histology shows granular and fibrillar deposits in the
anterior stromal layers, with the granular deposits more
anteriorly located, staining as for GCDI and lattice corneal
dystrophy.

Phenotype
This form of lattice corneal dystrophy is distinct from lattice I, III and IIIa (associated with TGFBI mutations) and is
characterized by multisystem manifestations due to a systemic amyloidosis. Compared to other forms of lattice dystrophy, in type II the lattice lines are: fewer, more radially
orientated, preferentially affect the periphery, and exhibit
relative central corneal sparing. The cornea demonstrates
lattice lines in addition to reduced corneal sensitivity that
may not be apparent until over 40 years of age.2,24 Recurrent
epithelial erosions and visual loss are not as frequent or
severe as in the other lattice corneal dystrophies. Relative
corneal anaesthesia places the individual at risk for neurotrophic ulceration. Glaucoma may also be present and
this is thought to be secondary to amyloid deposition in the
trabecular meshwork.25 Visual loss may occur over the age
of 60 years.24
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Systemic features are due to cranial and peripheral neuropathies – facial paresis, lagophthalmos and autonomic nervous dysfunction. Lax skin, nephrotic syndrome, renal failure
and cardiomyopathy are also described.

Effect of gene mutation

Vincent et al.
crystalline deposits are present in only 55% of patients with
SCCD.32

In vivo confocal microscopy
Imaging reveals multiple deposits of brightly reflective crystalline material, most abundant in the anterior stroma.33

Gelsolin is an actin filament modulating protein26 with an
actin-regulating domain found in leucocytes, platelets and
other cells. The amyloid protein in the Finnish type of hereditary amyloidosis is a fragment of the actin-filament binding
region of a variant gelsolin molecule. A single base mutation,
654G–A,27 results in aspartic acid replacement by asparagine.
This mutant protein is abnormally processed resulting in
aberrant secretion of an amyloidogenic fragment.28
Histologically, lines of amyloid material are seen in anterior and mid-stroma, with an almost continuous deposition
of amyloid material under Bowman’s membrane, and formation of subepithelial scar tissue with associated amyloid
material.24 These deposits are congophillic and show birefringence and dichroism. The subbasal nerve plexus is abnormal and reduced in density.24

Multiple tiny white flecks, scattered through out all levels of
the cornea (Fig. 2d) may be present congenitally, or even
appear in the first few years of life, yet progression is often
minimal.34 Affected individuals are generally asymptomatic,
though mild photophobia may be present.

In vivo confocal microscopy

Effect of gene mutation

Thick anterior and mid-stromal filaments are observed and
appear to be located between collagen lamellae. These
are thought to correspond to lattice lines visible on
biomicroscopy.24

Jiao et al. demonstrated linkage to a 24 cM locus on chromosome 2q35.34 Histochemical analysis of the corneal opacities
shows swollen, vacuolated keratocytes filled with demonstrable glycosaminoglycans and complex lipids.35 This dystrophy may also represent a localized metabolic disorder.

Central crystalline dystrophy of Schnyder
[SCCD] (OMIM 121800)

In vivo confocal microscopy

Inheritance: Autosomal dominant
Gene locus: 1p36–p34.1

In vivo confocal microscopy has demonstrated the presence
of multiple pleomorphic hyper-reflective inclusions that
appear to be both intracellular and extracellular.36

Phenotype
Onset is early in life, primarily presenting with a central
discoid opacity just posterior to Bowman’s membrane, in the
anterior stroma. The opacity consists of small, needle-shaped
refractile crystals that are either white or polychromatic and
have the appearance of ‘glass wool’ (Fig. 2c).13 These deposits
may extend irregularly into deeper layers, but the epithelium
and corneal sensitivity are normal.

Effect of gene mutation
Linkage was established in two large pedigrees to 1p36–
p34.1,29 and although several candidate genes involved in
lipid metabolism are contained within this interval, no disease causing mutations have yet been described. This disorder appears to be due to a local imbalance of lipid/cholesterol
transport or metabolism as analysis of the crystals reveals
lipid; predominantly phospholipid, unesterified cholesterol
and cholesterol ester.30 However, serum lipid analysis does
not correlate well as it may be normal.31 Histology shows

Corneal fleck dystrophy [CFD] (OMIM
121850)
Alternative names: Francois-Neetens, Mouchetee
Inheritance: Autosomal dominant, variable expressivity
Gene locus: 2q35

Phenotype

Bietti crystalline corneoretinal dystrophy [BCD]
(OMIM 210370)
Inheritance: Autosomal recessive
Gene: CYP4V2, 4q35-ter

Phenotype
The average age of onset is 29 years and is characterized by
the presence of scintillating punctuate opacities in the
peripheral anterior corneal stroma.5 The deposits are associated with a retinal degeneration characterized by glistening
intraretinal fundal dots and choroidal vessel sclerosis. This
manifests as progressive night blindness and a constriction
of the visual field.

Effect of gene mutation
CYP4V2 is a member of the cytochrome P450 family and is
expressed widely. It shows homology to other members of

Inherited corneal disease
the CYP4 family suggesting it is involved in fatty acid
metabolism, consistent with the decreased conversion of
fatty acid precursors into n-3 polyunsaturated fatty acids
seen in BCD.37 This is thought to contribute to the abnormally high levels of triglycerides and cholesterol storage
seen in cells cultured from BCD patients.37 Jiao et al. demonstrated mutations in 13 of 14 familial cases and 10 of 11
isolated cases of BCD.38 Some of the mutations caused premature termination of the protein, or deletion of large internal stretches of amino acids thought to be necessary for
protein structure.
Histology demonstrates corneal and conjunctival fibroblasts containing crystals resembling cholesterol or cholesterol ester and complex lipid inclusions. Inclusions similar to
these are also present in circulating lymphocytes.

Fish-eye disease [FED] (OMIM 136120)
Inheritance: Described as autosomal dominant
Gene: Lecithin : cholesterol acyltransferase (LCAT), 16q22.1

Phenotype
The corneal opacity was initially described as having the
appearance of the eyes of a boiled fish.39 The appearance
on slit-lamp biomicroscopy is that of diffuse stromal haze,
which is denser peripherally (Fig. 4a). A dyslipoproteinaemia is present with elevated plasma triglycerides,
low-density lipoprotein and very-low-density lipoprotein.
Plasma high-density lipoprotein is low, and there is deficient
plasma alpha-LCAT (high-density) activity. Mutations in
LCAT have been demonstrated40 with little genotype–phenotype correlation between heterozygous and homozygous
individuals.

In vivo confocal microscopy
Imaging of early cases by in vivo confocal microscopy
reveals diffuse stromal hyper-reflectivity interrupted by
multiple linear areas of hypo-reflectivity (unpublished data)
(Fig. 4b).

Figure 4. A patient with fish-eye
disease who had undergone penetrating keratoplasty. (a) Slit-lamp
photograph of the cornea. Diffuse
stromal haze is observed between
the graft-host junction (arrow) and
the limbus (arrowheads). (b) In vivo
confocal microscopy in early cases
reveals diffuse stromal hyper-reflectivity with ‘criss-crossing’ hyporeflective lines. (Scale bar 50 mm.)
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Fuchs’ endothelial dystrophy [FECD] (OMIM
136800)
Inheritance: Autosomal dominant, sporadic
Gene: COL8A2, 1p34.2–p32.3 (OMIM 120252)

Phenotype
FECD is the most common primary disorder of the corneal
endothelium, although its true incidence and inheritance is
unknown. Disease onset usually occurs over the age of 40,
with wart-like excrescences (guttata) visible in the central
cornea. Abnormal collagen deposition leads to a thickened
Descemet’s membrane. The endothelial cells show polymegathism (reduced numbers and irregular shape), which
gives a beaten metal appearance on slit-lamp examination
(Fig. 5a). The resultant compromise in function can lead to
thickening of the cornea. Corneal decompensation results in
painful vision loss.

Effect of gene mutation
Mutations in COL8A2 have been found in 3.4% of cases with
FECD. This gene encodes for an alpha 2 subunit of type VIII
collagen: a structural protein, a component of specialized
basement membrane endothelial cells (i.e. Descemet’s membrane, vascular endothelium), and a part of an extracellular
matrix protein family.41 It may form homotrimers or heterotrimers in association with alpha 1(VIII)-type collagens.
COL8A2 contains a collagen triple helix repeat and it is
within this domain that mutations in FECD occur. This theoretically disrupts stability of supramolecular assembly and
suggests that, in some cases, FECD is a disorder of endothelial cell terminal differentiation.42
On light microscopy, there is thickening of Descemet’s
membrane, with abnormal collagen deposition, and endothelial cell numbers are decreased, with cellular pleomorphism.

In vivo confocal microscopy
When imaged by in vivo confocal microscopy, the endothelium may resemble the surface of a strawberry, consisting of
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Figure 5. Examples of endothelial
dystrophies. (a) In Fuch’s endothelial dystrophy, the endothelium has
a ‘beaten metal’ appearance on specular reflection (arrow). (b) When
imaged by in vivo confocal microscopy, the endothelium in this case
has an appearance similar to the surface of a strawberry. Normal endothelial cells (arrow) may be observed
between abnormal areas. (c) A curvilinear row of endothelial vesicular
lesions (arrows) in posterior polymorphous dystrophy. (d) As the
name suggests, polymorphous areas
of abnormal endothelial cells are
seen on in vivo confocal microscopy.
(Scale bars 50 mm.)

hyporeflective round areas separated by hyper-reflective
regions (Fig. 5b).

Effect of gene mutation

Inheritance: Autosomal dominant, highly variable
expressivity
Gene: VSX1, 20p11.2–20q11.2 (OMIM 605020); COL8A2,
1p34.2–p32.3 (OMIM 120252)

PPD is genetically heterogeneous with mutations described
in VSX1 (20p11.2–20q11.2) (OMIM 605020) in 9% of
PPD46 and COL8A2 in 6% of PPD (see FECD).42 On histology, Descemet’s membrane consists of an abnormal anterior
band and an abnormal posterior collagenous layer. In the
periphery, the endothelial cells show metaplasia and epithelialization with desmosomal attachments, microvilli and
intermediate filaments,47 and are multilayered.48

Phenotype

In vivo confocal microscopy

Onset is highly variable and often seen in adulthood, but
may be present at birth. Clinically, PPD is characterized by
the presence of endothelial lesions, which have been classified into three main forms: vesicular, band and diffuse.43
Vesicles appear as endothelial blisters or blebs on slit-lamp
examination and these may be isolated or form clusters or
curvilinear patterns (Fig. 5c). Band lesions are characterized
by strips of guttata-like irregularities of Descemet’s membrane and diffuse PPD is seen as diffuse irregularities in
Descemet’s membrane, often associated with corneal
oedema.44 Visual loss is usually not significant but is highly
variable. Glaucoma and keratoconus have been described in
association with PPD.45

In vivo confocal microscopy has revealed a variety of endothelial morphologies in PPD, including focal endothelial
vesicular lesions, curvilinear hyper-reflective bands, and
lesions with scalloped edges consisting of dark and bright
bodies (Fig. 5d).49

Posterior polymorphous dystrophy [PPD]
(OMIM 122000)

Congenital endothelial dystrophy [CHED]:
CHED1 (OMIM 121700), CHED2 (OMIM
217700)
Inheritance: CHED1: autosomal dominant; CHED2: autosomal recessive
Gene locus: 20p11.2–q11.2

Inherited corneal disease

Phenotype
Recessive CHED is more common, with diffuse corneal
clouding being present at birth or in the first few days of life.
CHED1 is less severe and, although it may be present at
birth, is likely to manifest in early childhood.50 Penetrating
keratoplasty is usually required at a young age with reasonable visual outcomes.50

Effect of gene mutation
Linkage has been established in a CHED1 pedigree to
20p11.2–q11.2.51 CHED2 has also been linked to this same
pericentric region of chromosome 20,52 but excluded linkage
to the loci for CHED1 and PPD. Histology shows secondary
epithelial changes similar to PPD, but in dominant CHED,
stromal spheroidal degeneration (extracellular spherules of
variable size) is commonly seen. Descemet’s membrane
exhibits changes indicating failure of growth regulation in
recessive CHED, but a more fibrillary posterior collagenous
layer in dominant CHED.47 Based on the linkage data, and
ultrastructural findings, it is thought that the dominant and
recessive diseases are entirely different entities.53

DEVELOPMENTAL ABNORMALITIES
OF THE CORNEA
The following corneal disorders are usually present at birth,
or thought to be due to structural changes in the cornea.
Traditionally they are not grouped with the corneal dystrophies. They are included here as evidence suggests a genetic
defect causes either insult in the foetal period resulting in
arrested development, or an underlying genetic predisposition as in keratoconus. The more information that we obtain
about corneal disease, the more it becomes apparent that
complex networks are functioning, rather than simple pathways. Therefore, the genes known to cause this group of
disorders may have implications in other disorders, either
through the physiological pathways or perhaps through a
modifying effect.

Cornea plana [CNA]: CNA1 (OMIM 121400),
CNA2 (OMIM 217300)
Inheritance: CNA1: autosomal dominant;
CNA2: autosomal recessive
Gene: KERA (Keratocan), 12q22 (OMIM 603288)

Phenotype
Two forms of cornea plana are recognized based on their
inheritance pattern and severity. CNA1 refers to the autosomal dominant form that manifests at birth with extreme
hyperopia (usually +10 D or more), hazy corneal limbus and
opacities in the corneal parenchyma. The anterior chamber
can be shallow and there is a risk for angle-closure glaucoma.54 The average corneal curvature is 37.50–42.75 D.54
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CNA2 is of autosomal recessive inheritance and more severe.
Marked arcus juvenilis can often be detected at an early age
as well as associated anterior segment anomalies such as iris
malformations, slit-like pupil, and iridocorneal adhesions.
Mean corneal curvature is 29.9 D54 and microphthalmia may
be observed.55 In both variations, the visual acuity is reduced.

Effect of gene mutation
Keratocan is a keratan sulphate proteoglycan (KSPG), a
member of the small leucine-rich proteoglycan family
(SLRP). This is highly evolutionarily conserved with other
SLRPs including lumican and mimecan. It is important for
development and maintenance of corneal transparency.56,57
There is very restricted expression, early in neural crest
development, and later in corneal stromal cells.56
In CNA2, homozygous missense mutations, and premature stop codons that truncate the KERA protein have been
identified.57 As the SLRPs interact with specialized collagens,
normal corneal function is dependent on the regular spacing
of collagen fibrils for transparency, so the predicted alteration of the tertiary structure of KERA is the probable mechanism of the cornea plana phenotype.55
Some families with CNA1 do not demonstrate mutations
in KERA,57 but map to this same region, making other SLRPs
in this region (Decorin, Lumican and DSPG3) excellent candidate genes.58

In vivo confocal microscopy
When imaged by in vivo confocal microscopy, Bowman’s
layer is absent. Sub-basal nerves exhibit abnormal branching
patterns and the arrangement of anterior keratocytes is
altered, showing clustered and irregularly shaped nuclei.59

Dysgenesis of the anterior segment [ASMD]
This may result in central corneal opacification (leucoma),
or sclerocornea. An example is Peter’s anomaly, with mutations demonstrated in the eye development genes PAX6,60
PITX2,61 FOXC1,62 and CYP1B1.63 Mutations in PAX6 can also
produce autosomal dominant keratitis.64 Isolated sclerocornea
(OMIM 269400, 181700) has been reported manifesting in
a milder dominant form and a more severe recessive form.65

Keratoconus (OMIM 148300)
Inheritance: Sporadic, autosomal recessive, autosomal dominant, complex
Gene: VSX1 20p11.2–20q11.2 (OMIM 6050020), 16q22.3–
q23.1, 20q12

Phenotype
Keratoconus is a progressive bilateral ectatic corneal dystrophy leading to a characteristic pattern of corneal thinning,
with induced irregular myopic astigmatism. It may be mark-
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edly asymmetrical, and onset is usually in the teens with
noticeable change occurring during puberty. The incidence
of keratoconus is approximately 1 in 2000,66 and is one of
the leading causes for corneal transplantation in the Western
world.67
Keratoconus is present in association with some connective tissue disorders,66,68 and with certain ocular disorders.66
Other corneal dystrophies are reported occurring in association with keratoconus such as posterior polymorphous dystrophy, lattice dystrophy, granular dystrophy and Fuch’s
endothelial dystrophy. Keratoconus occurs with a range of
chromosomal abnormalities,69 including Down syndrome.70

Effect of gene mutation
Evidence for heredity in keratoconus is convincing,71–74 with
twin studies, and a positive family history reported in 6–8%
of patients with keratoconus.75 The mode of inheritance is
reported as sporadic, autosomal recessive74 and autosomal
dominant.76 A recent linkage study used a model of inheritance that lies somewhere between these two.77 Prevalence in
first-degree relatives is 15–67 times higher than the population.74 However, keratoconus is likely to be a multigenic
disease with a complex mode of inheritance, with environmental factors contributing to the disease manifestation.69
Recently mutations in the VSX1 gene on chromosome
20p11–q11 were associated with some cases of keratoconus,46
but the majority of cases remain without molecular characterization. Four recent studies have demonstrated further
linkage; some Finnish autosomal dominant pedigrees linked
to 16q22.3–q23.1,76 an identity-by-descent approach in
Tasmania suggested linkage to 20q12,77 an autosomal dominant
pedigree with keratoconus and anterior polar cataract linked
to 15q22–24,78 and a further family linked to 3p14–q13.79

CONCLUSION
Molecular characterization of the corneal dystrophies provides greater opportunity to understand the pathophysiology specific to each dystrophy. It also demands a new
method of classification, which moves away from the traditional description with emphasis on the specific corneal layers involved. Imaging modalities such as in vivo confocal
microscopy can further enhance our knowledge of ultrastructural changes within the cornea throughout the disease
course. The next logical step will be attempts to target aberrant genes or gene products with therapeutic approaches.
Further research is ongoing to allow a clearer view of the
complex networks involved, and to identify therapeutic targets and modes of intervention.

ELECTRONIC

DATABASES

Online Mendelian Inheritance in Man, OMIM (TM).
McKusick-Nathans Institute for Genetic Medicine, Johns
Hopkins University (Baltimore, MD) and National Center
for Biotechnology Information, National Library of Medi-

cine (Bethesda, MD), 2000. World Wide Web URL: http://
www.ncbi.nlm.nih.gov/omim/
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APPENDIX I
Genetic terminology
Allele: One of several alternative forms of a gene or DNA
sequence at a specific chromosomal location (locus). At each
autosomal locus, an individual possesses two alleles, one
inherited from the mother, the other inherited from the father.
Heterozygote: An individual is heterozygous at a locus if
(s)he has two different alleles at that locus.
Homozygote: An individual is homozygous at a locus if (s)he
has two identical alleles at that locus.
Linkage: The tendency of genes or other DNA sequences at
specific loci to be inherited together as a consequence of
their physical proximity on a chromosome
Dominant: Describes any trait that is expressed in a
heterozygote.
Recessive: Describes a trait that is expressed in individuals
with homozygous mutant alleles (or compound heterozygotes: two different mutant alleles)
Variable expressivity: When the severity of disease differs
in people (interfamilial or intrafamilial) who have the same
genotype, the phenotype has variable expressivity.
Penetrance: Probability that a genetic mutation will have
any phenotypic expression: is an all or none concept. When
the frequency of expression of a phenotype is less than 100%
in individuals with a given genotype, the gene has reduced
penetrance.
Dominant negative mutation: A mutation that results in a
mutant gene product that can inhibit the function of the wild
type gene product, in heterozygotes.
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In Vivo Confocal Microscopy of Posterior
Polymorphous Dystrophy
Dipika V. Patel, MA, MRCOphth, Christina N. Grupcheva, PhD, FEBO,
and Charles N. J. McGhee, PhD, FRCOphth

Purpose: This study was designed to delineate the morphologic
features of posterior polymorphous dystrophy (PPD) using in vivo
confocal microscopy.

Methods: Six patients with clinically diagnosed PPD were examined by slit-lamp biomicroscopy, Orbscan II slit-scanning elevation
topography, and in vivo confocal microscopy.
Results: Endothelial cell densities ranged from 613 to 3,405 cells/mm2
and endothelial polymegathism was noted in all cases, whereas endothelial pleomorphism was not a prominent feature. Three cases
exhibited bright endothelial nuclei. A variety of abnormal curvilinear
and vesicular abnormalities were imaged by in vivo confocal microscopy, with lesions ranging between 6 and 159 mm in diameter. Abnormal endothelial cells were visible within some of these lesions. Six
cases showed hyperreflectivity at the level of Descemet’s membrane
around the lesions. Deep stromal keratocytes appeared to aggregate
around, or were compressed by, the endothelial lesions in one case.

Conclusions: We report the largest case series of PPD imaged by
in vivo confocal microscopy. The ability of in vivo confocal microscopy to assess the living cornea over time enables monitoring of
disease progression and thus the potential to identify and correlate
development of, or changes in, microstructural features. As more data
become available, these analyses may enable the formulation of
prognostic and diagnostic criteria.
Key Words: posterior polymorphous dystrophy, slit-lamp examination, in vivo confocal microscopy
(Cornea 2005;24:550–554)

P

osterior polymorphous dystrophy (PPD) is an uncommon,
hereditary, typically nonprogressive endothelial dystrophy,
which was first described by Koeppe in 1916.1 In most cases
affected individuals are asymptomatic, and the disorder is
usually identified incidentally by slit-lamp examination; however, in some cases visual loss can occur as a result of corneal
decompensation or intercurrent glaucoma.2

Received for publication March 9, 2004; revision received October 21, 2004;
accepted November 6, 2004.
From the Department of Ophthalmology, University of Auckland, Auckland,
New Zealand.
Reprints: Charles N.J. McGhee, PhD, Department of Ophthalmology, Private
Bag 92019, University of Auckland, Auckland, New Zealand (e-mail:
c.mcghee@auckland.ac.nz).
Copyright Ó 2005 by Lippincott Williams & Wilkins

550

Several methods have been used to delineate the structural features of PPD. These include clinical biomicroscopy,
histopathology, electron microscopy, and specular microscopy.
To our knowledge, using a MEDLINE search, there are only
two published reports of PPD investigated by in vivo confocal
microscopy.3,4
We present the largest case series to date of PPD imaged
by in vivo confocal microscopy, demonstrating unusual features that have not previously been reported using this
technique.

CASE REPORTS
Case 1
A 54-year-old, white male initially presented with a history of
intermittent foreign body sensation in his left eye after a minor
corneal abrasion OS sustained while trimming a garden hedge
8 months earlier. He had neither significant ophthalmic or medical
history nor relevant family history, although his mother had chronic
uveitis and diabetic retinopathy.
His ocular symptoms had fully resolved at the time of
assessment. However, on slit-lamp examination, signs consistent with
bilateral posterior polymorphous dystrophy were identified and he
was referred to the Department of Ophthalmology, University of
Auckland, for further assessment. On examination, he exhibited a
best spectacle-corrected visual acuity of 6/5 OU. Slit-lamp
biomicroscopy revealed bilateral vesicular lesions at the level of
the endothelium forming curvilinear patterns and clusters (Fig. 1A).
Each lesion was surrounded by a gray ‘‘halo.’’ Clinically, there was no
associated corneal edema. Intraocular pressures were within normal
limits at 17 mm Hg OD and 18 mm Hg OS. The remainder of the slitlamp and fundal examination was unremarkable.

Case 2
An 82-year-old male had undergone uneventful small incision
cataract surgery to the left eye, and at the 1-month postoperative visit,
bilateral endothelial abnormalities were noted. Phacoemulsification
had been performed on the right eye 16 months previously and also
was uneventful. The only other ocular history of note was excision of
a left lower lid squamous cell carcinoma 3 years previously.
His best spectacle-corrected visual acuity was 6/7.5 in the right
eye and 6/12 in the left eye. Slit-lamp biomicroscopy revealed
a curvilinear row of endothelial vesicular lesions 1-mm below the
visual axis of the right eye (Fig. 1B). Each vesicle was associated with
a grayish halo. A small cluster of similar fine endothelial vesicles
were observed superiorly in the left cornea.

Case 3
A 9-year-old female presented with a history of sensitivity to
light for many years and a gradual deterioration in vision. Apart from
Cornea  Volume 24, Number 5, July 2005
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FIGURE 1. Slit-lamp photographs of
curvilinear rows of endothelial vesicular lesions (arrows) in the left eye
of case 1 (A) and the right eye of case
3 (B) (original magnification 340).
mild asthma, she was otherwise healthy. On examination, her best
spectacle-corrected visual acuity was 6/12 bilaterally. Slit-lamp examination of the corneae demonstrated multiple widespread endothelial
vesicular lesions associated with surrounding haze. The remainder
of the eye examination was unremarkable. Orbscan II slit-scanning
pachymetry (Bausch and Lomb Surgical, Rochester, NY) revealed
thickened corneae bilaterally (corneal thickness 634 mm OD, 638 mm
OS), which was thought to be the cause of the patient’s reduced visual
acuity.

Case 4
A 42-year-old male was examined after his daughter (case 3)
was diagnosed with PPD. He had a history of left amblyopia secondary to corneal astigmatism and was otherwise fit and well. His
unaided visual acuity (UAVA) was 6/6 OD and 6/15 OS with no
improvement with refraction or pinhole. Slit-lamp biomicroscopy
revealed widespread pleomorphic endothelial lesions associated with
gray halos. No other ocular abnormalities were detected.

Case 5
A 30-year-old female attended as part of an unrelated study
examining normal corneas. There was no ocular history of note and
she had a history of polycystic ovaries and Guillain-Barré syndrome.
There was no known family history of ocular disorders. Her UAVA
was 6/5 bilaterally, and on slit-lamp examination a few subtle
scattered endothelial vesicles were visible bilaterally. The remainder
of the ocular examination was unremarkable.

ness. After explanation of the procedure and obtaining informed consent, in vivo confocal microscopy was performed
on all patients using a slit-scanning technology (Confoscan 2,
Fortune Technologies America, Greensboro, NC).
The patient was asked to fixate on a target, and the examination was performed with a 403 nonapplanating, immersion lens that covers an area of approximately 0.1 mm2. A drop
of Viscotears (Carbomer 940 2 mg/g, CIBA Vision, Australia)
on the objective lens served as an immersion and contact
substance. For all patients, the cornea was examined using a
standard setting of four passes, with a scanning range between
700 mm and 800 mm (throughout the z-axis) to image the full
central corneal thickness and a 200 mm scanning range to specifically image the corneal endothelium and posterior stroma.
The maximal light intensity was used for all examinations.
Qualitative and quantitative analysis using NAVIS (Nidek
Advanced Vision Information System) proprietary software
was performed. Endothelial cell density was determined by
choosing three representative frames in which endothelial cells
were clearly visible. A manually adjusted automated cell count
was performed on each frame over an area of 0.06 mm2. Mean
values for endothelial cell density, cell area, and the percentage
of hexagonal cells within each frame were recorded, and mean
values for each cornea were calculated.

Case 6
A 53-year-old female presented after a routine optometric
assessment with raised intraocular pressures in both eyes. She had
a history of migraine and excision of a benign left parotid lesion.
There was a strong family history of glaucoma—both her mother and
maternal grandmother were affected. There was no known history of
corneal abnormalities. On examination, her best spectacle-corrected
vision was 6/6 bilaterally. An incidental finding was a ‘‘snail tracklike’’ band at the level of the endothelium inferiorly in the left corneal
periphery and ‘‘guttata’’-like lesions were identified centrally. The
right cornea had a normal appearance. Intraocular pressures were 22
mm Hg OD and 28 mm Hg OS with cup-to-disc ratios of 0.6 OD and
0.8 OS.
Medical treatment failed to control the intraocular pressures
adequately; a progressive superior arcuate visual field defect was
identified and a left trabeculectomy was performed.

METHODS
Orbscan II slit-scanning elevation topography (Bausch
and Lomb Surgical) was performed to measure corneal thickq 2005 Lippincott Williams & Wilkins

RESULTS
Table 1 shows the results of endothelial analysis. Endothelial densities ranged from 613 to 3,405 cells/mm2 but did not
correlate with the clinical severity of the dystrophy (in terms of
number of lesions seen clinically and presence of corneal
edema). For example, the most severely affected case (case 3)
had an endothelial cell density of 1,499 ± 68 cells/mm2.
Endothelial polymegathism was noted in all cases, as
demonstrated by high coefficients of variation in cell area;
however, endothelial pleomorphism was not a prominent feature, with all cases showing low coefficients of variation in cell
shape, and high proportions of hexagonality. Interestingly,
cases 1 and 2 exhibited prominent endothelial nuclei, which
were well-defined and brighter than the cytoplasm (Fig. 2).
Some endothelial cells appeared to have two nuclei (Fig. 2A).
A variety of abnormal endothelial morphologies were
imaged by in vivo confocal microscopy. Cases 3, 4, and 5
demonstrated multiple small focal vesicular lesions (range,
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TABLE 1. Results of Endothelial Cell Analysis

Case

Eye

Mean Endothelial
Density ± SD
(cells/mm2)

1

Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left

879 ± 30
755 ± 38
613 ± 35
Not imaged
1,499 ± 68
1,841 ± 297
1,607 ± 219
2,176 ± 80
3,405 ± 96
3,232 ± 139
2,272 ± 90
1,290 ± 11

2
3
4
5
6

Age-Matched
Normal Range for
Endothelial Density
(cells/mm2)

Mean Endothelial
Cell area ± SD
(mm2)

Coefficient of
Variation (area)
(%)

Coefficient of
Variation (sides)
(%)

Hexagonal
Cells
(%)

1,712–3,239
1,712–3,239
1,590–3,113

1,139 ± 577
1,326 ± 649
1,634 ± 584

50.6
48.8
35.8

23.9
25.3
16.5

33.3
32
46.2

37.5
39.5
43.9
58.2
40.1
42.1
32.9
43.2

14.1
15.4
16.9
17.4
15.9
15.9
12
12.7

55
45.8
45.2
40.2
50.7
50
58.7
59.7

2,648–4,206
2,648–4,206
1,798–3,328
1,798–3,328
1,932–3,467
1,932–3,467
1,718–3,245
1,718–3,245

674
554
630
460
294
310
443
775

±
±
±
±
±
±
±
±

254
219
277
268
118
131
145
336

SD, standard deviation.

6–16 mm in diameter), which protruded into the anterior
chamber (Fig. 3).
Many of the cases exhibited several atypical areas at the
level of the endothelium, elevated toward the anterior chamber
or stroma, with transverse diameters ranging from 43 to 145 mm
(Fig. 4). The edges of these unusual, generally round, or oval
areas were both smooth and scalloped in case 1 and smooth in
cases 2, 4, and 6. The borders were well defined and appeared
to overlap with, or involve, adjacent endothelial cell bodies.
These nonhomogenous areas consisted of clusters of dark and
bright bodies (6–22 mm in diameter) that may be consistent
with degenerating endothelial cells.
Abnormal elliptical areas at the level of the endothelium
were observed in case 3, protruding into the corneal stroma
and anterior chamber (diameter range, 93–159 mm). The endothelial cells within these areas were abnormal, showing
‘‘dimpling’’ (central concavity toward the anterior chamber)
(Fig. 4H and I).
All patients, apart from case 5, showed hyperreflectivity
at the level of Descemet’s membrane around the lesions, and
cases 3, 4, and 6 seemed to have an ‘‘undulating’’ appearance
in the endothelial surface in the region of the PPD lesions.
Deep stromal keratocytes appeared to aggregate around, or
were compressed by, the endothelial lesions in case 1, producing the appearance of hyperreflective keratocytes ‘‘surrounding’’ these atypical round lesions (Fig. 4B). Descemet’s
folds were only observed in case 2.

DISCUSSION
PPD is an uncommon corneal dystrophy that affects the
endothelium and Descemet’s membrane. It is a typically bilateral, usually asymptomatic, inherited disorder that usually
demonstrates autosomal dominant inheritance (OMIM
#122000). Mutations in VSX1 homeobox5 (on chromosome
20q11) and COL8A26 (on chromosome 1p) genes have been
identified in PPD. Clinically, PPD is characterized by the
presence of endothelial lesions, which have been classified
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into three main forms: vesicular, band, and diffuse.7 Vesicles
appear as endothelial blisters or blebs on slit-lamp examination
and these may be isolated or form clusters or curvilinear
patterns.4 Band lesions are characterized by strips of guttatalike irregularities of Descemet’s membrane and diffuse PPD is
seen as diffuse irregularities in Descemet’s membrane, often
associated with corneal oedema.8
Histologic and electron microscopy studies of PPD have
demonstrated four endothelial cell types in PPD9,10: normal
cells, foci of degenerated cells, fibroblast-like cells, and epitheliallike cells. The latter often form layers of one to five cells and
are covered with numerous microvilli.9–11 Focal areas may be
devoid of endothelial cells.12 Some studies have reported areas
of thinning in Descemet’s membrane9,11 and most have shown
abnormal lamination with deposition of collagenous material
between laminae.10–12
Unfortunately, histologic studies have only been performed on corneal buttons after penetrating keratoplasty and
therefore represent only severe cases of PPD with corneal
edema. Both specular and confocal microscopy enable
imaging of the cornea in vivo and may be used to examine
earlier or mild cases that represent the most common form of
PPD.
Laganowski et al8 described three forms of endothelial
lesion on imaging PPD with specular microscopy. Vesicles
consisted of light mottled spots surrounded by dark rings with
distinct edges. Clusters of vesicles also were identified, with
disrupted, partially segmented bands within them. Bands were
seen as broad strips with rough, scalloped edges. Pits, excrescences, troughs, and ridges were present in Descemet’s
membrane but multicell layering and epithelialization of the
endothelium could not be demonstrated. Specular microscopy
in diffuse type PPD has shown large areas of abnormal pleomorphic cells with indistinct borders, which appeared to
represent epithelial-like cells.13
The advantages of in vivo confocal microscopy over
specular microscopy in imaging the endothelium are that
this technique offers higher magnification and greater lateral
q 2005 Lippincott Williams & Wilkins
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In Vivo Confocal Microscopy of PPD

FIGURE 2. In vivo confocal microscopy of the endothelium in cases 1
(A) and 2 (B) revealed prominent,
bright endothelial nuclei (arrows).
Frame size 340 mm 3 255 mm.

resolution. Descemet’s layer and adjacent posterior stromal
keratocytes also can be readily visualized.
Importantly, the endothelium may still be imaged in
cases in which corneal transparency is reduced.14 To our
knowledge, there are only two published reports of in vivo
confocal microscopy in PPD.3,4 Grupcheva et al4 identified
endothelial vesicular lesions composed of optically dense material, forming curvilinear bands. Endothelial pleomorphism
and polymegathism was observed, and an increase in deep
stromal keratocyte density was noted. An interesting finding in
this case was protrusion of endothelial vesicles into the anterior chamber. Chiou et al3 reported two cases of PPD imaged
by in vivo confocal microscopy and described the presence of
‘‘roundish hyporeflective images within patchy hyperreflective
areas at the level of Descemet’s membrane’’; however,
abnormal endothelial cells could not be identified.
A striking feature of two of the cases presented is
the presence of hyperreflective nuclei in the endothelial cells.
In these cases, endothelial cell density was ,1,000 cells/mm2.
Interestingly, some endothelial cells in these cases appeared
to have two nuclei. This may be caused by the presence
of genuine binucleate cells or may represent an optical
shadow from nuclei anterior or posterior to the layer imaged,
which would correlate with the multilayering of cells in
PPD as has been demonstrated by transmission electron
microscopy.10,11
The apparent aggregation of keratocytes around lesions
in case 1 may be caused by compression of the stroma by the
lesion or may be an indication of a role for keratocytes in the
pathogenesis of PPD. The ‘‘dimpling’’ of endothelial cells
associated with reduced cell diameter may represent the early
stages of a ‘‘PPD lesion.’’ It may be that the cells gradually

shrink and degenerate, leaving the cell nucleus and debris
within the lesion in the later stages.
Hyperreflectivity of Descemet’s membrane around the
lesions correlates with the ‘‘grey halos’’ seen on slit-lamp
biomicroscopy and may relate to the abnormal deposition
of collagenous material in Descemet’s membrane seen on
histology.10–12,15 The irregular posterior surface of cornea seen
in the two most severe cases may be a sign of unevenness of
Descemet’s membrane caused by extensive abnormal thickening of this structure.
One of the cases presented had previous cataract surgery,
which raised the question of whether the endothelial lesions
were secondary to cataract surgery. In our experience of examining more than 100 corneae postphacoemulsification by using
in vivo confocal microscopy, none exhibited the features
described in this report.
The availability of in vivo confocal microscopy can
provide instantaneous microstructural analysis of the living
cornea. In particular, PPD can be associated with a reduced
endothelial cell density and this has important implications
when considering cataract surgery. For example, one of the
cases presented developed corneal edema after cataract
surgery. In uncommon corneal dystrophies such as PPD,
correlation of the in vivo microstructural characteristics with
the published pathologic reports may be a useful aid to the
clinical diagnosis, particularly in cases in which the diagnostic
features are obscured by corneal edema when examined by
slit-lamp biomicroscopy. Additionally, the ability of in vivo
confocal microscopy to assess the living cornea over time
enables monitoring of disease progression and thus the
potential to identify and correlate development of, or changes
in, microstructural features. As more data become available,

FIGURE 3. Focal vesicular endothelial
lesions (arrows) observed on in vivo
confocal microscopy in cases 4 (A) and
5 (B). Frame size 340 mm 3 255 mm.
q 2005 Lippincott Williams & Wilkins
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FIGURE 4. (A) In vivo confocal microscopy of endothelial lesions in case 1. Image (B) is at the level of the deep stroma adjacent to
the lesion seen in (A) and demonstrates keratocyte aggregation around the lesion (arrows). Abnormal endothelial lesions observed
in case 3 (C), case 5 (D), case 6 (E), and case 3 (F, G, H, I). Frame size 340 mm 3 255 mm.

these analyses may enable the formulation of prognostic and
diagnostic criteria.
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CASE REPORT

In Vivo Microstructural Analysis of the Cornea in
Maroteaux-Lamy Syndrome
Dipika V. Patel, MA, MRCOphth, Judy Y. F. Ku, MBChB, Brian Kent-Smith, FCS(Ophth),
and Charles N. J. McGhee, PhD, FRCS, FRCOphth

Purpose: This report describes the clinical and in vivo microstructural features of the cornea in a case of Maroteaux-Lamy syndrome.

Methods: A 17-year-old female with Maroteaux-Lamy syndrome
was examined by slit-lamp biomicroscopy, Orbscan II slit-scanning
elevation topography, and in vivo confocal microscopy.

Results: Slit-lamp biomicroscopy revealed bilateral, altered corneal
transparency involving the posterior half of the stroma. Funduscopy
revealed bilateral small, crowded optic discs, and radial macula
retinal folds.
On in vivo confocal microscopy, the middle and posterior stroma
were clearly visualized and exhibited well-defined, unusually shaped
keratocytes. These cells contained single or multiple hyporeflective
regions with well-defined borders that ranged from 1 to 11.6 mm in
diameter. These abnormal keratocytes were particularly abundant in
the posterior stroma and sparse in the anterior stroma.
Conclusions: This is the first case of Maroteaux-Lamy syndrome in
which altered corneal transparency has been imaged by in vivo
confocal microscopy and macula retinal folds have been described.
Key Words: mucopolysaccharidosis, confocal microscopy, cornea,
macula, ocular manifestations
(Cornea 2005;24:623–625)

M

aroteaux-Lamy syndrome (MPS-VI) is one of the rare
lysosomal storage disorders termed mucopolysaccharidoses (MPS). The reported incidence of MPS-VI in western
Australia is approximately 1 in 320,000 live births.1 MPS-VI is
inherited as an autosomal recessive trait and the gene defect
has been mapped to chromosome 5q13.2
The underlying defect is a deficiency of the enzyme
arylsulfatase B (N-acetylgalactosamine-4-sulfatase), which
results in the incomplete degradation and storage of dermatan
sulfate (glycosaminoglycan). The clinical phenotype occurs as
a consequence of the accumulation of partially degraded
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glycosaminoglycans in lysosomes. Mild, intermediate, and
severe forms of MPS-VI have been described, and phenotypic
features include growth retardation, skeletal deformities,
coarse facies, cardiac abnormalities, hepatosplenomegaly,
and hydrocephalus. Associated ocular abnormalities include
corneal opacification, glaucoma,3 papilledema caused by
hydrocephalus,4 scleral thickening,5 and multiple iridociliary
cysts.6 We present, to our knowledge, the first case of mild
corneal opacification in MPS-VI imaged by in vivo confocal
microscopy.

CASE REPORT
A 17-year-old white female initially presented at aged 4 years
when pediatricians noted ‘‘wide spaced eyes and an unusual gait.’’
Physical examination revealed dysplastic hips, arrested hydrocephalus, and mitral valve prolapse. She had normal intellectual function.
The definitive diagnosis of MPS-VI was made later on the basis of
low levels of leukocyte N-acetylgalactsamine-4-sulphatase, sulfatidase, and 4MU-sulphatase enzyme activity.
At recent ophthalmic assessment, there was no family history
of note and she took no prescription medications. She initially
presented to an ophthalmologist, complaining of a painful right eye
and was diagnosed with contact lens-related bacterial keratitis, which
was successfully treated leaving only a small paracentral subepithelial
scar. Her best contact-lens corrected visual acuity was 20/30
bilaterally (refraction +5.00/+0.503150 OD and +5.00/+1.00320
OS). However, slit-lamp biomicroscopy also revealed mild bilateral
diffuse corneal haze, mainly involving the posterior half of the stroma
(Fig. 1A). Dilated fundus examination revealed small optic discs
(1.4-mm diameter) with crowded vessels nasally. The optic disc
margins were distinct with no evidence of optic atrophy. Multiple
fine, radial, macular retinal folds extending from the center of the
fovea toward the vascular arcades were identified (Fig. 1B).
She was subsequently referred to the Department of Ophthalmology, University of Auckland, for further ophthalmic investigations. Retinal examination by optical coherence tomography
(OCT) revealed normal foveal thickness (142 mm OD, 138 mm OS)
with irregular surface contours. Heidelberg retina tomography (HRT)
showed healthy optic rim volume (0.540 mm3 OD, 0.616 mm3 OS)
with normal mean retinal nerve fiber layer thickness (0.228 mm OD,
0.239 mm OS).
Orbscan II slit-scanning elevation topography (Bausch and
Lomb Surgical, Rochester, NY) was performed on both eyes. Central
pachymetry was 562 mm OD and 567 mm OS. Mean mid peripheral
thickness (12 measurements measuring 12.57 mm2 each) was 632 6
54 mm OD, and 616 6 35 mm OS.
In vivo confocal microscopy of the cornea was performed
using a slit-scanning technology (Confoscan 2, Fortune Technologies
America, USA). The subject was asked to fixate on a target, and the
examination was performed with a 403 nonapplanating, immersion
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FIGURE 1. (A) Slit-lamp biomicroscopy highlighting mild stromal haze
predominantly involving the posterior
stroma (arrows) and a right fundus
photograph (B) showing fine macular
retinal folds (arrow).
lens that covers an area of approximately 0.1 mm2. A drop of
Viscotears (Carbomer 940 2 mg/g, CIBA Vision, Australia) on the
objective lens served as an immersion and contact substance. For all
examinations, a standard setting of four passes, with an 858-mm
scanning range (throughout the z-axis) was used. One examination
was performed on the center of each cornea, and up to 300 images
were obtained for each examination. Qualitative and quantitative
analysis using NAVIS (Nidek Advanced Vision Information System)
proprietary software was performed.
In vivo confocal microscopy revealed that the epithelium and
Bowman’s layer had normal appearance; however, the anterior stroma
appeared hazy, containing poorly defined cells. The middle and
posterior stroma were clearly visualized and exhibited well-defined,
unusually shaped keratocytes. These cells contained single or multiple hyporeflective regions with well-defined borders and ranged
from 1 to 11.6 mm in size. These abnormal keratocytes were particularly abundant in the posterior stroma and sparse in the anterior
stroma (Fig. 2B–D).
Endothelial cell densities were 3,501 6 83 cells/mm2 OD and
3,397 6 97 cells/mm2 OS (normal for age = 2185–3727 cells/mm2).
There was no significant polymegathism (coefficient of variation
32.3% OD and 36.2% OS) or pleomorphism (percentage of hexagonal cells 63.3% OD and 50.3% OS) and the endothelial morphology was otherwise normal (Fig. 2F).

stroma. This is in contrast to light and electron microscopy
studies, in which the entire stroma is typically involved.5 Endothelial involvement also has been reported.7 These differing
findings may be related to the fact that all previous studies
were performed on specimens taken at penetrating keratoplasty

DISCUSSION
The most striking microstructural observation in
this case is the presence of hyporeflective regions within
keratocytes, giving a ‘‘vacuolated’’ appearance. These regions
are likely to represent the intracellular inclusions demonstrated
in histologic studies.7,8 Electron microscopy studies have
distinguished two main types of inclusions: fibrillogranular
vacuoles, and predominantly membranous lamellar vacuoles.5
These vacuoles consist of membrane bound accumulations of glycosaminoglycans.7,8 Ultrastructural findings by
Akhtar et al8 suggest that these accumulations lead to the
degeneration and enlargement of keratocytes with subsequent
build up of extracellular proteoglycans. The result is disruption
of the regular arrangement of collagen lamellae. Goldman
et al9 have shown that if the collagen lamellae are separated by
more than 200 nm, light scatter increases, resulting in corneal
haze. In this early and mild case of Maroteaux-Lamy syndrome, vacuolated keratocytes were predominantly seen in the
posterior stroma and were relatively sparse in the anterior

624

FIGURE 2. In vivo confocal microscopy of the cornea
demonstrating a normal nerve appearance (A), the anterior
stroma (B), the posterior stroma (C,D) with vacuolated
keratocytes (arrows). Posterior stromal keratocytes from
a normal subject are shown for comparison (E). The patient
had normal endothelial cell morphology and density (F) (scale
bar = 50 mm).
q 2005 Lippincott Williams & Wilkins
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and represent severe end-stage corneal disease in which visual
loss was significant.
To our knowledge, using a MEDLINE search, there are
no other reported cases of corneal opacification in MPS-VI
imaged by in vivo confocal microscopy (Fig. 3). Grupcheva
et al10 reported the in vivo confocal microstructural characteristics of the cornea in mucopolysaccharidosis type I-S (Scheie’s
syndrome). Some of their findings were comparable to the
presented case. Unusually shaped vacuolated keratocytes were
noted particularly in the middle to posterior stroma and cellular elements in the anterior stroma were not clearly identifiable. Mild endothelial polymegathism also was noted.
Contrasting findings were signs of anterior stromal fibrosis and
the presence of unusually bright cells at the level of the basal
epithelium. However, this case of Scheie’s syndrome was relatively advanced, exhibiting full-thickness involvement of the
stroma clinically.
The most prominent features of the posterior segment
were the bilateral, radial, retinal folds extending from the
center of the fovea. To our knowledge, this has not been
reported previously in patients with Maroteaux-Lamy syndrome. Several explanations are possible. Histologic studies of
the sclera in patients with Maroteaux-Lamy syndrome have
shown significant posterior thickening and accumulation of
intracellular and extracellular acid mucopolysaccaride.5 These
findings were identical to those in patients with uveal effusion
syndrome.11 Investigators have therefore suggested a role for
mucopolysaccharides in uveal effusion syndrome. It is possible that the reported case has had mild bilateral uveal effusion,
causing thickening of the choroid and hence the retinal folds in
the macular area. However, serous retinal detachment was not
a feature in this case. In the presence of high hyperopia, and
potentially thickened posterior sclera, a more likely explanation for the retinal folds would be posterior microphthalmia.
Several reported cases of posterior microphthalmia are
associated with hyperopia, elevated macular retinal folds,
and variable visual acuity.12 Three types of retinal folds have
been reported: grossly deforming falciform folds, multiple thin
retinal folds radiating from the disc, and a single funnelshaped papillomacular retinal fold.13 It has been proposed that
these folds are caused by the primary failure of the outer ocular
coats to develop fully while the sensory retina grows more
abundantly.

q 2005 Lippincott Williams & Wilkins

Analysis of the Cornea in Maroteaux-Lamy Syndrome

In view of the thickened sclera in Maroteaux-Lamy
syndrome, it is reasonable to speculate that the scleral canal
would be narrowed contributing to the relatively small optic
nerve head. In contrast to previous reports of optic atrophy,5
the reported case has relatively healthy neuroretinal rims.
This report highlights the usefulness of in vivo confocal
microscopy as a noninvasive technique for assessing mild
corneal disorders. As a research tool, it may provide insight
into the disease process. As a clinical tool, it can aid in
diagnosis, which in some cases may reduce the need for further
invasive investigation. In addition, the in vivo confocal microscope may assist in ophthalmic management by enabling
assessment of the living cornea over time.
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In vivo confocal microstructural analysis
of corneal endothelial changes in a patient
on long-term chlorpromazine therapy

Abstract Background: Deposits in
the cornea and lens are a known
complication of long-term chlorpromazine therapy. Method: A 59-yearold woman had previously taken
chlorpromazine for 20 years with
doses up to 1,200 mg/day, with a
mean dose of 400 mg/day. She
presented with gradual onset of
blurred vision in her left eye. Slitlamp biomicroscopy revealed multiple fine creamy-white deposits on her
corneal endothelium and anterior
crystalline lens capsule bilaterally.
Results: In vivo confocal microscopy
of the cornea identified irregular
hyper-reflective deposits on the posterior surface of the endothelium. The
deposits varied from 1 μm to 70 μm
in diameter and had well-defined
edges. Endothelial morphology was

Introduction
Deposits in the cornea and lens are a known complication
of long-term chlorpromazine therapy [1, 7]. This is the first
report to describe chlorpromazine deposits on the corneal
endothelium imaged using in vivo confocal microscopy.

Case report
A 59-year-old woman presented with gradual onset of
blurred vision in her left eye. There was no significant
ophthalmic or family history, although her past medical
history included angina, hypercholesterolaemia, borderline
personality disorder and depression. Her psychotropic med-

otherwise normal bilaterally.
Conclusions: This is the first report
of in vivo confocal imaging of
deposits resulting from long-term
chlorpromazine use. Microstructural
analysis of the corneal endothelium
reveals that there were no abnormalities in cellular morphology resulting
from these deposits.

ication consisted of amitriptyline, risperadone and clonazepam. The patient had previously taken chlorpromazine
for 20 years with doses up to 1,200 mg/day, with a mean
dose of 400 mg/day.
When examined by her ophthalmologist, her best spectacle-corrected visual acuities were 6/9 and 6/48 in the right
and left eye, respectively. Slit-lamp biomicroscopy revealed
multiple fine creamy-white deposits on her corneal endothelium (Fig. 1a) and anterior crystalline lens capsule
(Fig. 1b) bilaterally. Deposits in the cornea extended to the
periphery, while the lenticular deposits were only seen
centrally. Posterior sub-capsular cataracts were present in
both eyes but more marked on the left.
Orbscan II slit-scanning elevation topography (Bausch
and Lomb Surgical, Rochester, NY, USA) revealed early
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Fig. 1 Slit-lamp photographs highlighting multiple fine creamywhite deposits (arrows) a on the corneal endothelium and b on the
anterior lens capsule of the left eye

sub-clinical keratoconus in the left eye (steepest keratometry 51.8 D) and a borderline topographic pattern in the
right eye (steepest keratometry 47.3 D).
In vivo confocal microscopy was performed on both
corneae using the ConfocoScan 2.0 microscope (Fortune
Technologies, Greensboro, NC, USA) following a previously described protocol [4].
In vivo confocal microscopy identified irregular hyperreflective deposits on the posterior surface of the endothelium. The deposits varied in size from 1 μm to 70 μm in
diameter and had well-defined edges (Fig. 2a). Endothelial
morphology was otherwise normal bilaterally. The endothelial density in both eyes were within the normal ageadjusted range [left eye 2,542±95 cells/mm2 and right eye
3,552±30 cells/mm2 (normal range 1,684–3,209 cells/mm2)]
and there was no endothelial pleomorphism or polymegathism. A few fine hyper-reflective spots were identified at
all levels of the stroma (Fig. 2c,e). The corneal epithelium
appeared normal. The central corneal thickness measured
by Orbscan II pachymetry was 534 μm and 515 μm in the
left and right eye, respectively.

Discussion
Previous studies have observed deposits on the anterior
lens capsule and in the posterior cornea of patients on longterm phenothiazines such as chlorpromazine [1, 7]. These
deposits have been found to be dose-dependent and to
persist after the drug is discontinued [6]. Deposits in the
lens occur in 50% of patients with a cumulative chlorpromazine dose of more than 1,000 g, and corneal deposits
occur at higher levels [6]. In the case reported here, the
patient’s cumulative chlorpromazine dose was more than
2,000 g.
The corneal changes are usually described as occurring
in the posterior stroma, Descemet’s membrane, and endothelium, although involvement of all corneal layers has
been reported [6]. In the case reported here, the deposits
were predominantly endothelial. This distribution may
suggest that the drug is deposited via the aqueous humour.

Fig. 2 In vivo confocal microscopy of the left cornea demonstrating
a multiple hyper-reflective deposits (arrows) on the posterior endothelial surface and sparse bright deposits within the c anterior stroma
and e posterior stroma. b Endothelial cells, d anterior stroma and
f posterior stroma from a normal subject are shown for comparison.
(scale bar = 50 μm)

Chlorpromazine-induced ocular toxicity is likely to result
from drug interactions with sunlight on unidentified anterior
segment proteins, causing them to opacify and accumulate
in the conjunctiva, cornea, and lens [2]. Specific interactions
may be with hydroxylated metabolites of chlorpromazine
[3]. Chlorpromazine has also been found to accelerate the normal ageing processes of the lens [5], which may have contributed to the patient’s cataracts.
This is, to our knowledge, the first report of in vivo
confocal imaging of deposits resulting from long-term chlorpromazine use. Microstructural analysis of the corneal endothelium reveals that there were no abnormalities in cellular
morphology resulting from these deposits.
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Letters to the Editor
We propose that our patient developed a manifest bilateral
subacute angle-closure glaucoma post-CABG, a hitherto undescribed clinical scenario. We hypothesize that his narrow angles
predisposed him to such a development and may indeed have been
partially responsible for latent disease with subclinical attacks in
the past. The presence of advanced right disc cupping in association with a constricted visual field on presentation supports this as
it is unlikely that this manifest 25-day history of raised intraocular
pressures would have accounted for all the damage. The discrepancy in cup/disc ratios between the two eyes may relate to the
unequal pressures documented at presentation, which may themselves be related to fundamental differences in ocular structure as
the left eye is amblyopic.
Also causative are the likely pre-existing tonic pupils that, in
combination with the narrow angles and anaesthetic mydriasis, led
to angle-closure. An acute angle-closure glaucoma per se may have
been averted owing to the stiff ‘wooden’ nature of the tonic pupil
disallowing maximal dilatation and relative pupil block upon emergence from anaesthesia but crowding the angle sufficiently and
persistently to effect prolonged subacute angle closure.
The concomitant pressure rise associated with CABG, including
that induced by the use of succinylcholine, is likely to have a very
minor contribution towards the optic nerve head damage. The
intraoperative hypotensive episode may also have contributed to
further autonomic dysfunction as well as possible anterior ischaemic optic nerve damage, especially in this vasculopathic setting.
Certainly the ephedrine and atropine would have been mydriatic
in their parenteral usage. Psychological stress postoperatively may
have aggravated pupil dilatation.
We re-emphasize the potential occurrence of diverse visual
dysfunction post-CABG and highlight the importance of early
ophthalmic review especially in reversible cases such as this one.
Awareness of predisposing factors, where possible, is of use in
postoperative co-operative care.

Kenneth G-J Ooi MB BS, Shahriar Nabili MRCOphth,
Kirsteen J Thompson FRCS(Ed) and
Michael P Gavin MRCOphth
The Tennent Institute of Ophthalmology, Gartnavel General Hospital,
Glasgow, Scotland, UK
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Surgical detachment of Descemet’s
membrane and endothelium imaged
over time by in vivo confocal
microscopy
ABSTRACT
A 90-year-old woman developed a large circular capsulorhexis-like
defect in Descemet’s membrane as a complication of small incision
cataract surgery. Nine months post-surgery, in vivo confocal microscopic examination of the temporal mid-peripheral cornea revealed
an endothelial cell density of 934 ± 69 cells/mm2 (normal range
1566–3088 cells/mm2). Endothelial pigmented deposits were visible
as scattered hyper-reflective areas on the posterior endothelial
surface. Descemet’s folds were also noted. In vivo confocal microscopy performed 3 years later showed the temporal mid-peripheral
corneal endothelial density (in the region of the break) was
948 ± 66 cells/mm2. A reduction of endothelial polymegathism and
pleomorphism was observed. Imaging in the region of the temporal
portion of the original Descemet’s defect showed well-defined linear
structures with hyper-reflective edges. Compared to 3 years previously, the cornea at the level of Descemet’s membrane appeared to
have greater reflectivity. This case demonstrates how microstructural
changes in the cornea can be described and analysed over time with
the assistance of in vivo confocal microscopy.
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INTRODUCTION
Descemet’s membrane breaks and detachments are an uncommon
but potentially devastating complication of intraocular surgery.
Reattachment or repair of detached Descemet’s membrane can
occur spontaneously or with surgical intervention.1–5
To our knowledge, using a Medline search, large Descemet’s
membrane detachments with endothelial cell loss occurring secondary to cataract surgery have not previously been imaged by
in vivo confocal microscopy. In vivo confocal microscopy is a noninvasive tool for instantaneous, microstructural analysis of the
living cornea at all cellular levels. It has been used for differential
diagnosis of linear structures and investigation of corneal oedema
and various types of corneal pathology.6
This report describes an unusually large Descemet’s membrane
tear and detachment occurring as a complication of cataract
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Figure 1. Slit-lamp photography of the right eye showing a
curvilinear break in Descemet’s membrane (a) temporally and (b)
nasally.

surgery. Observations by in vivo confocal microscopy over a 3-year
period demonstrate Descemet’s membrane fibrosis and endothelial
remodeling.

CASE REPORT
We report a 90-year-old Caucasian woman who was reviewed
9 months and 45 months after complicated right phacoemulsification and intraocular lens (IOL) implantation.
During initial cataract surgery of the right eye a paracentesis
was made using a diamond keratome at 12 o’clock and viscoelastic (Viscoat, Alcon Laboratories, Frenchs Forest, NSW, Australia)
was injected via a rycroft canula. Unfortunately, the anterior
chamber view was initially compromised by a large air bubble
and, unknown to the surgeon, a total visco-dissection of Descemet’s
membrane had occurred due to the imperforate nature of the
paracentesis. The air bubble persisted and the true extent of
the Descemet’s detachment was not recognized. A 3.2-mm
diamond keratome was used to create a temporal clear corneal
wound and a bent 27 g needle utilized to initiate the ‘anterior
capsulorhexis’ of the detached Descemet’s membrane, which
abutted the anterior capsule, and a continuous curvilinear rhexis
was completed with difficulty. Only at this stage was the
Descemet’s detachment identified. A genuine anterior lens capsulorhexis was performed thereafter and ‘routine’ phacoemulsification completed. A foldable silicone IOL was inserted into the
capsular bag, a 10.0 nylon suture was placed in the corneal wound
and subconjunctival Kefzol administered. Immediately following
surgery the patient and family were informed of the surgical
complication and a very guarded prognosis was offered regarding
the postoperative vision.
On day one postoperatively her spectacle best corrected visual
acuity (BCVA) was hand movements and there was marked corneal
oedema with apparent folds of residual Descemet’s membrane that
resolved over several months.
Nine months postoperatively, the patient was referred by her
surgeon to the Department of Ophthalmology, University of
Auckland, for initial assessment of her cornea by in vivo confocal
microscopy. On examination, BCVA was 6/15 right (with +3.00/
–0.75 × 53) and 6/15 left (with –0.50/–2.50 × 90). Slit-lamp biomicroscopy revealed a large circular break in Descemet’s membrane
(approximately 6 mm in diameter) involving the mid-peripheral
cornea of the right eye (Fig. 1). Clinically there was no corneal
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Figure 2. In vivo confocal microscopy of the right temporal
cornea on initial assessment (9 months post-surgery). (a) Reduced
endothelial density with cellular pleomorphism and polymegathism
was revealed. (b) Descemet’s folds (arrow) were prominent. Frame
size 340 µm × 255 µm.

oedema, although the endothelium had a beaten-metal appearance
with endothelial pigment deposits centrally. The left cornea had an
entirely normal appearance. Intraocular pressures were 12 mmHg
right and 16 mmHg left.
The posterior chamber IOL in the right eye was minimally
decentred with moderate posterior capsule thickening. An early
nuclear cataract was noted in the left eye and fundus examination
was unremarkable bilaterally.
Orbscan II slit-scanning elevation topography (Bausch and
Lomb Surgical, Rochester, NY, USA) of the right eye revealed a
central corneal thickness of 553 µm and mean mid-peripheral
corneal thickness of 601 ± 43 µm.
In vivo confocal microscopy (Confoscan 2, Fortune Technologies America, Greensboro, NC, USA) was performed on the temporal cornea of the right eye following a previously described
protocol.6
The endothelial cell density in the temporal mid-periphery was
low at 934 ± 69 cells/mm2 (age-matched normal range 1566–3088
cells/mm2). Endothelial cell evaluation by the proprietary NAVIS
software demonstrated endothelial polymegathism (coefficient of
variation 70.0 ± 10.2%, normal for aged over 80 is 29.0 ± 1.2%7)
and pleomorphism (29 ± 8% hexagonal cells, normal for aged over
80 is 61.4 ± 1.0%7). Relatively small pleomorphic hyper-reflective
structures, presumed to be pigmented deposits, were also observed
at the level of the corneal endothelium (Fig. 2a). Descemet’s folds
were noted, with fold diameters of up to 24 µm (Fig. 2b). Unfortunately, the left eye could not be examined due to patient fatigue.
The patient subsequently underwent right YAG laser capsulotomy and left cataract surgery. She was reassessed in the University
Department 3 years after the initial in vivo confocal microscopy
assessment (45 months post-cataract surgery). At this time her
unaided visual acuities were 6/15 right and 6/7.5 left with no
further improvement with pinhole. The corneal appearances of
each eye were unchanged on slit-lamp biomicroscopy. Intraocular
pressures remained within the normal range (14 mmHg bilaterally)
and fundus examination revealed bilateral macular retinal pigment
epithelial changes consistent with early age-related macular
degeneration.
The central corneal thickness in the right eye was within
normal limits at 533 µm as measured by Orbscan II topography.
The mean mid-peripheral corneal thickness was 565 ± 51 µm.
In vivo confocal microscopy performed on the right eye revealed
the temporal mid-peripheral corneal endothelial density (in the
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Figure 3. In vivo confocal microscopy of the right temporal
cornea 3 years after initial assessment (45 months post-surgery). (a)
Endothelial density remained unchanged during the 3-year period;
however, there was less cellular pleomorphism and polymegathism.
(b–d) Folds and breaks in Descemet’s membrane were present
(arrows) and there was increased reflectivity at the level of
Descemet’s membrane. Frame size 340 µm × 255 µm.
region of the Descemet’s break) was 948 ± 66 cells/mm2. However,
cellular pleomorphism was reduced, with 50 ± 13% of endothelial
cells now exhibiting hexagonality. There was also a reduction in
polymegathism (coefficient of variation 32.4 ± 7.2%) compared to
that noted 3 years previously (Fig. 3a). The central endothelial cell
density was 794 cells/mm2.
Imaging in the region of the temporal portion of the Descemet’s
break showed well-defined linear structures with hyper-reflective
edges (Fig. 3b–d). Compared to 3 years previously, the temporal
cornea at the level of Descemet’s membrane appeared to have
significantly greater reflectivity.

DISCUSSION
Descemet’s membrane is a basal lamina produced by the endothelium and is approximately 3–4 µm thick at birth and reaches a
thickness of 10–12 µm or more in the adult.8 Endothelial cells,
when stimulated by inflammation or trauma, can produce excess
abnormal basal lamina9 causing thickening of Descemet’s membrane. Thus the multiple layers of Descemet’s membrane can
provide a morphologic record of previous episodes of disease.
Descemet’s membrane breaks are an uncommon, but wellrecognized, intraoperative complication of cataract surgery and
usually extend from the corneal incision. In most cases, the breaks
and detachments are small and of no visual significance. Rarely,
extensive detachments occur and can be a potentially devastating
complication. Descemet’s membrane is easily detached from the
stroma and can regenerate readily after injury. Reattachment or
repair of detached Descemet’s membrane can occur spontaneously
or with surgical intervention.1–5
Fang et al. reported a case of bilateral Descemet’s membrane
detachments following cataract surgery.10 Endothelial specular
microscopy had been performed preoperatively on one eye and
highlighted the qualitative appearance of an irregular endothelial
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surface similar to, but more coarse than, the beaten-metal appearance of the endothelium in iridocorneal endothelial syndrome. The
authors postulated an anatomic predisposition to Descemet’s membrane detachments.
Histological examination of a cornea 8 months after a Descemet’s
membrane detachment that failed to resolve demonstrated wrinkling and contracture of the detached Descemet’s membrane.
Fibrosis was also identified between the stroma and Descemet’s
membrane.5 These changes are likely to prevent reattachment,
suggesting that surgical repair should be performed early, before
the onset of fibrosis.
Specular microscopy performed 2 years after successful repair
of a Descemet’s membrane detachment highlighted an endothelial
cell count of 650 cells/mm2; however, Descemet’s membrane per se
was not imaged in this case.5
To our knowledge, Descemet’s membrane breaks occurring
secondary to cataract surgery have not previously been imaged by
in vivo confocal microscopy. In the present case, the increased
reflectivity of Descemet’s membrane, noted 3 years after the initial
postoperative in vivo confocal examination, probably represents
scarring and fibrosis of this structure. Interestingly, the endothelial
cell density remained essentially unchanged during this 3-year
period, as did the corneal thickness; however, in vivo confocal
microscopy showed a reduction in endothelial polymegathism and
pleomorphism with time. This is probably the result of cellular remodelling and repair. Schultz et al. noted that immediately following intracapsular and extracaspsular cataract surgery the endothelial cells lose their regular hexagonal shape and uniformity of size
as they elongate and migrate to cover defects left by damaged
cells.11 Cellular re-modelling then occurs and the endothelial cells
return to a normal morphological configuration within 3 months.
In contrast, this process can take up to 2 years following penetrating keratoplasty.12
The reported case demonstrates recovery of good visual acuity
despite a very extensive Descemet’s membrane defect. This shows
the ability of endothelial cells to survive and maintain useful
function despite a major loss of endothelial cells centrally. Indeed,
a 6-mm ‘capsulorhexis’ of Descemet’s and associated endothelium
(in a 11.5-mm diameter cornea) represents approximately a 30%
cell loss. This unusual case highlights the usefulness of in vivo
confocal microscopy in following disease progression and
endothelial recovery over time.
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Changing trends in sympathetic
ophthalmia
ABSTRACT
Sympathetic ophthalmia is a rare and potentially visually devastating
bilateral panuveitis, typically following non-surgical penetrating injury
to one eye. Three patients are presented where sympathetic ophthalmia developed after repeated vitreoretinal surgery. Prompt and
effective management with systemic immunosuppressive agents permitted control of their disease and retention of good visual acuity in
their remaining eye. Vitreoretinal surgery is an important risk factor
in sympathetic ophthalmia. Informed consent for vitreoretinal
surgery (especially in the re-operation setting) should now include
the risk of sympathetic ophthalmia (approximately 1 in 800). Diverse
clinical presentations are possible in sympathetic ophthalmia and any
bilateral uveitis following vitreoretinal surgery should alert the
surgeon to the possibility of sympathetic ophthalmia. Modern immunosuppressive therapy with systemic steroids and steroid-sparing agents
such as cyclosporin A and azathioprine have improved the prognosis. This is particularly so in cases where early diagnosis is made
and prompt and suitable immunotherapy is commenced.

Key words: immunosuppression, sympathetic ophthalmia, vitreoretinal surgery.
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INTRODUCTION
Sympathetic ophthalmia is a rare and potentially visually devastating bilateral panuveitis, typically following non-surgical penetrating injury to one eye.1 Recent reports have indicated vitreoretinal
surgery may be an important risk factor.2–4 We report three cases
that illustrate the changing trends in sympathetic ophthalmia and
discuss a practical management approach.

CASE REPORTS
Case 1
A 72-year-old man presented in April 2002 with 1-week history of
subjectively altered vision in his left eye, with blurring, photopsia
and floaters. Relevant past ocular history included five retinal
detachment repair procedures on the right eye between December
1999 and July 2001. A grumbling mild right uveitis was noted after
the fourth procedure requiring topical steroids.
Clinical examination at presentation revealed moderate bilateral non-granulomatous uveitis worse right than left (no prior
uveitis left). Visual acuity was light perception only (PL) right and
6/9 left (reduced from previously documented 6/5). Dilated fundal
examination revealed bilateral pallid oedema of his disc, and
multiple bilateral chorioretinal infiltrates (Dalen–Fuchs nodules).
A presumptive diagnosis of sympathetic ophthalmia was made
and the patient was commenced on high dose systemic prednisolone (75 mg daily) with subsequent slow tapering, titrating to
clinical response. He experienced an improvement in his visual
symptoms and visual acuity recovered to 6/6 in the left eye. He
remains stable on 10 mg prednisolone daily with no active inflammation in either eye.

Case 2
A 48-year-old man presented in March 2002 with a 3-month
history of photopsia, floaters and marked photophobia in his left
eye. Relevant past ocular history included right aphakia and amblyopia, after congenital cataract extraction in childhood. Right
retinal detachment in 1999 had required two vitreoretinal procedures to reattach the retina.
Examination at presentation (36 months from last retinal procedure) revealed visual acuities of PL right and 6/9 left (considered in
keeping with early posterior subcapsular lens opacity). He was
noted to have peripheral vitreous debris, and pre-equatorial
mottled chorioretinal pigmentary changes (thought to reflect his
pre-existent peripheral retinal degeneration). At follow-up 1 month
later, the patient described increasing flashes and floaters in the left
eye, along with blurred vision and reduction in visual acuity to 6/12
left. Clinical examination revealed a mild bilateral non-granulomatous
anterior uveitis. In the left eye there was a marked increase in his
peripheral vitreous and chorioretinal pigmentary changes, which
had advanced posteriorly and included fresh chorioretinal infiltrates along with old atrophic areas. No peripheral retinal tears
were evident. A presumptive diagnosis of sympathetic ophthalmia
was made and high dose systemic prednisolone (60 mg) was commenced. The patient noted a prompt response to systemic steroids
with regression of vitritis, visual improvement and cessation of his
photophobia and flashes and floaters. However, his symptoms
recurred on steroid reduction below 50 mg daily and he was

