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Abstract 
 

Purpose 

The cornea requires maintenance of clarity, shape, thickness and surface cellular integrity to 

retain normal vision. In vivo confocal microscopy (IVCM) enables microstructural analysis of the 

in vivo cornea, allowing fresh insight into corneal microstructure in health and in inherited and 

acquired corneal disease. Recently, the introduction of laser scanning IVCM has utilised point 

scanning with coherent light to push forward the boundaries of real-time in vivo imaging. This 

related series of studies aimed first to validate the role of laser scanning IVCM and then to utilise 

laser scanning IVCM to examine corneal microstructure in normal subjects, following penetrating 

keratoplasty and in corneal ectasia and corneal dystrophy. 

 

Methods 

Subjects were assessed with slit lamp examination, corneal topography and laser scanning IVCM. 

Basal epithelial, sub-basal nerve plexus, keratocyte and endothelial cell and innervation density 

were quantified.  

 

Results 

Laser scanning IVCM generated high quality images of corneal microstructure. Comparison with 

slit scanning confocal microscopy illustrated good correlation between the two microscopes, 

although differences existed between optical section thickness and image contrast. High 

repeatability and inter-session and inter-observer reproducibility was demonstrated with laser 

scanning IVCM. The subsequent studies examined corneal microstructure alterations with age, 

following penetrating keratoplasty, and in corneal ectasia and corneal dystrophy. Laser scanning 

IVCM highlighted alterations at every level of the cornea and good agreement was observed 

between the in vivo and ex vivo results following penetrating keratoplasty.  

 

Conclusions 

In vivo confocal microscopy allows rapid analysis of corneal microstructure in health and disease, 

offering clinicians and researchers an exciting bridge between clinical and laboratory 

observations.  

 



 

Page II 
 

Acknowledgements 
 

Completion of this PhD would not have been possible without the contributions, support and 

guidance so generously offered to me by so many people. 

 

Firstly, I would like to acknowledge the Maurice and Phyllis Paykel Trust, whose generous 

scholarship enabled me to take three years out of full-time clinical work to complete the research  

for this PhD. In addition to the PhD stipend, the Maurice and Phyllis Paykel Trust also provided 

several travel grants, enabling presentation and dissemination of the results of this thesis both at 

national and international conferences. 

 

Professor Charles McGhee has been a tower of support over the last three years, providing 

unstinting direction and guidance, encouragement and humour. He has been instrumental in 

every stage of this PhD, from conception of the research project, sourcing funding, referring 

patients, analysis of results and compiling the final manuscript. I am eternally grateful for the 

many long hours he has contributed editing the contents of this thesis. He has been a great 

mentor and this PhD would not have been possible without him.  

 

I would like to thank Dr Trevor Sherwin for his co-supervision of this thesis. His door has been 

continuously open to me throughout the course of the PhD and I have made frequent forays 

down the hall to discuss a new idea, or to seek advice or reassurance. Trevor introduced me to 

the discipline and rewards of applied laboratory science; he has been an excellent teacher and a 

source of great support during the completion of this thesis. 

 

Special thanks goes to Dr Dipika Patel for teaching me how to use the laser scanning and slit 

scanning in vivo confocal microscopes and image analysis software. She has been generous in 

sharing her knowledge and has demonstrated great patience in answering my many questions. 

Her own work in the arena of in vivo confocal microscopy serves as an inspiration to me. 

  

Of course a number of the larger projects included in this thesis required the skills and resource 

of a team, and in addition to the aforementioned collaborators I particularly wish to thank three 

University of Auckland medical students who spent summer selectives assisting me in the 

completion of major projects. Divya Perumal, Serena Park and Doron Hickey were invaluable for 

their contributions to examining repeatability and reproducibility of laser scanning in vivo confocal 

microscopy and the immunofluorescence microscopy of human corneal nerve regeneration 



 

Page III 
 

following penetrating keratoplasty. I would also like to recognise Nigel Brookes for kindly 

teaching me how to find my way around a laboratory and answering endless queries, and the 

contributions of Dr Judy Ku, Dr Catherine Wheeldon and Dr O Bruce Hadden to in vivo and 

clinical aspects of this work. 

 

Working within the Department of Ophthalmology at the University of Auckland over the last 

three years has been a great pleasure and I have benefited from strong encouragement, support 

and advice from so many in the team – too many to name individually. However, in particular I 

would like to thank Associate Professor Helen Danesh-Meyer for first introducing me to clinical 

research and encouraging me to pursue an academic career as a clinician-scientist, Professor 

Colin Green for his infectious enthusiasm for research, Louise Moffat and the staff of the New 

Zealand National Eye Bank, and Hutokshi Chinoy for helping to co-ordinate countless research 

patient visits. 

 

I would also like to extend my thanks to the Ophthalmology Department at Auckland Hospital, 

the Eye Institute and Auckland Eye for supporting this research through referral of interesting 

patients, in particular, I would like to thank Dr Peter Ring, Dr Bruce Hadden, Dr Trevor Gray, Dr 

David Pendergrast, Dr Andrea Vincent and Mr Richard Johnson.  

 

I am especially grateful to Kate Niederer and Fraser Harding, for their help and diligence in proof 

reading of this thesis and for their support at all times during the evolution of this project. 

 

Finally, I would like to thank my family, for training me with years of lively debate, for their long-

term unfailing emotional, financial and moral support, and for the encouragement to pursue my 

dreams. They have consistently supported me, and their advice, empathy and humour has been 

instrumental, not just in completing this PhD, but in enjoying the process.    

 

 

Auckland, 12th January 2008 

 



 

Page IV 
 

Table of contents 
 

  
Page number

 SECTION I – INTRODUTION AND METHODS  1 

  Chapter 1 – Human corneal anatomy  2

   Gross anatomy  3

   Microscopic anatomy  4

    Epithelium  4

    Bowman’s layer  6

    Stroma  6

    Descemet’s membrane  8

    Endothelium  9

    Corneal nerves  10

  Chapter 2 – Methods of corneal examination  12

   Visual acuity  13

   Slit lamp biomicroscopy  15

    Examination techniques  15

   Corneal topography  18

    Orbscan slit scanning tomography  19

    Pentacam rotating Scheimpflug tomography  20

   Corneal pachymetry  22

    Ultrasound pachymetry  22

    Ultrasound biomicroscopy  24

Specular microscopy  25

Anterior segment optical coherence tomography  25

Confocal microscopy through focussing  26

Orbscan slit scanning corneal tomography  27

Pentacam rotating Scheimpflug tomography  28

 Chapter 3 – In vivo confocal microscopy of the human 

cornea 

 29

   Introduction  30

   Historical overview  30

 Principles of confocal microscopy  31



 

Page V 
 

    Tandem scanning confocal microscope  31

    Slit scanning confocal microscope  31

    Laser scanning confocal microscope  32

   Normal central cornea  33

    Epithelium  33

    Sub-basal nerve plexus  35

    Bowman’s layer  36

    Stroma  36

    Descemet’s membrane  37

    Endothelium  37

    Corneal thickness  38

    Other ocular sites  39

 Corneal alterations during in vivo confocal microscopy 

examination 

 40

   Ageing  41

   Contact lens wear  41

   Dry eye  42

   Corneal ectasia, dystrophies and degenerations  43

    Keratoconus  43

    Corneal dystrophies  44

    Corneal degenerations  47

   Iridocorneal endothelial syndrome  47

   Infective keratitis  47

    Acanthamoeba keratitis  48

    Fungal keratitis  49

    Bacterial keratitis  49

    Viral keratitis  49

   Post-surgical cornea  50

    Refractive surgery  50

    Cataract surgery  54

    Penetrating and lamellar keratoplasty  54

   Other ocular disease  56

    Corneal neovascularisation  56

    Uveitis  56

    Corneal deposits  56



 

Page VI 
 

   Systemic disease  57

   Conclusions  57

  References for Section I 

 

 58

 SECTION II – VALIDATION OF LASER SCANNING IN 

VIVO CONFOCAL MICROSCOPY  

 81 

 Chapter 4 – Quantitative comparison of slit scanning and 

laser scanning in vivo confocal microscopy for evaluation of 

normal corneal microstructure 

 82

  Abstract  83

  Introduction  84

  Materials and methods  84

   Subject recruitment and assessment  84

   In vivo confocal microscopy  85

   Image analysis  86

   Statistical analysis  87

  Results  87

  Discussion  94

 Chapter 5 – Repeatability and reproducibility of cell and 

innervation density utilising laser scanning in vivo confocal 

microscopy 

 97

  Abstract  98

  Introduction  99

  Materials and methods  100

   Subject recruitment and assessment  100

   In vivo confocal microscopy  100

   Image analysis  101

   Statistical analysis  101

  Results  102

   Cell densities  102

   Comparison of experienced and novice examiners  103

   Repeatability and reproducibility

 

 104

  Discussion  106

 References for Section II  109



 

Page VII 
 

 

 SECTION III – IN VIVO CONFOCAL MICROSCOPY OF 

THE NORMAL HUMAN CORNEA 

 112 

 Chapter 6 – Age-related differences in the normal human 

cornea: a laser scanning in vivo confocal microscopy study 

 113

  Abstract  114

  Introduction  115

  Materials and methods  115

   Subject recruitment and assessment  115

   In vivo confocal microscopy  116

   Image analysis  116

   Statistical analysis  118

  Results  118

  Discussion  124

 References for Section III

 

 127

 SECTION IV – PENETRATING KERATOPLASTY  130 

 Chapter 7 – Corneal innervation and cellular changes 

following penetrating keratoplasty: an in vivo confocal 

microscopy study 

 131

  Abstract  132

 Introduction  133

 Materials and methods  134

  Subject recruitment  134

  Subject assessment  134

  In vivo confocal microscopy  135

  Image analysis  135

  Statistical analysis  136

 Results  136

 Discussion  141

 Conclusions  145

 Chapter 8 – In vivo confocal microscopy of sub-epithelial 

infiltrates in human corneal transplant rejection 

 146

  Abstract  147



 

Page VIII 
 

  Introduction  148

  Subjects and methods  148

  Results  149

   Case 1  149

   Case 2  149

   Slit lamp examination  150

   In vivo confocal microscopy examination  150

  Discussion  153

  Conclusions  154

 Chapter 9 – Immunofluorescence microscopy of human 

corneal nerve regeneration following penetrating 

keratoplasty 

 155

  Abstract  156

  Introduction  157

  Materials and methods  157

   Tissue source  157

   Cryo-sectioning and immunohistochemistry  158

   Microscopy and image capture  159

   Image processing and data analysis  159

   Statistical analysis  160

  Results  160

  Discussion  167

 References for Section IV

 

 171

 SECTION V – IN VIVO CONFOCAL MICROSCOPY IN 

CORNEAL ECTASIA AND CORNEAL DYSTROPHIES 

 177 

 Chapter 10 – Laser scanning in vivo confocal microscopy 

in keratoconus 

 178

   Abstract  179

   Introduction  180

   Materials and methods  180

    Subject recruitment and assessment  180

    In vivo confocal microscopy  181

    Image analysis  182

    Statistical analysis  183



 

Page IX 
 

   Results  183

   Discussion  191

 Chapter 11 – A cross-sectional study of multi-layer 

microstructural changes in Fuchs’ endothelial corneal 

dystrophy using laser scanning in vivo confocal microscopy 

 196

  Abstract  197

  Introduction  198

  Materials and methods  198

   Subject recruitment and assessment  198

   In vivo confocal microscopy  200

   Image analysis  200

   Statistical analysis  201

  Results  201

   Basal epithelium  203

   Sub-basal nerve plexus  204

   Stroma  205

   Endothelium  207

  Discussion  208

 References for Section V

 

 211

 SECTION VI - CONCLUSIONS  216 

  Chapter 12 - Conclusions  217

   Introduction  218

   Validation of laser scanning in vivo confocal microscopy  218

 Quantitative comparison of slit scanning and laser 

scanning in vivo confocal microscopy for evaluation 

of normal corneal microstructure 

 218

 Repeatability and reproducibility of cell and 

innervation density utilising laser scanning in vivo 

confocal microscopy 

 219

 Laser scanning in vivo confocal microscopy of the normal 

human cornea 

 220

 Age-related differences in the normal human 

cornea: a laser scanning in vivo confocal 

microscopy study 

 220



 

Page X 
 

   Penetrating keratoplasty  221

 Corneal innervation and cellular changes following 

penetrating keratoplasty: an in vivo confocal 

microscopy study 

 221

 In vivo confocal microscopy of sub-epithelial 

infiltrates in human corneal transplant rejection 

 222

 Immunofluorescence microscopy of human corneal 

nerve regeneration following penetrating 

keratoplasty 

 223

 In vivo confocal microscopy in corneal ectasia and corneal 

dystrophies 

 223

 Laser scanning in vivo confocal microscopy in 

keratoconus 

 224

 A cross-sectional study of multi-layer 

microstructural changes in Fuchs’ endothelial 

corneal dystrophy using laser scanning in vivo 

confocal microscopy 

 224

   Conclusions  225

  References for Section VI

 

 226

 SECTION VII - APPENDICES  229 

  Related publications  230

  Related presentations and posters  231

 Written consent form for examination of the eye by in vivo 

confocal microscopy 

 235

 Written consent form for research use of diseased or damaged 

corneal tissue 

 236

 

 



 

Page XI 
 

List of tables 
 

 Page number

2.1 95% limits of agreement for repeatability and reproducibility of central 

corneal pachymetry in normal subjects 

23

2.2 Mean difference in central corneal pachymetry in comparison to 

ultrasonic pachymetry 

24

3.1 Specifications of current in vivo confocal microscopes 32

3.2 Epithelial cell density  34

3.3 Sub-basal nerve density 35

3.4 Keratocyte cell density (cells/mm2) 36

3.5 Keratocyte cell volume density (cells/mm3) 37

3.6 Endothelial cell density 38

4.1 Subject characteristics 87

4.2 Mean cell and innervation density and limits of agreement (Bland and 

Altman) with slit scanning confocal microscopy and laser scanning 

confocal microscopy 

92

5.1 Subject characteristics 103

5.2 Correlation between right and left eyes 103

5.3 Repeatability of laser scanning in vivo confocal microscopy 104

5.4 Inter-observer repeatability of laser scanning in vivo confocal 

microscopy 

105

5.5 Inter-session repeatability of laser scanning in vivo confocal microscopy 106

6.1 Subject characteristics 119

6.2 Correlations between epithelial, keratocyte and endothelial cell densities 

and sub-basal nerve fibre innervation density with increasing age 

120

7.1 Post transplant complications and topical medication 137

7.2 Comparison between control and post transplant corneal parameters 137

9.1 Subject demographics 160

9.2 Indication for primary penetrating keratoplasty 161

9.3 Indication for repeat penetrating keratoplasty 162

9.4 Innervation density in the host cornea and central donor cornea 165

10.1 Subject characteristics (note format table) 184

10.2 Cell density and innervation density in keratoconus and control subjects 187

10.3 Subject characteristics and cell density with stage of disease 190



 

Page XII 
 

11.1 Cell and innervation density in Fuchs’ endothelial corneal dystrophy 204

11.2 Correlation between central corneal thickness and cell and innervation 

density in subjects with Fuchs’ endothelial dystrophy 

206

11.3 Correlation between size of guattae and corneal parameters 208

 

 



 

Page XIII 
 

List of figures 

 

 Page number

1.1 The gross anatomy of the human eye 3

1.2 Cross-section of the normal human cornea stained with haematoxylin 

and eosin  

4

1.3 Diagram illustrating the en face appearance of stromal keratocytes 7

1.4 3-D rendered low power ex vivo confocal microscopy of anterior and 

mid stromal keratocytes 

8

1.5 Phase contrast ex vivo image of the corneal endothelium with 

hypertonic sucrose 

9

 

1.6 Corneal nerve labelled with C3B9 (red) and cells labelled with Cell 

Tracker (green) illustrating a bifurcating stromal nerve penetrating 

through Bowman’s layer 

11

2.1 Minimum angle of resolution 13

2.2 Slit lamp biomicroscopy 15

2.3 Diffuse illumination from the left of the cornea and a light coloured iris 16

2.4 Slit illumination of the normal human cornea 16

2.5 Direct illumination (light reflected from the retina) with a small round 

bean of a corneal band in a subject with posterior polymorphous 

dystrophy 

17

2.6 Specular reflection of the corneal endothelium 18

2.7 Orbscan II corneal tomography illustrating Placido image and colour-

coded map 

19

2.8 Corneal tomography with the Pentacam illustrating the blue light source 

and Scheimpflug image 

20

2.9 Colour-coded Pentacam map of refractive power 21

2.10 Slit scanning in vivo confocal microscopy (Confoscan 4) z-depth plot of 

the intensity of back scanntered light in a full thickness scan of a normal 

human cornea 

26

2.11 Colour-coded Orbscan II map of normal central corneal thickness 27

2.12 Colour-coded Pentacam map of normal central corneal thickness 28

4.1 In vivo confocal microscopy with the Confoscan 4 and Rostock Corneal 

Module 

85

4.2 Comparison of the normal corneal appearance with slit scanning 88



 

Page XIV 
 

confocal microscopy (Confoscan 4) and laser scanning confocal 

microscopy (Rostock Corneal Module) 

4.3 Potential compression artefacts with laser scanning confocal microscopy 

(Rostock Corneal Module) 

89

4.4 Surface plots of pixel intensities of slit scanning confocal microscopy 

and laser scanning confocal microscopy images from the mid stroma of 

a single subject 

90

4.5 Quantitative comparison of image contrast in the mid stroma between 

slit scanning confocal microscopy and laser scanning confocal 

microscopy  

91

4.6 Limits of agreement (Bland and Altman) plots for slit scanning confocal 

microscopy and laser scanning confocal microscopy measurement of cell 

and innervation density in the epithelium, sub-basal nerve plexus, mid 

stroma and endothelium 

93

 
 

6.1 Laser scanning in vivo confocal microscopy of the normal human cornea 

demonstrating characteristic features 

117

6.2 Sub-basal nerve fibre density plotted against increasing age 121

6.3 Anterior and posterior keratocyte density 122

6.4 Endothelial cell density plotted against increasing age 123

6.5 Endothelial guttata 124

7.1 In vivo confocal microscopy of sub-basal nerve plexus in control subject 

and following penetrating keratoplasty 

139

7.2 In vivo confocal microscopy of stromal nerve in the mid stroma 

demonstrating prolific regeneration of corneal stromal nerves 

140

 

7.3 In vivo confocal microscopy of mid stromal keratocytes in a control 

subject and following penetrating keratoplasty 

141

8.1 Sub-epithelial infiltrates in the donor cornea of Case 1 sparing the host 

cornea 

150

8.2 Slit lamp photograph of normal cornea and subepithelial infiltrates in 

Case 1 and Case 2 and in vivo confocal microscopy images 

152

 

9.1 Corneal section illustrating host and donor cornea and graft-host 

junction 

158

9.2 Significant difference observed in time following surgery and indication 

for original penetrating keratoplasty 

162

9.3 Corneal section illustrating graft-host junction 163



 

Page XV 
 

9.4 Corneal nerves labelled with antibody to acetylated alpha-tubulin (C3B9) 

illustrating pattern of reinnervation 

164

 

9.5 Significant difference in host and central cornea innervation density 166

9.6 Positive correlation between central innervation density and time 

following surgery 

166

9.7 Inverse correlation between subject age and host innervation density 167

10.1 Laser scanning in vivo confocal microscopy appearance of the normal 

and keratoconic cornea 

186

10.2 Laser scanning in vivo confocal microscopy of sub-basal and stromal 

nerves in keratoconus and control subjects 

188

10.3 Laser scanning in vivo confocal microscopy of discontinuity of Bowman’s 

layer (and sub-basal nerve plexus) in keratoconus with presumed 

invagination of epithelial cells in upper left quadrant of image 

191

11.1 High magnification slit lamp biomicroscopy of Fuchs’ endothelial corneal 

dystrophy illustrating corneal guttae  

199

11.2 In vivo confocal microscopy of Fuchs’ endothelial corneal dystrophy 202

11.3 Thickened tortuous stromal nerves in Fuchs’ endothelial dystrophy 206

 

 

 

 

 



 

Page XVI 
 

List of formulae 
 

 Page number

2.1 Documenting visual acuity 13

4.1 Image contrast 86

 

 



 

Page XVII 
 

List of abbreviations 
 

3-D  3-dimensional 

BCVA  best corrected visual acuity 

CCD  charge-coupled device 

CCT  central corneal thickness 

CMFDA  5-chloromethylfluorescein diacetate 

CMTF  confocal microscopy through-focussing 

COR  coefficient of repeatability 

% COR  percentage coefficient of repeatability 

D  dioptre 

ETDRS  Early Treatment of Diabetic Retinopathy Study 

FED  Fuchs’ endothelial corneal dystrophy 

FWHM  full-width half-maximum 

HSV  herpes simplex virus 

HRT II  Heidelberg Retina Tomograph II 

H & E  haematoxylin and eosin 

ICE  iridocorneal endothelial  

INTACS  intrastromal corneal ring segments 

IOP  intraocular pressure 

IVCM  in vivo confocal microscopy 

K  keratometry 

LASIK  laser in situ keratomileusis 

LED  light-emitting diode 

LOA  limits of agreement 

LogMAR  Log of the minimum angle of resolution 

LSCM  laser scanning confocal microscope 

maxK  maximum keratometry 

MDF  map-dot-fingerprint 

mink  minimum keratometry 

mm  millimetres 

µm  micrometres 

mmHg  millimetres of mercury 

NFD  nerve fibre density 

nm  nanometres 



 

Page XVIII 
 

OCT  optical coherence tomography 

OD  oculus dexter (right eye) 

OS  oculus sinister (left eye) 

PK  penetrating keratoplasty 

PPD  posterior polymorphous dystrophy 

PRK  photorefractive keratectomy 

RCM  Rostock Corneal Module 

RLN  Rachael Louise Niederer 

SD  standard deviation 

SSCM  slit scanning confocal microscope 

TSCM  tandem scanning confocal microscope 

UBM  ultrasound biomicroscopy 

V  volts 

W  watts 

 



 

Page 1 
 

 

 

 

 

 

 

 

Section I 

 

Introduction and methods 
 

 



 

Page 2 
 

 

 

 

 

 

 

 

Chapter 1 

 

Human corneal anatomy 
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Gross anatomy 
 

The cornea is the highly specialised, transparent, dome-like structure located at the anterior 

surface of the eye.1 [Figure 1.1] It forms one-sixth of the outer tunic of the eye and is continuous 

with the opaque sclera at the corneoscleral limbus.2  

 

Figure 1.1 The gross anatomy of the human eye 

 

 

 

The cornea is elliptical anteriorly, measuring approximately 10.6 mm vertically and 11.7 mm 

horizontally.1, 3 Posteriorly, the cornea is concave and circular, with a diameter of approximately 

11.7 mm.1 The anterior surface of the cornea is not uniformly curved.2 The optical zone, 

comprising the central third of the cornea, has a radius of curvature of approximately 7.8 mm, 

whereas the peripheral cornea is more flattened, making the cornea thinnest centrally, measuring 

about 520 µm (480 – 620 µm) and thickest at the periphery, which measures approximately 670 

µm.1, 2 

 

The cornea functions as an interface with the environment and as the principal refractive surface 

of the eye, contributing approximately two-thirds (40 diopters) of the total refractive power.1 The 

role of the cornea in transmitting and refracting light is dependent on corneal transparency.4 

Several theories for the development and maintenance of corneal transparency exist, and whilst 

no model has been thoroughly tested, it is believed that transparency is achieved through regular 

arrangement of the collagen fibres and a uniform refractive index in a relatively dehydrated, 

avascular cornea.4, 5 As the cornea contains no blood vessels, it is dependent on nourishment by 
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diffusion from the aqueous humour posteriorly and tear film anteriorly, and from the vasculature 

in the transitional zone between the cornea and sclera, termed the limbus.6  

 

Microscopic anatomy 
 

The cornea is arranged in five layers; epithelium, Bowman’s layer, stroma, Descemet’s membrane 

and endothelium.1 [Figure 1.2] 

 

Figure 1.2 Cross-section of the normal human cornea stained with haematoxylin and eosin (H & 

E) 

 

 

 

Epithelium 

 

The corneal epithelium is transparent, stratified, squamous and non-keratinising, originating from 

surface ectoderm.7, 8 It is 50 – 90 µm thick and consists of five or six layers of cells.1 These cells 

may be divided morphologically into three cell types; the superficial or squamous cell layer, the 

intermediate wing cells and the deep basal layer. The cells are derived from the basal cell layer 

and differentiate progressively as they migrate anteriorly and are ultimately sloughed or 

desquamated from the corneal surface.1, 2  

 

The superficial cells comprise two to three layers of flattened epithelial cells on the corneal 

surface, measuring 40 – 60 µm in diameter.2 They have the largest surface area of any of the 
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epithelial cells, becoming wider and more flattened as they approach the surface.1 These cells are 

mostly hexagonal, and exhibit surface microvilli and microplicae, which may play a role in 

stabilising the deep precorneal tear film, and increase cell surface area, enhancing the exchange 

of oxygen and nutrients.9 Desmosomal attachments provide lateral mechanical stability for these 

cells and tight junctions provide the barrier property of the epithelium, resisting the movement of 

substances and fluid.2  

 

The intermediate layer of polyhedral cells are called wing cells. These cells lie anterior to the 

basal epithelium and send processes between them.1 The cells are extensively inter-digitated and 

attached to other cells by desmosomes.2 Gap junctions have been observed between cells –  

non-specific pores that interconnect adjacent cells and allow the passage of electric signals and 

small molecules.2, 10 

 

Basal epithelial cells are the deepest layer of epithelial cells. They form a single layer of columnar 

cells (8 – 10 µm wide by 15 – 20 µm tall) immediately anterior to the epithelial basement 

membrane.1, 2 The basal cells are the germative layer of the corneal epithelium and are 

continuous peripherally with that of the limbus.1, 8 

 

The basal lamina is a thin layer secreted by the basal epithelial cells during embryonic 

development and throughout adult life.1, 2 It forms a continuous sheet of granuloamorphous and 

filamentary material1 and electron microscope en face observations have demonstrated a 

polygonal network of collagen (type IV and type VII) and laminin, more strongly adherent to the 

stroma and Bowman’s layer posteriorly than to the epithelial cells anteriorly.11, 12  The basal 

lamina forms a scaffold for the organisation of the epithelium and a boundary separating the 

epithelium from the stroma.2  

 

Dendritic cells have been identified in the corneal epithelium,13 representing Langerhans’ cells, 

professional antigen presenting cells that play a pivotal role in the initiation of immune response 

and in the induction of tolerance.14 The density of these cells is higher in contact lens wearers 

and in corneal infection.15, 16 

 

The epithelium functions as a barrier to the movement of water from the tears into the stroma 

and provides the first line of defence against infection or trauma.17, 18 It must be able to repair 

itself rapidly following trauma, via ‘sliding’ of the neighbouring epithelial cells to cover the 

epithelial defect and, over a longer period of time, thickening of the damaged area of corneal 

epithelium and restoration of the normal morphology.18 
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Bowman’s layer 

 

Bowman’s layer is an acellular homogenous zone, approximately 8 – 14 µm thick, observed 

immediately posterior to the basal lamina of the corneal epithelium.19 It was initially believed to 

be a specialised corneal membrane, however, electron microscopy studies have revealed that it is 

a modified region of the anterior stroma, consisting of multiple interwoven collagen fibrils.1, 20  

 

The role, if any, of Bowman’s layer is unknown. Bowman’s layer is absent in the adult rabbit, and 

iatrogenic absence of Bowman’s layer is observed in the central 5 – 6 mm of corneas of subjects 

who have undergone photorefractive keratectomy, as Bowman’s layer does not regenerate when 

damaged. Bowman’s layer has been postulated to aid maintenance of corneal structure or act as 

a barrier to penetration of bacteria and viruses but may not be critical to corneal function.20 

 

Stroma 

 

The corneal stroma is a collagen-rich connective tissue, comprising approximately 90% of the 

total volume of the cornea.21 It is composed of regularly arranged collagen lamellae running 

parallel to the corneal surface and consists predominantly of type I collagen, with smaller 

amounts of types III, V and VI.17, 22 These collagen lamellae are surrounded by specialised 

proteoglycans with unique water holding properties.6 These proteoglycans may play a role in 

maintaining the precise arrangement of collagen lamellae.22 The size and arrangement of the 

collagen fibrils within the corneal stroma play an important role in the maintenance of tissue 

transparency and in conferring the shape and strength of the cornea.22 

 

The cellular density of the corneal stroma is low, with mesenchymal-derived keratocytes 

occupying only 3 – 5% of stromal volume.2 In cross-section, they appear as a sparse population 

of flattened cells, located between the collagen lamellae of the corneal stroma.6, 23 However, en 

face imaging has revealed broad keratocytes with extensive interconnections via long cellular 

processes.6, 24 [Figure 1.3] Gap junctions are observed between keratocytes, allowing for cell to 

cell communication and facilitating the movement of growth factors between cells.24-28 
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Figure 1.3 Diagram illustrating the en face appearance of stromal keratocytes 

 

 

 

The density of keratocytes is graduated throughout the stroma, with cell density highest in the 

anterior stroma, although some studies have shown a slight increase in cell density immediately 

anterior to Descemet’s membrane.24, 26, 29, 30 [Figure 1.4] The anterior stroma is more 

metabolically active and electron microscopy studies have revealed twice as many mitochondria 

in the anterior stroma than in the mid or posterior stroma.26 

 

Keratocytes have long been viewed as relatively quiescent cells, comprising the principal cells of 

the corneal stroma and responsible for the synthesis of stromal collagen and proteoglycan during 

development and maintenance of the integrity of fibrils and matrix.1, 26 More recently, advances 

in corneal refractive surgery have led to a flourish in research interest in keratocytes in an 

endeavour to better understand myopic shift, corneal wound healing, and post surgical haze.23 

The outcome of this has been the realisation that keratocytes are highly active cells, comprising a 

complex interconnecting network with an integral role in wound healing and the maintenance of 

corneal health and transparency.31, 32 
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Figure 1.4 3-D rendered low power ex vivo confocal microscopy of A) anterior and B) mid 

stromal keratocytes. Keratocytes labelled with 5-chloromethylfluorescein diacetate (CMFDA).24 

[Image courtesy of N Brookes] 

 

 

 

Descemet’s membrane 

 

Descemet’s membrane is the specialised, thickened basal lamina of the corneal endothelium, 

composed predominantly of fine type IV collagen fibrils.1 It consists of two layers, anterior and 

posterior. The anterior banded layer is approximately 3 µm thick, is formed during foetal 

development, and consists of collagen in a regular banded pattern with a periodicity of 110 nm.33, 

34 The posterior non-banded layer is 5 to 15 µm thick and deposited by continual secretions from 

the endothelial cells throughout life.1, 34 Unlike Bowman’s layer, Descemet’s membrane is able to 

regenerate following injury.1  

 

Corneal guttata are excrescences of Descemet’s membrane and whilst they may be associated 

with Fuchs’ endothelial dystrophy, they may also be observed in normal corneas, although the 

reported incidence varies between studies and with method of examination. Light microscopy has 

revealed an incidence of 15% in 182 corneal donors, although this represented an older age 

group, and the incidence of corneal guttata was 0% in the 29 corneas examined from subjects 

aged less than 50 years.35 Slit lamp examination of 1016 subjects observed central corneal 

guttata in 32% of subjects aged 10-39 and in 70.4% of subjects aged 40-99.36 Corneal guttae 
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are known to be associated with age and female gender,36-38 but, interestingly, one study 

observed an association between low weight, smoking, and the incidence of corneal guttae.37 

 

Descemet’s membrane functions as a semi-permeable barrier to movement of molecules between 

the corneal stroma and the anterior chamber and provides support for the posterior stroma.39 

 

Endothelium 

 

The endothelium is a monolayer of hexagonal cuboidal cells located on the posterior aspect of 

Descemet’s membrane and continuous peripherally with the endothelial cells lining the spaces of 

the iridocorneal angle and anterior surface of the iris.1 [Figure 1.5]  

 

Figure 1.5 Phase contrast ex vivo image of the corneal endothelium with hypertonic sucrose. 

[Image courtesy of N Brookes] 

 

 

 

The cells are approximately 4 – 6 µm thick with a diameter of around 20 µm. Numerous small 

microvilli are present on the posterior surface of the cell and extensive interdigitations are 

observed with neighbouring cells.40 These are highly metabolically active cells, with abundant 

mitochondria and extensive rough and smooth endoplasmic reticulum.40 Gap junctions between 

cells allow cell coupling.10, 40 
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Human endothelial density is approximately 6000 cells/mm2 at birth; however, this number 

declines rapidly over the first five years to reach a value of approximately 3500 cells/mm2.34 

Between age five to fifteen years, endothelial cell density continues to decline with increasing 

corneal diameter,41 and in adult life endothelial cell density declines linearly, at an average rate of 

about 0.6% per year.42  

 

Whilst endothelial proliferation and migration are essential in foetal life to enable the formation of 

the corneal endothelium from neural crest-derived mesenchymal cells, once the mature 

endothelial monolayer has formed, proliferation ceases and loss of endothelial cells is managed 

by an increase in cell area, rather than active mitosis.40  

 

A major function of the corneal endothelium is maintaining corneal transparency by regulating 

corneal hydration.38 The stroma is normally approximately 78% hydrated. Placed in water it will 

swell to a hydration of 98%.17 Any accumulation of fluid would disrupt the critical spacing of 

collagen fibrils and degrade the transparency of the tissue.34 The endothelium also permits 

passage of nutrients from the aqueous humour into the avascular cornea by forming a ‘leaky’ 

barrier. Nutrients are thus allowed to enter the cornea, and excessive fluid is removed via the 

activity of Na+/K+ -ATPase.43 Aquaporins may also play a role in fluid movement across the 

endothelium, acting as water-selective channels.40 

 

Corneal nerves 

 

Corneal sensory innervation is supplied by the ophthalmic division of the trigeminal nerve via the 

anterior ciliary nerves and the nerves of the surrounding conjunctiva.44-46 Sympathetic innervation 

has been described in rabbit and cat corneas from the superior cervical ganglion, however, 

sympathetic nerve fibres are believed to be exceedingly scarce in the human cornea.46 A modest 

parasympathetic innervation has also been described in rabbit and cat corneas; however, it is 

unclear whether humans also receive such innervation.46 

 

The cornea is the most densely innervated of all human tissues, with nerve densities 300-600 

times that of skin and 20-40 times that of tooth pulp, and as early as 1879 the French histologist, 

Louis-Antoine Ranvier was quoted as remarking ‘La richesse nerveuse de la cornée est vraiment 

extraordinaire’.47 Nerve bundles enter the corneal mid stroma at the periphery, each containing a 

few myelinated fibres and a number of finer unmyelinated fibres.48 The corneal nerves run 

parallel to the corneal surface, losing their myelin sheath 1.0 – 1.5 mm from the corneoscleral 
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limbus and continue their path through the cornea, surrounded only by Schwann cell sheaths.46, 

48-50 The corneal nerves continue to branch dichotomously towards the corneal centre.51 A close 

association has been observed between keratocytes and the nerve fibres.19, 27 

 

The stromal nerves turn 90° to penetrate Bowman’s layer in the peripheral and central stroma.46 

[Figure 1.6] As the nerves penetrate Bowman’s layer, they divest themselves of their Schwann 

cell sheaths.49 After penetrating Bowman’s layer, the nerves again turn 90° to run parallel to the 

corneal surface, dividing multiple times to form the sub-basal nerve plexus.46 

 

Figure 1.6 Corneal nerve labeled with antibody to acetylated alpha tubulin (C3B9 – red) and 

cells labeled with Cell Tracker (green) illustrating a bifurcating stromal nerve penetrating through 

Bowman’s layer. [Image courtesy of N Brookes] 

 

 

 

Corneal innervation plays an important role in the provision of protective reflexes, and has been 

shown to have a key role in the maintenance of a healthy cornea.46 Interruption of corneal 

innervation may result in impaired cell attachment, altered epithelial structure, decreased mitotic 

rate, increased permeability, poor tear film and delayed wound healing.46, 52, 53 
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Visual acuity 
 

Visual acuity is a measure of ‘sharpness’ of vision, determined by the ability to discriminate 

between two points, and represents the most commonly used test of central visual function.54, 55 

Standardised measurement of visual acuity was first introduced by the Dutch ophthalmologist, 

Herman Snellen, in 1862, in the form of the Snellen test.56, 57 The Snellen test is an optotype 

chart with letters of different sizes based on minimum visual angle, the angle at which it is 

possible to resolve that two points are separate.56 The Snellen chart was based on the 

assumption that a subject with normal visual acuity can resolve an optotype of five minutes of 

arc, with individual components of the optotype resolvable at one minute of arc.56 [Figure 2.1] 

Vision is typically tested monocularly.58, 59  

 

Figure 2.1 Minimum angle of resolution57 

 

 

 

Visual acuity is typically recorded as a fraction, noting the size of the letter and the testing 

distance. [Formula 2.1] 

 

Formula 2.1 Documenting visual acuity57 

 

Visual acuity =  d/D 

In which  

d  distance at which letters are placed 

D  distance at which letters must be placed in order to subtend vertically a height of 

five minutes of arc 

 

A testing distance of six metres was initially adopted by Snellen in the belief that this represented 

optical infinity, the distance at which accommodation is neglible.60 A small amount of 
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accommodation is still observed at six metres, approximately 1/6 dioptre (D) in emmetropic 

subjects. Six metres is still the most common distance at which visual acuity is tested,59 however, 

other test distances may be used, particularly in the determination of low levels of acuity.59 Visual 

acuity measurement is based on the angle at which the subject may discriminate two separate 

points, so that at 6/6, 4/4 or 8/8 the subject can subtend one minute of arc. Visual acuities at 

different distances should, theoretically, be relatively interchangeable, however, studies have 

observed a relationship between visual acuity and observation distance, with a decrease in 

recorded visual acuity for targets situated less than two metres from the observer.60, 61 

Interestingly, several studies have shown that children have a higher recorded visual acuity at 

four metres than at six metres, apparently for psychological reasons.62      

 

Visual acuity is typically measured unaided and then with a pinhole aperture. The pinhole acts as 

an artificial pupil, reducing the blur circle and approximating best corrected visual acuity (BCVA) 

in subjects with refractive error.57  

 

Several inherent limitations of Snellen visual acuity have been recognised, in particular, the 

progression of the size of the letters on the chart varies, with larger gaps between visual acuity 

levels at the lower end of the acuity scale.55, 56 Legibility of letters is also impaired by the 

placement of letters in close proximity (termed ‘contour interaction’ or ‘visual crowding’). The 

Snellen chart varies the number of letters per line, resulting in differences in readability and 

difficulties with scoring incomplete lines.55    

 

Several investigators have sought to resolve these difficulties by generating visual acuity charts 

with a geometric progression in the size of the letters and the same number of letters per line.55, 

56 The most well known and widely used of these is the modified Bailey-Lovie chart used in the 

Early Treatment Diabetic Retinopathy Study (ETDRS) and is commonly referred to as the ETDRS 

chart.59 This chart resolved many of the difficulties present with the Snellen chart. Five letters 

were presented on each line and the spaces between letters and lines were standardised. 

However, whilst variations of the ETDRS charts are more common for large multicentre studies, 

Snellen visual acuity charts still remain the most widely used in clinical practice.58, 59 

 

All studies in this thesis measured visual acuity with a Snellen chart at six metres under photopic 

conditions.   
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Slit lamp biomicroscopy of the cornea 
 

The slit lamp is a low-powered binocular microscope with an adjustable bright light source and a 

series of magnification settings based on the principle of the Gullstrand lamp.63, 64 [Figure 2.2]  

 

Figure 2.2 Slit lamp biomicroscopy 

 

 

 

All studies described in this thesis used the Topcon IS-600 slit lamp biomicroscope.  

 

Examination techniques 

 

Diffuse illumination 

Diffuse illumination of the cornea is obtained by opening the aperture of the slit to its widest 

setting and diffusing the light by the introduction of a neutral density filter.65 This technique is 

used for general inspection of the cornea and to provide a ‘big picture’ view for corneal 

photography. [Figure 2.3] 
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Figure 2.3 Diffuse illumination from the left of the cornea and a light coloured iris [Image 

courtesy of CNJ McGhee] 

 

 

 

Slit illumination 

Slit illumination is achieved by narrowing the beam to provide an optical cross-section of the 

cornea.65 [Figure 2.4] This thin beam of light also enables examination of the thickness and 

shape of the cornea.   

 

Figure 2.4 Slit illumination of the normal human cornea 
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Retroillumination 

Retroillumination involves illumination of the object of interest by light reflected from either the 

iris or the retina (red reflex).64, 65 Retroillumination may be direct, in which the object is directly 

illuminated by the reflected light, or indirect, in which the object is observed against a dark 

background adjacent to the reflected light.65 [Figure 2.5] 

 

Figure 2.5 Direct retroillumination (light reflected from the retina) with a small round beam of a 

corneal band in a subject with posterior polymorphous dystrophy [Image courtesy of CNJ 

McGhee] 

 

 

 

Scleral scatter 

Scleral scatter utilises the principle of total internal reflection and is performed by directing the 

light beam towards the corneoscleral limbus to create a characteristic ring or glow around the 

limbus of a healthy cornea.65 This technique may highlight subtle corneal irregularities.65  

 

Specular reflection 

Specular reflection is commonly used to evaluate the appearance of the corneal endothelium 

[Figure 2.6].66  
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Figure 2.6 Specular reflection of the corneal endothelium 

 

 

 

The technique was first described by Vogt in 1920 and enables the corneal endothelium to be 

visualised in vivo within the specular radius of the reflected light.67 The principle of specular 

microscopy is based on the reflection of light at the boundary between surfaces of different 

optical density.67 This reflection is observed when the angle of light passing into the cornea is 

placed at exactly the same angle as the observer’s view (Snell’s law – angle of incidence equals 

angle of reflection) eliminating all other backscattered light.65, 68 The specular reflection can only 

be viewed monocularly.66 

 

Corneal topography 
 

The cornea is the principle refracting surface of the eye, responsible for approximately two-thirds 

of its total refractive power.1 Small changes in corneal shape can result in large alterations in 

refraction and image clarity.69 Corneal topography is the science of describing corneal shape. The 

term corneal tomography may also be applied to the assessment of corneal shape (from the 

Greek ‘tomos’ meaning ‘a section’), referring to three-dimensional reconstruction of the cornea 

and anterior segment.70  

 

The first measurements of corneal shape were performed in 1619 by Scheiner, using a series of 

glass balls, and in the 1820s, Cuignet developed a keratoscope through which to observe the 

reflected image of an illuminated target on the corneal surface.69, 71 A major advance was the 

development of the Placido disc, in 1880, with alternating black and white concentric rings and 
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an observation hole in the centre of the target.69 The regularity or distortion of the rings provided 

an indication of corneal curvature to the examiner.64    

 

The advent and rapid uptake of personal computers over the last two decades has resulted in the 

realisation of the potential of corneal tomography, enabling detailed quantitative assessment of 

corneal shape. This has facilitated advances in the precision of refractive surgery and in the 

diagnosis of corneal ectasias, in particular, forme fruste keratoconus. Two corneal tomographic 

devices are available and widely used today, the slit-scanning Orbscan II (Bausch & Lomb 

Surgical Inc, San Dimas, USA) and the rotating Scheimpflug Oculus Pentacam (Oculus Inc, 

Lynnwood, USA).72 

 

Orbscan II slit scanning tomography 

 

The Orbscan was initially introduced to the market in 1995 as a non-contact device that 

measured the anterior and posterior corneal elevation and corneal thickness through a white light 

scanning optical slit.72 Reflection data are analysed using triangulation to generate colour-coded 

maps.72 Initially, the curvature information was derived from the anterior and posterior elevation, 

however, the Orbscan II integrated the slit-scanning technique with a Placido disc attachment, 

allowing direct derivation of corneal curvature data.70, 72 [Figure 2.7] 

 

Figure 2.7 Orbscan II corneal tomography illustrating Placido image and colour-coded map 
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Anterior surface elevation measurement of a variety of test surfaces has revealed a high degree 

of accuracy with the Orbscan II with a mean difference reported as 0.15 – 0.21 µm (compared to 

Talysurf measurements) and 95% limits of agreement ± 1.23 to 1.57 µm, depending on the 

shape of the test surface.73 There is no gold standard for measurement of the posterior corneal 

surface.72 Total optical power maps generated by the Orbscan show good correlation with 

manifest refraction and may be utilised to detect refractive change following laser in situ 

keratomileusis (LASIK).74 

 

Orbscan corneal tomography has been applied to the detection of keratoconus, with a sensitivity 

and specificity of 91% and 95% respectively for colour-coded elevation topography maps and 

91% and 99% respectively for ratio of central to mid-peripheral corneal thickness.75, 76 

 

Pentacam rotating Scheimpflug tomography 

 

The Pentacam is based on the Scheimpflug principle and acquires cross-sectional images of the 

cornea and lens in a non-invasive way. [Figure 2.8] 

 

Figure 2.8 Corneal tomography with the Pentacam illustrating the blue light source and 

Scheimpflug image. 
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The device uses a monochromatic light source (blue LED at 475 nm) and rotates around the 

optical axis of the eye, taking up to 50 single captures over a period of approximately two 

seconds and generating a full colour-coded keratometric map. [Figure 2.9]  

 

Figure 2.9 Colour-coded Pentacam map of refractive power 

 

 

 

The Pentacam provides measurement of anterior and posterior corneal curvature and thus has 

enabled comparison with Orbscan II measurement of the posterior corneal surface.77 In subjects 

with keratoconus, the Orbscan and Pentacam report similar thinnest points, but a significant 

difference is observed in the posterior elevation above the best-fit-sphere, despite a similar 

radius of curvature.77 As there is no gold standard for the measurement of posterior elevation, it 

is not possible to determine if the Pentacam is underestimating posterior elevation or if the 

Orbscan is overestimating elevation.77  

 

The Pentacam has only been widely available in clinical practice since 2004 and thus studies 

assessing the accuracy of keratometry with this device are limited.77 There are no reported 

studies examining the accuracy of this device with test surfaces.  

 

All studies described in this thesis measured corneal shape with Orbscan II corneal tomography. 
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Corneal pachymetry 
 

Corneal pachymetry has gained importance in recent years due to growing interest in 

keratorefractive procedures and is important in the diagnosis and monitoring of various corneal 

dystrophies, assessment of corneal endothelial function, preoperative evaluation for refractive 

surgery, and in the accurate determination of intraocular pressure.70, 78  

 

A number of different methods exist for assessing corneal thickness, including ultrasonic 

pachymetry, ultrasound biomicroscopy, specular microscopy, anterior segment optical coherence 

tomography, confocal microscopy through focussing (CMTF), slit-scanning corneal tomography 

and rotating Scheimpflug corneal tomography.70 Whilst a high degree of repeatability has been 

demonstrated for these various methods, values and indices obtained from different methods are 

rarely interchangeable.79, 80 

 

Ultrasonic pachymetry 

 

Ultrasound corneal pachymetry is the most widely used method for determining corneal thickness 

and, whilst several limitations exist, it is commonly regarded as the ‘gold standard’. The 20 Mhz 

ultrasound probe is applied perpendicularly to the anaesthetised cornea and the ultrasonic pulse 

travels through the cornea, is reflected by Descemet’s membrane and bounces back to the 

sensor.81 Corneal thickness is calculated based on the time taken to travel through the cornea 

and back.78  

 

Repeatability refers to independent test results obtained within short intervals of time, in which 

the method, equipment, room and examiner remain constant.82 Reproducibility refers to 

measurements on the same subject but without the other conditions remaining constant, and is 

commonly reported as inter-session and inter-observer repeatability.82 High repeatability and 

reproducibility of measurement of central corneal thickness has been reported with ultrasonic 

pachymetry.83-87 Repeatability and reproducibility of measurement of central corneal thickness is 

reported in Table 2.1.  
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Table 2.1 95% limits of agreement for repeatability and reproducibility of central corneal 

pachymetry in normal subjects (calculated as mean difference ± 1.96 x standard deviation) 

expressed in µm. 

 

Study Ultrasound Specular

microscopy

OCT CMTF Orbscan II Pentacam

Li et al 199788  -1 to +20  

Marsich et al 

200083 

    intraobserver 

    intersession 

 

 

-19 to +18 

-22 to +24   

 

 

-12 to +10 

-10 to +17 

Muscat et al 200289 

    interobserver 

    intersession 

 

-3 to +4 

-16 to +7 

 

Cho et al 200290  -45 to +56 

Suzuki et al 200384 -1 to +11 -1 to +9 0 to +9 

Miglior et al 200485 

    intraobserver 

    interobserver 

 

-16 to +19 

-20 to +27 

 

O’Donnell et al 

200586 

-18 to +18  -24 to +21

Barkana et al 

200591 

 -5 to +7  -10 to +12

Lackner et al 

200587 

    intraobserver 

    interobserver 

 

 

-7 to +7 

-17 to +22 

 

 

-12 to +14 

-22 to +25 

 

-11 to +13 

-6 to +6 

Khoramnia et al 

200792 

  -1 to +10

OCT – optical coherence tomography 

CMTF – confocal microscopy through focussing 

 

Ultrasonic pachymetry is highly dependent on operator experience, with accurate and 

reproducible measurements reliant on correct probe placement.93 Other limitations include lack of 

a fixation light, variability of sound speed through wet and dry tissue, corneal contact 

necessitating topical anaesthesia, and possible transmission of infection.93 
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Ultrasound biomicroscopy (UBM) 

 

UBM uses high frequency ultrasound (50 Mhz) to assess corneal thickness and generate a two or 

three dimensional image of the anterior segment.81, 94 It is a contact technique that requires 

topical anaesthesia and an ocular water bath, with the patient in a supine position.95 The 

disadvantages of UBM are similar to ultrasonic pachymetry, in that a skilled operator is necessary 

to avoid distorting the cornea and there is no fixation light.94  

 

Table 2.2 Mean difference in central corneal pachymetry in comparison to ultrasonic 

pachymetry. 

 

 UBM Specular

microscopy

OCT CMTF Orbscan 

II 

Pentacam

Modis et al 200196  - 28 µm  

Bechmann et al 200197  - 51 µm  

Rainer et al 200298  - 24 µm  

Fakhry et al 200299  - 2 µm 

Tam et al 2003100 + 5 µm + 22 µm  

Suzuki et al 200384  - 23 µm - 1 µm 

Gherghel et al 2004101  + 1 µm 

McLaren et al 2004102  - 39 µm  

Javaloy et al 200481 + 13 µm - 1 µm - 2 µm 

Rainer et al 2004103  -22 µm - 20 µm 

Barkana et al 200591   - 6 µm

O’Donnell et al 200586   - 6 µm

Lackner et al 200587  - 22 µm - 10 µm

Leung et al 2006104  + 23 µm  

Ucakhan et al 2006105  - 19 µm  + 3 µm

Cheng et al 2006106  - 6 µm 

Basmak et al 2006107  - 29 µm 

Thomas et al 200679  - 31 µm + 1 µm 

Burgin et al 2007108  - 25 µm  

McLaren et al 2007109  - 38 µm  

Fujioka et al 200780  - 1 µm  + 6 µm

Jonuscheit et al 2007110  + 10 µm 

UBM – ultrasound biomicroscopy 

OCT – optical coherence tomography 

CMTF – confocal microscopy through focussing   
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Intraobserver repeatability is reported to be high but interobserver reproducibility is low.81 Close 

agreement with ultrasound is observed [Table 2.2], however, this is a relatively time consuming 

contact device, and thus offers little advantage over standard ultrasonic pachymetry.  

 

Specular microscopy 

 

The specular microscope was first invented by David Maurice in 1974, based on the principles of 

specular reflection first expounded by Vogt in 1920.68, 111 An advantage of the specular 

microscope is that it provides additional information of endothelial cell density and morphology,93, 

96 however, this device requires clear reflections of the epithelial and endothelial surfaces and 

may not be possible in eyes with oedema, scarring, deposits or opacities.68, 93  

 

Repeatability of specular microscopy pachymetry is reported in Table 2.1. Good correlation has 

been observed between contact or non-contact specular microscopy and ultrasonic pachymetry, 

however, significant differences in reported corneal thickness between the instruments is 

reported.96 Non-contact specular microscopy has been reported to overestimate or underestimate 

corneal thickness with values ranging from – 28 µm to + 22 µm in comparison with ultrasonic 

pachymetry [Table 2.2].80, 84, 96, 100, 105 Contact specular microscopy has been reported to 

underestimate corneal thickness by approximately 68 µm in comparison to ultrasonic 

pachymetry.96  

 

Anterior segment optical coherence tomography (OCT) 

 

Anterior segment OCT is a non-contact, high resolution device, enabling in vivo measurement of 

anterior chamber structures, corneal diameter, and corneal thickness.89 It operates on similar 

principles to ultrasound but with the emission and reflection of light rather than sound. This 

technology was initially applied to retina OCT and has evolved to anterior segment applications 

using a longer wavelength (1310 nm) than retinal OCT (830 nm).78, 112 OCT can penetrate clear 

and opaque cornea.94  

 

Repeatability of this method is high [Table 2.1]. Whilst good correlation has been observed 

between central corneal thickness measurement with OCT and ultrasound, OCT may widely 

underestimate or overestimate corneal thickness in comparison to ultrasonic pachymetry, with 

values ranging from – 51 µm to + 23 µm [Table 2.2].79, 97, 98, 103, 104 
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Confocal microscopy through focussing (CMTF) 

 

CMTF is a relatively new method for evaluating corneal thickness that utilises full thickness in 

vivo confocal microscopy scans of the cornea to generate a z-depth plot of the intensity of back 

scattered light.88 [Figure 2.10] Corneal thickness is calculated as the distance between the first 

peak (endothelium) and the last peak (epithelium). A minor peak is observed at the depth of the 

sub-basal nerve plexus, enabling calculation of epithelial thickness.108 This methodology enables 

measurement of corneal thickness, as well as measurement of the thickness of individual corneal 

layers and has the advantage of enabling simultaneous imaging of corneal microstructure.88 This 

is a non-contact method, however, topical anaesthetic is required. 

 

Figure 2.10 Slit scanning in vivo confocal microscopy (Confoscan 4) z-depth plot of the intensity 

of back scattered light in a full thickness scan of a normal human cornea.  

 

 

 

Accuracy of this device has been reported as high, with measurements of calibration contact 

lenses within ± 1.0 µm of their certified values.113 However, corneal thickness in human subjects 
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is measured between 1 µm to 39 µm lower than ultrasonic pachymetry values [Table 2.2].81, 102, 

108, 109 This methodology is discussed in more detail in Chapter 3.  

 

Orbscan slit scanning corneal tomography 

 

Measurement of corneal pachymetry may be performed with Orbscan II slit scanning corneal 

tomography (Bausch & Lomb Surgical Inc, San Dimas, USA), a non-contact device that measures 

the anterior and posterior corneal curvature and the thickness of the entire cornea through a 

scanning optical slit.72 Corneal thickness is measured perpendicular to the anterior surface.114 

Measurements of normal corneal thickness with the Orbscan are consistently 6 – 8% thicker than 

ultrasound pachymetry as the Orbscan detects the tear film, whereas the ultrasound probe 

displaces the tear film and may potentially cause epithelial thinning or corneal indentation.72 

Concerns about underestimation of corneal thickness with regard to calculating the safe ablation 

depth for a LASIK procedure have led the manufacturers of the Orbscan to introduce a correction 

factor, known as the ‘acoustic factor’ to reduce the entire pachymetry map by 8%.72  

 

Figure 2.11 Colour-coded Orbscan II map of normal central corneal thickness  

 

 

 

With acoustic factor correction, Orbscan and ultrasonic pachymetry measurements of corneal 

thickness are similar in normal subjects [Table 2.2],79, 81, 84, 87, 99, 101, 103, 106, 107, 110 however, 
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Orbscan may record thinner measurements in subjects with corneal haze, particularly following 

photorefractive keratectomy (PRK) or LASIK, and in subjects with keratoconus.79, 81, 99, 115 Orbscan 

may also underestimate thick corneas and overestimate thin corneas in comparison to 

ultrasound.106 Reproducibility of Orbscan pachymetry is reported in Table 2.1.  

 

Pentacam rotating Scheimpflug corneal tomography 

 

The Pentacam uses a rotating Scheimpflug camera system to generate a three-dimensional scan 

of the anterior segment and enable calculation of corneal thickness.93 [Figure 2.12] 

 

Figure 2.12 Colour-coded Pentacam map of normal central corneal thickness  

 

 

 

The Pentacam is optically based, imaging the eye from several angles, and may therefore have 

an advantage in calculating corneal thickness through corneal opacity or haze. Good agreement 

with ultrasound has been documented in normal subjects [Table 2.2].80, 86, 87, 91, 105 Repeatability 

of Pentacam pachymetry is reported in Table 2.1.  

 

All studies described in this thesis used the Orbscan II slit scanning tomography system to 

measure corneal thickness.  
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Chapter 3 

 

In vivo confocal microscopy  

of the human cornea 
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Introduction 
  
Ophthalmology has long concerned itself with the domain of the microscopic, with early and 

reliable diagnoses dependent on the recognition of minute changes in ocular structures. In vivo 

confocal microscopy (IVCM) has dramatically extended the boundaries of resolution in real-time, 

in vivo, imaging, thus enabling microstructural analysis of every layer of the cornea in more 

physiological conditions than previously possible.116 This rapidly evolving imaging and diagnostic 

tool offers an exciting bridge between clinical and laboratory observations, enabling clinicians and 

scientists alike to gain insight into alterations in corneal microstructure, both in health and 

disease.  
   
This chapter will discuss the evolution of IVCM, including the advantages and limitations of types 

of IVCM and a review of the current research and clinical applications.  
  
Articles assessed for inclusion in this review were identified by an electronic search of Medline 

and PubMed databases in August 2007 using individual and combinations of keywords – 

“confocal”, “microscopy”, “in vivo” and “cornea” and by review of the reference section of the 

identified publications.  
  

Historical overview 
  

The principle of confocal microscopy was first introduced by Marvin Minsky in 1955 and was 

initially utilised to study neural networks of the living brain.117 The condenser lens focuses the 

light source on a small area of tissue with concomitant focussing of the objective lens on the 

same area.117 As both the condenser and objective lenses have the same focal point, the 

microscope is termed confocal.116 The objective lens will detect only a small amount of light from 

the out of focus planes, thus providing the optical sectioning capability that is a key characteristic 

of the confocal microscope.116 The small field of view associated with this approach is increased 

by scanning multiple points or slits to create the image.118, 119 

 

The ex vivo cornea was first examined with confocal microscopy by Lemp et al in 1985120 and the 

first in vivo images of the human cornea were published by Cavanagh et al in 1990.118 In vivo 

imaging is challenging; movement due to heart beat, respiration and involuntary eye movements 

can cause blurring of the image and image quality is heavily dependent on speed of 
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acquisition.121 Subject safety is of paramount importance and thus light incident on the patient’s 

eye must be limited both in intensity and exposure time and, the wavelength of light used must 

not be phototoxic.116 
  

Principles of confocal microscopy 
  

Tandem scanning confocal microscope (TSCM) 

 

The first real-time TSCM was developed by Petran and Hadravsky based around point illumination 

and detection with a modified Nipkow spinning disc composed of sets of conjugate pinholes 

arranged in Archimedes spirals.122 The specimen is scanned in parallel, generating a two-

dimensional image. The pinholes need to be as small as possible to eliminate most of the 

scattered light,122 however, this results in very low light throughput – typically only 0.25 – 1% of 

light reaches the cornea123 – necessitating a high intensity light source and a low light level 

camera to enable image acquisition.  
  

Slit scanning confocal microscope (SSCM) 

 

The SSCM for observation of the in vivo cornea was first developed by Thaer as an alternative to 

point scanning, and involves a slit of illumination scanned over the back focal plane of the 

microscope objective.124 This allows many points along the axis of the slit to be scanned in 

parallel, greatly reducing scanning times.116, 119 The slit illumination allows a greater light 

throughput than the TSCM and thus a lower intensity light source may be used, potentially 

allowing longer examination times.116 Contrast is greater with the SSCM in comparison to the 

TSCM,125 providing clearer images of the corneal stroma and enabling imaging of the low 

reflecting layer of wing cells in the corneal epithelium.126 The slit height can be varied to control 

the depth of the optical section and the amount of light throughput,116 however, the microscope 

is only truly confocal in the axis perpendicular to the slit height and provides lower transverse 

and axial resolution than the TSCM.116, 119 
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Laser scanning confocal microscope (LSCM) 

 

The LSCM uses a coherent high intensity light source and the laser beam is scanned over the 

back of the microscope objective by a set of galvanometer scanning mirrors.116 The LSCM is 

commercially available as the Rostock Corneal Module (Heidelberg Retina Tomograph II Rostock 

Corneal Module [RCM]; Heidelberg Engineering GmbH, Heidelberg, Germany), which uses a 670 

nm red wavelength diode laser source.127 This is a Class I laser and therefore poses no risk of 

ocular injury.128 The LSCM is an applanating device and thus carries an increased risk over SSCM 

of causing an epithelial defect or inducing flattening-associated artefacts, however, early studies 

suggest that the device does exhibit greater contrast than the TSCM or SSCM.129, 130 

 
Technical specifications for three current IVCM (tandem scanning, Nidek Confoscan 4, HRT II 

RCM) are listed in Table 3.1. 

 

Table 3.1 Specifications of current in vivo confocal microscopes 
  
  TSCM SSCM

Nidek Confoscan 4 
LSCM 

HRT II RCM 
Light source Mercury lamp 100W Halogen lamp 

12V/100W 
Class I diode laser, 

670nm wavelength 
Type of scanning 

aperture 
Point Slit Point 

Microscope lens 16x 

24x 
40x water immersion

20x air 
63x water immersion

Numerical aperture 16x 0.4

24x 0.6131 
0.75 water immersion 

0.4 air  
0.9 

Working distance 

cornea to objective 
16x 0 – 8.0 mm

24x 0 – 1.5 mm 
1.98 mm 0 – 3.0 mm 

Field of view 475 x 350 µm Contact: 460 x 345 µm

Non-cont: 520 x 700 µm

400 x 400 µm 

Lateral resolution 16x 0.5 – 1.0 

µm/pixel123 
0.6 µm/pixel 1 µm/pixel 

Z resolution 9 – 12 µm117, 125 8 – 25 µm125, 132 4 µm 
Detector  CCD camera CCD camera Avalanche photodiode

Scan acquisition 

time 
30 frames/sec 25 frames/sec 30 frames/sec  

single image 0.024 sec 
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Limited data are available on the comparison between the different types of IVCM. A comparison 

between keratocyte density measured with TSCM and SSCM (Confoscan 3) demonstrated that 

comparable measurements of keratocyte cell density were achievable between the two devices, 

providing the effective depth of the sample volume was taken into consideration.125 A further 

qualitative study compared the SSCM (Confoscan 2) and LSCM (HRT II RCM) appearance of the 

central cornea in ten normal subjects and in five subjects with corneal dystrophy.129 The 

observed morphology was similar with both machines, but image contrast appeared greater with 

the LSCM. More recently, endothelial cell density measurement has been compared between 

SSCM (Confoscan 3) and LSCM (HRT II RCM), demonstrating a significant difference between the 

two machines.133 However, cell density was counted automatically with the SSCM images and 

manually for the LSCM, limiting the ability to compare the two results. 

 

Normal central cornea 
 

The confocal microscope provides en face images of the cornea. These optical sections show a 

different view to the typical corneal cross-sections obtained in histopathology.116 

  

Epithelium 

 

The corneal epithelium is comprised of superficial epithelial cells, wing cells and basal epithelial 

cells. The superficial epithelial cells are 40 – 50 µm in length and appear polygonal in shape with 

a bright central nucleus, surrounded by a dark halo.116, 119 The normal superficial epithelial cell 

density is reported in Table 3.2. 

  
Fluorescein, a hydrophilic vital dye used to stain devitalised cells, has been utilised in conjunction 

with IVCM imaging of the superficial epithelium.134 Imaging with fluorescein resulted in increased 

visibility of the superficial epithelium and the authors demonstrated a higher incidence of hyper-

reflective cells, possibly identifying damaged or dead epithelial cells.  
  
The wing cells are identified in IVCM images by their bright cell borders and a bright cell nucleus, 

with no dark oval ring around the nucleus, as appears in superficial epithelial cells.126 Wing cells 

may be imaged with the SSCM due to its greater light throughput, as the low contrast of this cell 

level renders them indeterminable with the TSCM,126 and, more recently, LSCM has been utilised 
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to examine the epithelial wing cells.135 Wing cell density measured by Eckard et al135 with the 

LSCM was 5070 ± 1150 cells/mm2.  
  
Basal epithelial cells have a smaller diameter (8 – 10 µm) and appear as a regular mosaic of dark 

cell bodies with light, narrow inter-cellular borders.119, 135, 136 The cell borders will often become 

more pronounced in subjects with corneal oedema.137 Density of the basal epithelium varies 

between confocal microscopes and between individual studies as reported in Table 3.2.  
  

Table 3.2 Epithelial cell density 

 
Study Number of 

subjects 

Confocal 

microscope 

Superficial 

epithelium 

(cells/mm2) 

Basal 

epithelium 

(cells/mm2) 

Mustonen et al 1998138 45 (58 eyes) SSCM 1213 ± 370 

  

5699 ± 604 

Vanathi et al 2003139 50 (100 eyes) SSCM  

  

3601 ± 408 

Harrison et al 2003137  20 (20 eyes) SSCM  

  

5274 ± 575 

Popper et al 2004140 20 (20 eyes) SSCM 759 ± 162 5817 ± 632 

Eckard et al 2006135 68 (92 eyes) LSCM 840 ± 295 8996 ± 1532 

Patel et al 2006141 50 (50 eyes) LSCM 6162 ± 503 

Rong et al 2006142 15 (28 eyes) LSCM 1098 ± 315  

  
Confocal microscopy ‘through focusing’ (CMTF) has been utilised to measure epithelial thickness. 

The average epithelial thickness in the central cornea is reported to measure 49 ± 5 µm with 

TSCM and 54 ± 7 µm with LSCM.135, 143 

 

Hyper-reflective dendritic-like structures have been documented at the level of the basal 

epithelium and Bowman’s layer in 12.5 – 31.3% of normal volunteers, with a mean density of 34 

± 3 cells/mm2 in the central cornea.144-146 These dendritic-like structures are postulated to 

represent Langerhans’ cells, professional antigen presenting cells that play a pivotal role in the 

initiation of immune response and in the induction of tolerance.14 An increased density of 

dendritic-like structures has subsequently been documented in the central cornea of subjects 

with adenoviral keratoconjunctivitis, bacterial and viral keratitis, vernal keratoconjunctivitis and in 

subjects with sub-epithelial infiltrates following laser in situ keratomileusis (LASIK) surgery.16, 145-

149  
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Sub-basal nerve plexus 

 

Studies of normal human corneal nerve morphology in humans have previously been limited by 

the necessity of ex vivo analysis and rapid degeneration of corneal nerves following death.150 The 

en face images generated by IVCM eliminate these problems and allow clear visualisation in vivo 

of the sub-basal nerve plexus running parallel to the corneal surface and appearing as bright, 

well-defined linear structures, frequently demonstrating branches or anastomoses. Imaging of 

the living, human sub-basal nerve plexus was first reported in 1990118 and subsequent studies 

have quantified sub-basal nerve plexus density, branching, tortuosity and beading.151-153  

 

Reported sub-basal nerve density varies between researchers and there has been significant 

debate in the peer-reviewed literature regarding methodology and whether to include out of 

focus nerves or nerve branches in the total.151, 154 Sub-basal nerve density measured by IVCM is 

reported in Table 3.3.  

 

Table 3.3 Sub-basal nerve density 

 

Study Number of 

subjects 

Confocal 

microscope 

Sub-basal nerve 

density (mm/mm2) 

Oliveira-Soto and Efron 2001152 14 (14 eyes) SSCM 11.10 ± 4.29 

Grupcheva et al 2002151 50 (50 eyes) SSCM 0.63 ± 0.29* 

0.58 ± 0.33+ 

Erie et al 2005153 65 (65 eyes) TSCM 8.40 ± 2.01 

Patel et al 2005128 3 (3 eyes) LSCM 21.67 ± 1.41 

Grupcheva et al (*) younger subjects, (+) older subjects  

 

Two-dimensional reconstruction of the architecture of the sub-basal nerve plexus has been 

performed and demonstrated a vortex pattern 1 – 2 mm inferior to the corneal apex, with a 

higher nerve density in the infero-central whorl than in the centre of the cornea.128  

 

Masters and Thaer conducted an elegant study, imaging identical fields of the sub-basal and sub-

epithelial nerve plexus and epithelium over time, using the sub-epithelial plexus and perforation 

sites as fiduciary points.124 This study observed centripetal sliding of the sub-basal nerve fibre 

bundles by 10 – 20 μm per day. Interestingly, a subsequent study has observed that whilst 

stromal nerves and their perforation points through Bowman’s membrane remain constant, the 
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basal epithelial cells and sub-basal nerve plexus slides centripetally at a variable rate of 1.7 to 32 

μm per day.155  

 

Bowman’s layer 

 

Bowman’s layer is typically reported to appear as an ‘amorphous’ layer when viewed with 

IVCM.138 

  

Stroma 

The corneal stroma is clearly imaged with IVCM and good correlation has been observed between 

in vivo and ex vivo cell density,143, 156 although some studies have been marred by poor image 

quality, with analysis possible in only 68% of anterior stromal images in one study157 and 74% of 

eyes in another study.139 Stromal keratocytes appear as hyper-reflective cell nuclei with poorly 

visualised cell processes,138, 139 although the cell processes may become more visible in subjects 

with corneal oedema or following corneal wound healing.131, 158, 159  

 

Keratocyte density, measured in cells/mm2, is reported in Table 3.4 and measured in cells/mm3 in 

Table 3.5. Differences in reported keratocyte density may be due to differences in axial 

resolution, contrast or the investigators’ definition of anterior and posterior stroma. Usually a 

gradient of keratocyte density has been observed, with significantly higher cell density in the 

most anterior stroma.138, 139, 157, 160, 161  

 

Table 3.4 Keratocyte cell density (cells/mm2) 

 

Study 
Number of 

subjects 

Confocal 

microscope 

Anterior 

stroma 

(cells/mm2) 

Posterior 

stroma 

(cells/mm2) 

Mustonen et al 1998138 45 (58 eyes) SSCM 1058 ± 217 771 ± 135 

Hollingsworth et al 2001157 120 (120 eyes) SSCM 1037 ± 169 571 ± 76 

Vanathi et al 2003139 50 (100 eyes) SSCM 1005 ± 397 654 ± 147 
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Table 3.5 Keratocyte cell volume density (cells/mm3) 

 

Study 
Number of 

subjects 

Confocal 

microscope 

Anterior 

stroma 

(cells/mm3) 

Posterior 

stroma 

(cells/mm3) 

Full 

thickness 

(cells/mm3) 

Stave et al 1998162 25 (47 eyes) SSCM 15,730 ± 42

Patel et al 2001143 70 (70 eyes) TSCM 33050 ± 11506 19947 ± 3254 20522 ± 2981 

Berlau et al 2002160 31 (49 eyes) SSCM 24320 ± 6740 18850 ± 4610  

Popper et al 2004140 20 (20 eyes) SSCM 28616 ± 3081 26073 ± 5962  

 

Corneal stromal nerves have been observed via IVCM examination,124, 131, 152, 163, 164 although their 

orientation renders them less accessible to analysis than the sub-basal nerve plexus, and thus far 

studies have relied upon measurements of stromal nerve diameter (which varies according to 

depth of nerve, with anterior nerves being thinner) and volumetric measurements of nerve 

density.152 The corneal nerves enter the cornea in the mid stroma and radiate towards the central 

cornea, dividing in a dichotomous pattern with branches forming at approximately right angles.152 

The sub-epithelial nerve plexus forms just posterior to Bowman’s layer. The nerves of the sub-

epithelial plexus are thinner than those in the mid stroma and the plexus is patchy in distribution 

and thus may not always be visualised in a single scan of the central cornea.152 Perforation points 

through Bowman’s layer have been observed, and, as previously noted, these may be used as 

fiduciary points to monitor sub-basal nerve and basal epithelial cell movement.124 

 

Descemet’s membrane 

 

The normal Descemet’s membrane is reported to appear as an acellular layer between the 

posterior stroma and the endothelium and may be indistinguishable by IVCM, particularly in 

younger subjects.138, 157 

 

Endothelium 

 

Endothelial structure and density has long been studied by specular microscopy, however, IVCM 

offers the unique advantage of providing clear images of the corneal endothelium in moderate 

corneal oedema165 and good concordance has been demonstrated between endothelial cell 

density measurement with confocal and specular microscopy.166, 167 IVCM of the endothelial 

mosaic reveals regular hexagonal cells with a honeycomb appearance.138 The clearly identifiable 
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structure of the endothelial cell layer makes it easy to recognise. One study reported 93% 

automatic recognition of the endothelial cell layer168 and good repeatability and reproducibility of 

automatic IVCM cell counts have been demonstrated.169 Endothelial cell density measured by 

IVCM is reported in Table 3.6.  

 

Table 3.6 Endothelial cell density 

 

Study Number of subjects Confocal 

microscope 

Endothelial density 

(cells/mm2) 

Mustonen et al 1998138 45 (58 eyes) SSCM 3055 ± 386 

Imre and Nagymihaly 2001169 12 (12 eyes) SSCM 3125 ± 407 

Hollingsworth et al 2001157 120 (120 eyes) SSCM 3061 ± 382 

Vanathi et al 2003139 50 (100 eyes) SSCM 2818 ± 361 

Hara et al 2003165 14 (28 eyes) SSCM 2916 ± 334 

Klais et al 2003170 (42 eyes) SSCM 3069 ± 285 

Popper et al 2004140 20 (20 eyes) SSCM 2743 ± 285 

Muller et al 2004171 75 (75 eyes) SSCM 2488 ± 301 

Kitzmann et al 2005166 25 (50 eyes) SSCM 2664 ± 173 

Szaflik 2007a172 16 (16 eyes) SSCM 2091 ± 369 

Szaflik 2007b133 20 (38 eyes) SSCM 1953 ± 395 

Szaflik 2007b133 20 (38 eyes) LSCM 2668 ± 584 

 

Corneal thickness 

 

Confocal microscopy through focusing has been utilised with TSCM to measure epithelial and 

corneal thickness.88, 143 This method uses continuous scanning of the in vivo cornea at a constant 

rate and generates intensity curves from the average pixel intensity in the central 285 x 285 µm 

of the image, plotted as a function of z-depth. A characteristic intensity profile is generated, with 

peaks at the level of the epithelium, sub-basal nerve plexus and at the endothelium.119 

 

Comparison between corneal thickness measurements with other corneal pachymeters show that 

corneal thickness measured with CMTF is 39 µm (7.0%) lower than thickness with two ultrasonic 

pachymeters and 24 µm (4.4%) lower than corneal thickness measured with the Orbscan II.102 

The coefficient of variation for repeated corneal thickness measurements is 1.6% and accuracy 

with a test surface (PMMA calibration contact lens) is reported to be ± 1.0 µm with no change in 

accuracy with varying radius of curvature, target thickness, scan speed or scan direction.88, 113  
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Measurement of epithelial and corneal thickness is also achievable with SSCM, and has been 

reported in a single study, illustrating poor repeatability.173 However, the image separation in this 

study was high, approximately 25 µm, and it is possible that improved accuracy may be obtained 

with narrower image separation, although there are no published studies to this effect.119 More 

recently, the ‘z-ring encoder’ has been utilised with the Confoscan 4 to improve the accuracy of 

corneal thickness measurements with SSCM.125 No significant difference is observed in corneal 

thickness measured with the z-ring encoder compared to TSCM, but it is 25 – 38 µm lower than 

the thickness measured by ultrasonic pachymetry.108, 109 

 

Epithelial thickness measured with LSCM has been reported, however the accuracy and 

reproducibility of epithelial and corneal thickness measurements with LSCM have yet to be 

validated.135 The plane of focus of the HRT II RCM is adjusted by movement of the objective lens 

relative to the applanating cap. As this is an applanating device, the stabilising influence of the 

lens cap on the cornea should enable accuracy of CMTF to approximate that of TSCM, however, 

at present, the maximum automatic scan length is only 40 frames (80 µm), and the increased 

scanning time required by manual scanning of the full thickness cornea increases the likelihood of 

movement artefacts.   

 

Other ocular sites 

 

It is possible to examine the corneal tear film using non-contact IVCM and identify its lipid, 

aqueous and mucin layers.136 In vivo images of the human tear film were first reported in 1995 

and, more recently, LSCM has been used to examine tear film structure and dynamically monitor 

tear film break-up.174, 175 

 

Imaging of the corneoscleral limbus with IVCM was first reported in 2005 in two subjects with 

prominent limbal palisades176 and a subsequent study has reported the appearance in 50 

subjects, illustrating good correlation between the clinical and IVCM appearance, with hyper-

reflective cells at the limbal palisades correlating to the distribution of pigment in those 

subjects.141 Imaging the corneoscleral limbus may ultimately have important implications in the 

study of limbal stem cell deficiency. 

 

The normal conjunctiva and conjunctivitis may be viewed with IVCM and good correlation has 

been observed between IVCM and impression cytology of the conjunctiva.177, 178 This technology 
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has found potential clinical application in the assessment of functioning and non-functioning 

filtering blebs following trabeculectomy surgery with good bleb function correlating with the 

number of epithelial microcysts, large total cyst area, absence of encapsulated stromal cysts, 

minimal vascularisation and absence of tortuous conjunctival vessels. Hyper-reflective condensed 

bleb stroma viewed by IVCM is significantly associated with bleb failure.179, 180 This technology 

has enabled a better understanding of filtering mechanisms and the wound healing process 

following filtering surgery.179, 180 

 

Corneal alterations during IVCM examination 
 

IVCM allows examination of the cornea in situ, mitigating the artefacts potentially associated with 

tissue fixing, sectioning and staining.181 There are, however, unique alterations that may occur in 

corneal tissue during IVCM examination. It is important to recognise these alterations, or 

artefacts, both in planning IVCM studies and in interpreting confocal microscopy images.  

 

Applanating IVCM may be associated with flattening of the cornea and the appearance of corneal 

bands and ridges.182 These appear as intersecting narrow bands with the intensity increasing with 

greater degrees of corneal flattening. Interestingly, the mosaic pattern produced by corneal 

flattening has been shown to be reproducible over time and is postulated to arise as a 

consequence of a fixed structural arrangement.182, 183 

 

A linear correlation has been observed between stromal and epithelial thickness and duration of 

IVCM examination during prolonged examinations, with a mean increase in stromal thickness of 

0.5 μm/min and an increase in epithelial thickness of 0.1 μm/min.113 Whilst these changes are 

unlikely to be significant for regular IVCM examinations (average duration 2 – 5 minutes), they 

may become important in more prolonged examinations in which multiple scans are completed, 

such as mapping corneal architecture or measuring repeatability indices.128, 184  

 

Use of corneal anaesthetic is known to be associated with accelerated desquamation of the 

superficial epithelium as well as loss of epithelial microvilli and damage to the cell membrane,185 

however, no alteration in basal epithelium, sub-basal nerve plexus, corneal stroma or 

endothelium has been observed with IVCM following a single application of local anaesthetic.155 

As discussed previously, the instillation of topical fluorescein increases the visibility of the 

epithelium and the percentage of hyper-reflective cells.134  
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Potential complications of IVCM include corneal abrasion and transfer of infection. Careful 

disinfection of the lens surface is vital to minimise this risk. The RCM nullifies the risk of transfer 

of infection through the use of a disposable lens cap and the SSCM requires careful disinfection 

between subjects. The risk of corneal abrasion may be higher in subjects with epithelial or 

basement membrane corneal dystrophies, subjects with a history of recurrent corneal erosions, 

or in subjects with current epithelial defects. 

 

Ageing 
 

Ex vivo and specular microscopy studies have documented a reduction in keratocyte and 

endothelial cell density with age,186, 187 however, to date, IVCM studies examining changes in 

corneal cell density with age have been few.139, 157, 160 Two IVCM studies have documented no 

change in keratocyte density with age,138, 139 however, other studies have observed a reduction in 

keratocyte density with age157, 160 and two studies have confirmed a reduction in endothelial cell 

density with age.139, 157 No association has been observed between basal epithelial cell density 

and subject age.137, 139, 141 Further studies are needed to document the rate of keratocyte loss 

with age and to better understand the role of aging keratocytes in corneal wound repair and 

maintenance, both in corneal disease and following surgery. 

 

Corneal sensation has been documented to decrease with age,188, 189 however, there is 

disagreement between studies as to whether there is a corresponding reduction in sub-basal 

nerve fibre density.151, 153 The number and complexity of nerve fibres was initially reported to 

decrease with age190 and a study of 25 young volunteers (mean age 22 years) compared with 25 

older volunteers (mean age 74 years) observed lower sub-basal nerve density in the older age 

group.151 A subsequent study, however, failed to confirm these observations, with no correlation 

seen between age and corneal sub-basal nerve density in 65 healthy volunteers (aged 15 to 79 

years).153 

 

Contact lens wear 
 

IVCM has been employed in studying corneal changes associated with contact lens wear, both in 

neophyte subjects and following long-term wear. A reduction in temporal epithelial thickness has 

been observed in long-term daily contact lens wearers (46.3 μm vs. 50.9 μm, p = 0.02),191 

however, no difference has been noted in central epithelial thickness. Basal epithelial cell 
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movement is slower in rabbits with short term exposure to extended-wear contact lenses, 

consistent with a reduction in cell proliferation192 and twice the number of Langerhans’ cells have 

been observed in both the central and peripheral cornea of contact lens wearers.15 Interestingly, 

although long-term contact lens wear has been associated with a considerable reduction in 

corneal sensitivity,193 two independent studies have shown no alteration in corneal nerve density 

with contact lens wear,191, 194 leading to the supposition that the reduction in corneal sensation is 

the consequence of sensory adaptation.  

 

The effect of contact lens wear on keratocyte density is unclear. An initial report of 9 subjects 

using extended-wear contact lenses (for a mean of 5.9 years) observed 32% lower anterior 

keratocyte density and an 18% lower posterior keratocyte density in comparison to control 

subjects (p = 0.01 and p = 0.04 respectively).195 Subsequent studies, however, have shown 

conflicting results. Overnight soft contact lens wear in neophyte subjects has been associated 

with an apparent reduction in keratocyte density (21% compared to 10% reduction in controls), 

although these changes have been postulated to result from a combination of volumetric tissue 

expansion and a reduction in image contrast, as opposed to a reduction in total keratocyte 

numbers.196 Further investigations into keratocyte loss in neophyte subjects immediately and 

following two hours of wear (silicon hydrogel and rigid gas permeable contact lenses) have 

observed a reduction in keratocyte density not solely attributable to decreased image contrast or 

corneal oedema.197 The results for long-term wear are less conclusive. Efron et al demonstrated a 

reduction in posterior keratocyte density by 14% following six months of extended-wear contact 

lenses in myopic neophytes, but no reduction was observed in anterior keratocyte density.198 Two 

further studies have noted no difference in keratocyte density with long-term wear of soft191 and 

rigid gas permeable199 contact lenses in comparison to control subjects. Further studies are 

needed to investigate this association in more depth.  

 

Stromal changes, including microdot deposits, have been identified in subjects with long-term 

contact lens wear.199, 200 Endothelial polymegathism is increased with long-term rigid contact lens 

wear, although endothelial cell density appears to remain the same.199  

 

Dry eye 
 

Studies examining dry eye have focussed on the sub-basal nerve plexus to investigate the 

association between dry eye and decreased corneal sensation.201-204 Decreased sub-basal nerve 

density has been noted in two studies,204, 205 however, three studies have noted no difference in 
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sub-basal innervation density,201-203 although increased nerve density was noted in a sub-group 

with Sjögren syndrome202 and structures resembling nerve sprouting were identified in four out 

of ten corneas with Sjögren syndrome, suggesting ongoing active neural growth.203  

 

Lower superficial and intermediate epithelial cell densities have been documented in dry eye, as 

well as lower peripheral epithelial thickness, in comparison with control subjects.204-206 No 

difference has been observed in basal epithelial, anterior or posterior keratocyte density or 

endothelial cell density between the groups.  

 

Corneal ectasia, dystrophies and degenerations 
 

Keratoconus 

 

Keratoconus is a non-inflammatory ectasia of the cornea, in which the cornea assumes a conical 

shape due to thinning and protrusion.207 There are few published studies examining the IVCM 

appearance of keratoconus, and results have been somewhat marred by the inclusion of subjects 

with corneal scarring, contact lens wear, and poor quality of stromal images, rendering some 

images unable to be analysed due to high levels of stromal haze.208-210  

 

Keratoconic epithelium has been examined in four IVCM studies, with two reporting an increase 

in cell area and whorl-like arrangement of the epithelial cells, one reporting a lower density of 

basal epithelial cells, and the other, conversely, reporting a decrease in cell area and a 90% 

increase in basal epithelial cell density.208, 209, 211, 212 No explanation has been given for these 

conflicting results, although specular microscopy analysis (using a contact lens to give images of 

the epithelium) notes elongated epithelial cells, supporting the observations of the first three 

studies.209, 213  

 

Four previous studies have examined keratocyte density in keratoconus with IVCM.208-210 Erie et 

al conducted a study of keratocyte density in 29 eyes of 19 subjects with keratoconus, compared 

with 29 eyes of 19 control subjects matched for contact lens wear and age.210 However, the 

subjects were not matched for type of contact lens wear, with rigid gas permeable lenses more 

common in the group with keratoconus. No reduction in keratocyte density was observed in 

keratoconic subjects who did not wear contact lenses. Hollingswoth et al examined keratocyte 

density in 29 eyes of 29 subjects with keratoconus in comparison with historical control 
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subjects.209 Subjects were not matched for contact lens wear. Anterior and posterior keratocyte 

density was 19% and 10% respectively lower in subjects with keratoconus than controls, 

although many images of the corneal stroma were hazy, possibly associated with corneal 

scarring. More recently, Uçakhan et al published a study examining keratocyte density in 48 eyes 

of 24 subjects with keratoconus in comparison with 44 eyes of 22 control subjects, which 

demonstrated keratoconic anterior and posterior keratocyte density 19% and 22% lower than 

controls respectively.208 However, subjects were not matched for contact lens wear and images 

of the stroma were hazy and hyper-reflective in 29.2% of keratoconus subjects, correlating with 

the degree of stromal scarring. More recently, Weed et al documented significantly higher 

keratocyte density in keratoconic subjects in comparison to control subjects (with or without a 

history of contact lens wear),212  

 

Vogt’s striae have been imaged in subjects with keratoconus, appearing as alternating dark and 

light bands.214 Two studies have also examined the IVCM appearance of single cases of corneal 

hydrops in keratoconus, noting epithelial oedema with increased visibility of the cell borders and 

some hyper-reflective scarring.215, 216  

 

One study has documented a small (6%) increase in endothelial cell density in subjects with 

keratoconus in comparison with controls,157 whilst another study has demonstrated no difference 

in endothelial cell density.212 

 

Prominent corneal nerves are one of the characteristic signs of keratoconus207 and sub-basal 

nerves have been reported to have a thickened and prominent IVCM appearance in 29.2% of 

subjects with keratoconus in one study.208 A small study of 13 subjects with keratoconus revealed 

decreased sub-basal nerve density and increased stromal nerve thickness,163 and detailed maps 

of the sub-basal nerve plexus in keratoconus have demonstrated reduced central nerve density 

and abnormal nerve architecture.184 

 

Corneal dystrophies 

 

The introduction of IVCM into the domain of both research and clinical practice represents a 

revolution in the approach to inherited corneal disease, allowing microstructural analysis, in vivo, 

of affected subjects in the early stages of disease and screening of presumably unaffected family 

members.217 To date, the majority of papers published on IVCM in corneal dystrophy have 
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consisted of isolated case reports,218-220 however, larger case series are gradually appearing in 

the literature, providing greater insight into subtle alterations in corneal structure.167, 221, 222 

 

Epithelial corneal dystrophies 

Map-dot-fingerprint (MDF) dystrophy is a relatively common inherited disorder of the epithelial 

basement membrane, commonly asymptomatic or presenting with recurrent epithelial erosions. 

Several series have examined the IVCM appearance of the cornea in patients with MDF and/or 

epithelial erosions and observed abnormal epithelial basement membrane folds, cysts at the level 

of the basal epithelium and abnormal sub-basal nerve plexus.218, 222-224 

 

Meesmann’s corneal dystrophy has also been imaged by IVCM with multiple hyporeflective areas 

visible in the epithelium.224-226 The sub-basal nerve plexus has a fragmented appearance, 

although this may result from a masking effect caused by the cystic lesions anterior to the 

plexus.225 

 

Corneal dystrophies of Bowman’s layer 

Reis-Bückler’s dystrophy was first imaged by TSCM in 1993 with fine deposits of dystrophic 

material observed immediately posterior to the basal lamina.131 Subsequent studies have 

confirmed the appearance of fine deposits in the anterior stroma and observed highly reflective 

material at the level of Bowman’s layer.227 No abnormalities of the endothelium or the mid or 

posterior stroma have been observed. A single case report has demonstrated the IVCM 

appearance of Thiel-Behnke dystrophy, illustrating hyper-reflective sub-epithelial deposits located 

almost exclusively at the level of Bowman’s layer228 and a subsequent comparative study of two 

patients with Thiel-Behnke and three patients with Reis-Bückler’s dystrophy has illustrated that in 

Thiel-Behnke the basal epithelium shows deposits with homogenous reflectivity, rounded edges 

and dark shadows, whereas the deposits at the level of the basal epithelium are smaller in Reis-

Bücklers, without any shadowing.229 Both Bowman’s layer dystrophies demonstrate, 

unsurprisingly, considerable alteration at the level of Bowman’s layer, however, the reflectivity 

appears to be greater in Reis-Bücklers corneal dystrophy.229  

 

Stromal corneal dystrophies 

Corneal microstructure in stromal dystrophies has been reported in several case reports and 

small series.221, 227, 230 In lattice corneal dystrophy, amyloid deposition is characterised by poorly 

demarcated, hyper-reflective, linear, branching structures of varying intensity.221, 227, 230, 231 The 

sub-basal nerve density appears to be reduced, associated with lower corneal sensitivity.221, 231  
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Hyper-reflective breadcrumb-like deposits measuring approximately 50 µm in diameter are 

observed in the epithelium and stroma during IVCM examination of subjects with granular 

dystrophy.227 Bowman’s layer appears hyper-reflective and fine deposits are also observed in the 

anterior stroma.227 IVCM has also been utilised to examine patients with recurrence of granular 

dystrophy following penetrating keratoplasty, demonstrating epithelial and stromal lesions 

consistent with granular dystrophy.232 

 

Several reports have utilised IVCM in the differentiation of fleck dystrophy and pre-Descemet’s 

(Maeder-Danis) dystrophy.219, 220, 233, 234 Hyper-reflective dots are visualised in the corneal stroma 

in both diseases, however, they are predominantly contained within the most posterior stroma in 

pre-Descemet’s dystrophy, whereas, in fleck dystrophy, they are distributed throughout the 

corneal stroma. The hyper-reflective inclusions appear to be intracellular in fleck dystrophy and 

extracellular (or within cell processes) in pre-Descemet’s dystrophy.233  

 

IVCM has been utilised in other stromal dystrophies such as central cloudy dystrophy of François, 

in which small hyper-reflective granules are observed in the anterior stroma with opacity and 

dark striae in the posterior stroma,235 and in Schnyder crystalline corneal dystrophy, 

demonstrating hyper-reflective lipid deposition and abnormalities of the sub-basal and sub-

epithelial nerve plexus.236 IVCM of a patient with the dual diagnosis of macular dystrophy and 

keratoconus has been reported, with intra- and extra- cellular hyper-reflective stromal and basal 

epithelial deposits, absence of the sub-basal nerve plexus and dark striae in the posterior 

stroma.237 

 

Endothelial corneal dystrophies 

IVCM has been valuable in the diagnosis of endothelial disorders as the confocal microscope has 

been able to capture images in subjects in whom endothelial detail is obscured in both clinical 

and specular microscopy examination due to moderate to advanced corneal oedema.165, 216  

 

Fuchs’ endothelial dystrophy reveals a typical ‘dimpled’ appearance of the endothelium on IVCM 

with corneal guttae and reduced endothelial cell density. 167, 216, 238, 239 Images of the corneal 

guttae are similar with specular microscopy and IVCM, appearing as bright spots surrounded by a 

dark halo.167, 216, 238, 239 Qualitative changes are observed in other corneal layers, with epithelial 

bullae and hyper-reflective cell borders, hyper-reflective Bowman’s layer, stromal lacunae and 

increased thickness of Descemet’s membrane.137, 167, 224 No significant difference in keratocyte 

density has been observed.167   
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Posterior polymorphous dystrophy (PPD) has been imaged in several isolated case reports and 

small series.240-245 Hyper-reflective lines are exhibited at the level of Descemet’s membrane, with 

vesicles and clusters of abnormal endothelial cells.240, 245 Endothelial cell density may be normal 

or low, and significant endothelial polymegathism has been reported.242 The epithelium and 

stroma are reported to be normal, however, no quantitative analysis has been performed.240  

 

Corneal degenerations 

 

Isolated case reports have been published detailing the IVCM appearance of posterior crocodile 

shagreen, corneal farinata and polymorphic amyloid degeneration.246-248 Salzmann’s nodular 

degeneration has been described in three case reports as unstructured hyper-reflective areas 

surrounded by activated keratocytes, with good correlation between the in vivo and ex vivo 

appearance.218, 249, 250 

 

Iridocorneal endothelial (ICE) syndrome 
 

The diagnosis of ICE syndrome represents a spectrum of disorders of the corneal endothelium, 

iris and aqueous drainage, occurring predominantly unilaterally, with highly variable clinical 

presentation.251 IVCM has shown early promise in the diagnosis of this disorder and the 

differentiation of ICE syndrome from other potential causes of corneal oedema such as Fuchs’ 

endothelial dystrophy, corneal hydrops or reduced endothelial cell density with corneal 

decompensation.216, 251-253 The endothelium in ICE syndrome demonstrates ‘epithelium-like’ 

transformation, with indistinct cell borders with prominent bright nuclei,131, 251-253 and a series of 

five subjects with ICE syndrome examined with SSCM demonstrated prominent corneal nerves 

and oedema of the basal epithelium.251  

 

Infective keratitis 
 

Infective keratitis is an increasingly common, potentially sight threatening condition, 

necessitating prompt diagnosis and initiation of treatment to ensure the best visual outcome.254 

Whilst microbiological diagnosis via corneal scrape specimens remains the gold standard, reports 

have supported the possible role of IVCM in the early diagnosis of infective keratitis, particularly 

in the detection of slow growing organisms such as Acanthamoeba or fungal infections,255-257 and 
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the American Academy of Ophthalmology reported level II evidence for the adjunctive role of 

IVCM in the diagnosis of Acanthamoeba keratitis.132  

 

Acanthamoeba keratitis 

 

Acanthamoeba keratitis represents a relatively ‘new’ clinical entity, with the first case reported in 

1973 and dramatic escalation of the incidence in association with a rise in contact lens wear.258 

Initial misdiagnosis is common as early clinical presentation is highly variable and rates of 

positive cultures are poor.258 A delay in diagnosis (> 18 days) is common, and has been 

associated with poorer visual outcomes and increased requirement for surgical management.259 

The first reported case of IVCM of Acanthamoeba keratitis was published in 1992260 and this 

initial case was promptly followed by a number of individual case reports.261, 262  

 

In vitro, Acanthamoeba cysts are reported to measure 15 – 28 µm with a double wall structure 

and trophozoites measure 25 – 40 µm.258 With IVCM, Acanthamoeba cysts appear as ovoid, 

hyper-reflective structures, ranging in diameter from 10 – 26 µm, with the double-wall sometimes 

apparent.257, 261, 262 In the absence of the double-walled appearance of Acanthamoeba cysts, it 

may not be possible to distinguish them from macrophages.257 Trophozoites appear, on IVCM 

examination, as ovoid irregular structures, with variable size and shape, reported to measure 23 

– 25 µm x 11 – 19 µm.262 The trophozoites may be difficult to distinguish from keratocyte nuclei. 

A small series observed no visible tropohozoites by IVCM four to six weeks after commencing 

treatment, suggesting that IVCM may be useful in monitoring response to treatment, and 

possibly in determining treatment endpoints.263 

 

In addition to Acanthamoeba cysts and trophozoites, swollen corneal stromal nerves may be seen 

on IVCM262, 264 and small (5 – 15 µm) ovoid, irregular, hyper-reflective elements have been 

reported at the level of the basal epithelium, representing either cellular debris, inflammatory 

cells, or, potentially, altered Acanthamoeba cysts.261 

 

A recent study examined the diagnostic accuracy of IVCM in the Acanthamoeba keratitis, and 

demonstrated a sensitivity of 100% and a specificity of 84%,265 however, detection rates may 

differ significantly between operators, and, whilst IVCM has shown great utility in the early 

screening of possible Acanthamoeba keratitis, microbiological diagnosis, in the form of corneal 

scrape or biopsy, remains the gold standard.    
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Fungal keratitis 

 

Limited information is available regarding the relative utility of IVCM in the screening and 

diagnosis of fungal keratitis, with several isolated case reports illustrating the IVCM appearance 

of single cases with Aspergillus, Fusarium and Candida.256, 266-269 Chiou et al published a report 

reviewing the differential diagnosis of linear corneal images on IVCM and described fungal 

hyphae appearing as linear, hyper-reflective, well delineated structures with a width of 

approximately 6 µm and a highly branching and intersecting pattern.245 A large series of IVCM 

examinations of 43 patients with suspected fungal keratitis has reported presumed fungal hyphae 

in 31 subjects270 and a recent study of 133 subjects with infective keratitis, of which 16 were 

fungal, demonstrated a sensitivity of 94% and a specificity of 74%.265 

 

Bacterial keratitis 

 

Bacteria are smaller in size than Acanthomoeba or fungal hyphae, and thus frequently lie beyond 

the resolution of IVCM. Larger bacteria (1.5 to 2 µm) have been able to be imaged, however, and 

case reports have been published illustrating the IVCM appearance of infection due to Borrelia, 

Microsporidia, Streptococcus viridans and Staphylococcus werneri.271-274 IVCM of infectious 

crystalline keratitis has demonstrated either distinct needle-like deposits or amorphous deposits 

at different stromal depths, however, no association was observed between IVCM morphology 

and culture results.275 Increased density of dendritic-like cells has been reported in a patient with 

bacterial keratitis.16  

 

Viral keratitis 

 

The IVCM appearance of chronic recurrent herpes simplex virus (HSV) infection was reported in a 

single case in 1993, with enlarged epithelial cells, dense fibrosis and absence of the sub-basal 

nerve plexus.131 Rosenberg et al subsequently examined the central cornea of 16 subjects with a 

history of unilateral HSV keratitis, using the contralateral eye as the control group.146 Alterations 

of the sub-basal nerve plexus were observed, with no visible sub-basal nerve plexus in two 

subjects and reduced nerve density in three subjects. Nerve fibre morphology was normal in the 

contralateral eyes. Dendritic cells were observed in the basal epithelium in 62.5% of eyes with 

previous HSV keratitis compared to 12.5% of the control eyes (p = 0.011).  
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The IVCM appearance of sub-epithelial infiltrates in epidemic keratoconjunctivitis has been 

examined in two studies.147, 149 Both studies have observed a non-specific increased density of 

dendritic cells at the level of the basal epithelium and Bowman’s membrane with normal 

appearance of the stroma and endothelium.  

 

Post surgical cornea 
 

Refractive surgery 

 

Refractive surgery has offered researchers a unique opportunity to study corneal wound healing 

in a young and otherwise healthy patient population. Interest in IVCM of the cornea after 

refractive surgery has further blossomed following the explosion in refractive procedures, coupled 

with growing interest in dry eye symptoms and myopic regression following surgery. A wealth of 

research papers are now extant examining in detail the initial wound healing response276 and 

longitudinal studies have revealed ongoing changes in the cornea up to five years following 

refractive surgery.277, 278 

 

Photorefractive keratectomy (PRK) 

Immature epithelial cells may be imaged in the central cornea within seven days following PRK 

and epithelial architecture appears normal at one month, although there may be some enhanced 

reflectivity of the basal epithelial cells.279, 280 CMTF has been utilised to study epithelial thickness 

following PRK although the results are conflicting, with some studies showing a stable increased 

epithelial thickness post PRK,281 whilst other studies have demonstrated a return to normal 

thickness 12 months to five years following surgery,158, 278 and a further study showed a 

reduction in epithelial thickness one month post PRK.282  

 

Immediately following PRK the sub-basal nerve density is reduced and (ablated) Bowman’s layer 

is undetectable in all post PRK corneas.278, 281 The sub-basal nerve plexus slowly regenerates and 

some reports show a return to normal nerve fibre density in the following two years,280, 281, 283 

however, morphological alterations are still observed up to five years following surgery278, 280 and 

aberrant regeneration of the stromal nerves has been reported following PRK.284  

 

The anterior keratocyte layer is ablated during PRK and is still significantly reduced one month 

following surgery, accompanied by marked intercellular oedema and activation of keratocytes.280, 
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281, 285 Long-term analysis has demonstrated that the initial reduction in anterior keratocyte 

density is followed by a continued decline in cell counts for at least five years following routine 

PRK.277 Posterior keratocyte density does not appear to be significantly altered in the short-term 

following PRK, but, interestingly, a reduction in posterior keratocyte density has been observed at 

the five-year follow-up.277 Increased reflectivity of keratocyte cell processes is seen, peaking at 

three months following surgery,158, 278, 281 and a one-year follow-up of corneal wound healing and 

haze following PRK demonstrated that the development of haze post PRK is directly correlated 

with increased cellular reflectivity associated with keratocyte activation and wound healing.158  

 

Sub-epithelial deposits are also observed following PRK and may be associated with long-term 

corneal haze with associated symptoms of glare.286 A single randomised control study of corneal 

wound healing following PRK noted a reduction in the IVCM appearance of activated keratocytes 

and corneal haze with application of mitomycin C.287 Hyper-reflective rods and needles have 

occasionally been observed in the corneal stroma following PRK and are apparent up to 3.5 years 

following surgery.279, 285  

 

Good correlation has been observed between measured and predicted ablation depth in PRK.288 

No abnormalities have been observed in the corneal endothelium following PRK.279, 285 

 

Laser in situ keratomileusis (LASIK) 

LASIK surgery involves the creation of a hinged flap (consisting of approximately 160μm of 

epithelium, Bowman’s layer and anterior stroma) with subsequent photoablation of the (deeper) 

exposed stroma under the flap, thus conferring a theoretical advantage to the corneal epithelium 

over PRK. Hyper-reflective wing cell nuclei may be observed two to sixteen weeks following 

routine LASIK.289 CMTF studies of epithelial thickness following LASIK report conflicting data, with 

no alteration in the epithelial thickness one week to six months post LASIK reported in one 

study,290 however, other studies have observed an increase in epithelial thickness one month 

following LASIK, stable for twelve months to seven years following the procedure.291, 292 

 

After LASIK the corneal sensation is reduced for up to six months or more.293, 294 Sub-basal nerve 

density is reduced by more than 90% of the preoperative value in the first month following 

surgery.295, 296 Longitudinal studies have demonstrated a slow recovery of sub-basal nerve density 

and a return to normal sub-basal nerve morphology after approximately six months,283, 290, 293, 294 

although sub-basal nerve density is still half normal at twelve months296 and a reduction in sub-

basal nerve density has been observed between two and three years following surgery.295 One 

study observed slower reinnervation following LASIK than following PRK, however, as the 
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subjects were not randomized, it is difficult to make meaningful comparisons.283 Good correlation 

has been observed between corneal sensation and sub-basal nerve density following LASIK.294  

 

Alterations have also been observed in the stromal nerves following LASIK with reduced nerve 

density and abnormal morphology.290, 294 A single case of aberrant stromal nerve regeneration 

has been reported, occurring in the potential space of the LASIK flap interface, and whilst these 

nerve changes did not appear to be clinically significant, they were still apparent at two years 

post LASIK.297 

 

A recent IVCM study of corneal wound healing and nerve regeneration following LASIK showed 

no difference in the regeneration of the sub-basal nerve plexus between subjects with the flap 

periphery formed by femtosecond laser compared with mechanical microkeratome.298 

Interestingly, the femtosecond laser flap margin showed greater fibrotic scarring than that 

induced by the mechanical micokeratome.   

 

Immediately following surgery, keratocytes disappear from both sides of the lamellar cut and the 

morphology of the anterior keratocytes is altered, with more oval, bright nuclei and increased 

reflectivity of the keratocyte cytoplasm.158, 294 This activation of stromal keratocytes appears to be 

only transient, usually apparent for only one to two weeks postoperatively.299 Microfolds are 

reported in the anterior stroma of the surgical flap in 28.5 – 96.8% of routine LASIK cases.294, 299, 

300 although they don’t appear to be clinically significant.294 The initial steep decline in keratocyte 

density is followed by a more gradual decline, continuing for at least five years following routine 

LASIK.277, 301 Interestingly, posterior stromal cell density has been shown to increase in the initial 

month following LASIK and then subsequently decline, and posterior keratocyte density has been 

observed to be at lower than preoperative values at five-year follow-up.277, 294, 302 Corneal back 

scatter has been observed to be higher at the one month follow-up in patients treated with 

femtosecond laser in comparison with mechanical microkeratome.303 No difference was apparent 

at the three and six month follow-up and no difference was observed in visual acuity or contrast 

sensitivity.  

 

Highly reflective particles have been observed with IVCM at the LASIK flap interface.304-306 These 

particles were not present in subjects prior to LASIK, persist for up to 3 – 4 years following 

surgery306 and have been postulated to represent either plastic or metallic elements arising from 

the microkeratome.304, 306 In this matter, the advent of the femtosecond laser has been revealing, 

as the LASIK interface morphology has been shown to be similar in subjects treated with the 

femtosecond laser in comparison to those treated with the mechanical microkeratome.298 This 



 

Page 53 
 

precludes the earlier supposition that the particles were metal or plastic from the microkeratome, 

and the particles may, instead, represent cellular debris. A comparison between the FS15 and 

FS30 femtosecond lasers observed a lower density of interface particles in the group treated with 

the FS30.307 

 

Thickness of the LASIK flap has been studied using CMTF. LASIK flap thickness is routinely 

thinner than the predicted values and one study observed the ablation depth to be 25% greater 

than predicted.288, 299, 302, 308 Greater difference between predicted and actual thickness has been 

observed with the ACS microkeratome, however, more variability in flap thickness has been 

observed with the Hansatome microkeratome.308 More recently, flap thickness with the 

femtosecond laser was compared with the mechanical microkeratome.309 Mean deviation from 

predicted flap thickness was the same with both devices, however, increased variability was 

observed with the mechanical microkeratome (Moria M2). Keratocyte activation and subclinical 

haze have been noted to correlate with thinner LASIK flaps.302 

 

No alteration of the corneal endothelium has been reported following LASIK.294, 302 

 

Complications following LASIK have been imaged with IVCM, including epithelial ingrowth, sub-

epithelial infiltrates and deep lamellar keratitis.148, 310, 311 Epithelial ingrowth following LASIK is 

associated with varying degrees of stromal haze and keratocytes appear activated.310, 312 Nests of 

epithelial cells are visualised in the corneal stroma and at the flap interface.310  

 

Sub-epithelial infiltrates have been described following routine LASIK surgery and IVCM reveals 

bright particles with dendritic morphologies, postulated to represent Langerhans’ cells, at the 

level of Bowman’s layer, in close approximation to activated keratocytes.148 Whilst the origin of 

these lesions is unclear, the morphology is similar to that observed in adenoviral 

keratoconjunctivitis147 and the lesions resolve completely following treatment with topical 

corticosteroids.  

 

IVCM in deep lamellar keratitis demonstrated inflammatory cells at the LASIK flap interface311, 312 

with keratocyte activation in the corneal stroma immediately anterior and posterior to the flap 

interface.313 

 

Intrastromal corneal ring segments (INTACS) 

INTACS© were approved by the United States Food and Drug Administration in 1999 for the 

correction of low myopia and offer a potentially reversible treatment that leaves the optical 
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centre of the cornea intact.314 IVCM of the central cornea following INTACS insertion revealed a 

normal appearance of the central cornea. The peripheral cornea showed hyper-reflective 

epithelial nuclei, moderate fibrosis around the INTACS and deposition of some highly reflective 

material around the INTACS.314, 315 No inflammatory cells have been observed and no alteration 

of the endothelium has been reported.314  

 

Cataract surgery 

 

Despite the wealth of research regarding corneal refractive surgery, cellular and innervation 

changes in the cornea following cataract surgery remain relatively unexplored by IVCM. Three 

studies have reported IVCM observations following cataract surgery. The first was a report of five 

cases of retained cotton fibre following surgery, which demonstrated clearly demarcated cotton 

fibre with surrounding fibrosis.316 No activation of keratocytes or inflammatory infiltrate was 

observed. In the second study, the conjunctival local inflammatory response following routine 

phacoemulsification with local sub-Tenon anaesthesia was examined.317 An 8-fold increase in the 

number of rolling leucocytes in conjunctival blood vessels was observed following cataract 

surgery. The authors examined the effect of preoperative intravenous hydrocortisone on the 

post-surgical inflammatory response and showed that whilst preoperative hydrocortisone did not 

alter the number of rolling leucocytes observed postoperatively, it was associated with increased 

leucocyte velocity and thus decreased emigration into conjunctival tissue. More recently, an 

isolated case report of wavelike epitheliopathy following phacoemulsification has been published, 

illustrating enlarged epithelial cells with prominent nuclei and hyper-reflective lesions at the edge 

of the epithelial change.318 

 

Penetrating and lamellar keratoplasty 

 

Specular microscopy has enabled prospective longitudinal studies of endothelial cell counts to be 

conducted upon transplanted corneas in vivo,159 but, until recently, studies of other cell layers 

and innervation have been limited to animal studies and a small number of human ex vivo 

histological studies. IVCM offers the possibility to study transplanted human corneal buttons 

following penetrating keratoplasty in both clear, functioning transplants and following 

complications such as corneal allograft rejection, infections or late endothelial failure. To date, 

only a small number of studies have utilised this technology to image the cornea following 

penetrating keratoplasty.159, 319-322 
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Morphological alterations in the arrangement of the basal epithelium have been observed in a 

small study of four subjects followed for one year post penetrating keratoplasty,322 however, no 

significant change in epithelial cell density has been observed between 15 and 66 months 

following penetrating keratoplasty.320 To date, no comparison between normal and post 

penetrating keratoplasty epithelial cell density has been performed.  

 

Whilst studies pertaining to corneal reinnervation following refractive surgery are plentiful, 

studies commenting on corneal reinnervation following penetrating keratoplasty are few,321, 322 

and, surprisingly, no quantitative studies of corneal reinnervation following penetrating 

keratoplasty have been performed. The morphology of corneal nerves remains abnormal up to 

three years following penetrating keratoplasty and return of corneal sensation is greatest in 

young subjects with reinnervation of the basal epithelium.321  

 

Two IVCM studies have examined keratocyte density following penetrating keratoplasty in 

comparison to normal controls; one study observed lower keratocyte density in subjects following 

penetrating keratoplasty,159 and the other study showed no difference between normal and post 

transplant keratocyte density.319 Imre et al conducted a longitudinal study of seven subjects 

following penetrating keratoplasty and observed a decline in keratocyte density between IVCM 

examination at 15 months and examination at 66 months post penetrating keratoplasty.320  

 

The American Academy of Ophthalmology has highlighted the potential ability of IVCM to 

distinguish between corneal oedema due to endothelial failure following penetrating keratoplasty 

and corneal oedema secondary to allograft rejection as an important potential clinical application 

of IVCM.132 Corneal allograft rejection following penetrating keratoplasty has been documented in 

two animal studies, revealing epithelial and endothelial rejection lines, vascularisation of the 

cornea and infiltration of inflammatory cells.323, 324 To date, there are no published studies of the 

IVCM appearance of human corneal allograft rejection.  

 

Imaging of eyes following deep lamellar keratoplasty has revealed an area of hyper-reflectivity at 

the host donor interface.325 Subjects with keratoconus had hypo-reflective streaks visible 

posterior to the interface in the residual peripheral host stroma, presumed to represent Vogt’s 

striae. Endothelial cell density reduced by 13.8% - from preoperative assessment to examination 

on day 15.  
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Other ocular disease 
 

Corneal neovascularisation 

 

Corneal vascularisation can be observed with IVCM, with corneal blood vessels appearing as well 

delineated hyper-reflective walls with a hypo-reflective lumen, and IVCM can be used to 

differentiate between corneal ghost vessels, corneal nerves and lattice corneal dystrophy245 The 

process of corneal neovascularisation has been investigated by IVCM in rabbits’ eyes following 

placement of a suture in the corneal stroma.326 New vessel growth frequently developed along 

stromal nerves, possible due to a path of decreased resistance for the migrating cells.  

 

Uveitis 

 

The morphology of keratic precipitates in uveitis has been examined by IVCM.327 The limited data 

available suggest that the appearance of keratic precipitates may vary between different 

aetiologies, with a more infiltrating or dendritic appearance in infectious causes. 

 

Corneal deposits 

 

The cornea of a single patient with pseudoexfoliative syndrome has been imaged with IVCM, 

illustrating hyper-reflective deposits at the level of the epithelium and endothelium, associated 

with a low endothelial density, pleomorphism and polymegathism.328 Amiodarone deposition in 

vortex keratopathy has been studied by a few authors329, 330 with hyper-reflective deposits 

observed in the superficial and basal epithelium and anterior and mid stroma as early as two 

months following commencement of amiodarone therapy. Morphological changes have been 

observed in the anterior stroma and corneal nerves,329, 330 and one study observed a statistically 

significant lower keratocyte density compared with matched controls.329 The IVCM appearance of 

chlorpromazine deposits have also been reported, with multiple hyper-reflective deposits on the 

posterior surface of the endothelium.331   
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Systemic disease 
 

Many systemic diseases are associated with documented ocular changes and the corneal 

manifestations of myriad systemic diseases have been explored with IVCM, primarily reported in 

the form of isolated case reports.332-334 

 

IVCM has found an exciting potential application in systemic disease in the assessment of corneal 

nerve fibre density in diabetes mellitus. Diabetic neuropathy is the most common and costly 

complication of diabetes mellitus, affecting up to 50% of patients.335 A reduction in corneal sub-

basal nerve fibre density and an increase in nerve fibre tortuosity in diabetes have been 

documented utilising IVCM336-338 and changes in corneal nerve fibres have been associated with a 

reduction in corneal sensation336 and also with the stage of peripheral neuropathy.336-338 Thus 

IVCM may offer a fast, non-invasive, dynamic method of quantifying nerve fibre damage and 

repair in diabetes mellitus.  

 

Conclusions 
 

IVCM represents a rapidly evolving technology. The past two decades have witnessed a move 

from isolated case reports to larger series with quantitative assessment, and from viewing IVCM 

primarily as a research tool to integration of the technology into clinical practice. There are still a 

great number of questions to be answered and IVCM requires further validation of the technology 

to help researchers understand its strengths and limitations. In addition, larger, well-designed, 

quantitative studies of the cornea in health and disease will enable IVCM to reach its potential as 

a device capable of fundamentally altering our understanding of key aspects of ophthalmology 

and vision science.  
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Abstract 
 

Purpose 
To compare in vivo imaging of the normal human cornea using slit scanning versus laser 

scanning confocal microscopy. 

 

Methods 
Forty normal corneas (40 subjects), were examined with slit scanning confocal microscopy 

(Confoscan 4) and laser scanning confocal microscopy (Rostock Corneal Module [RCM]). Basal 

epithelial, sub-basal nerve plexus, mid stroma and endothelial density were measured and image 

contrast was calculated in the mid stroma. 

 

Results 
Image contrast in the mid stroma was lower with the Confoscan 4 than the RCM (2.2 ± 0.6 vs. 

4.2 ± 0.8, p < 0.001). Mean cell and innervation density with the Confoscan 4 and RCM were; 

epithelium 6496.5 ± 645.4 vs. 6617.6 ± 647.9 cells/mm2, sub-basal nerve plexus 16.4 ± 5.9 vs. 

21.4 ± 5.4 mm/mm2, mid stroma 636.6 ± 88.9 vs. 330.5 ± 54.9 cells/mm2, and endothelium 

2471.9 ± 277.3 vs. 2553.3 ± 311.3 cells/mm2. No significant difference was observed between 

epithelial or endothelial cell density with the two microscopes, however, sub-basal nerve plexus 

density was significantly higher with the RCM (p < 0.001) and mid stromal keratocyte density 

was significantly higher with the Confoscan 4 (p < 0.001). Limits of agreement were close for 

measurement of basal epithelial and endothelial cell density; however, limits of agreement for 

mid stromal cell density and sub-basal nerve density were poor. No significant difference was 

identified in the limits of agreement when sub-analysed for age, corneal thickness, or image 

contrast.  

 

Conclusions 
Close agreement exists between basal epithelial and endothelial cell density measurement with 

the two confocal microscopes, however, agreement for the mid stroma and sub-basal nerve 

plexus was poor. The Confoscan 4 allowed greater ease of image capture and better images of 

the endothelium, whereas the HRT II had greater image contrast and better images of the 

epithelium, sub-basal nerve plexus and stroma.  
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Introduction 
 

The slit scanning confocal microscope was first utilised by Thaer to observe the in vivo cornea, 

and involves a slit of illumination scanned over the back focal plane of the microscope objective.1 

This allows many points along the axis of the slit to be scanned in parallel, greatly reducing 

scanning times.2, 3 This microscope is currently commercially available as the Confoscan 4 (Nidek, 

Tokyo, Japan). The advantages of slit scanning confocal microscopy over traditional tandem 

scanning confocal microscopy are greater image contrast and the ability to image the low 

reflecting layer of epithelial wing cells, however, the microscope is only truly confocal in the axis 

perpendicular to the slit height.4, 5  

 

More recently, a laser scanning confocal microscope has been made commercially available 

(Heidelberg Retina Tomograph II Rostock Corneal Module [RCM]; Heidelberg Engineering GmbH, 

Heidelberg, Germany). This microscope uses a laser as a high intensity light source and the laser 

beam is scanned over the back of the microscope objective by a set of galvanometer scanning 

mirrors.2 The RCM uses a 670 nm red wavelength diode laser source.6 This is a Class I laser and 

therefore poses no risk of ocular injury.  

 

Both slit scanning and laser scanning confocal microscopy are currently being utilised for clinical 

and research applications, however, limited data are available to compare the two microscopes. 

The purpose of this study was to compare qualitative and quantitative analysis of corneal 

microstructure in the same subjects utilising two current IVCM, the slit scanning Confoscan 4 and 

the laser scanning RCM. 

 

Materials and methods 
 

Subject recruitment and assessment 
 

Forty normal subjects were prospectively recruited from the Department of Ophthalmology, 

Auckland City Hospital and analysed in the Department of Ophthalmology, University of Auckland. 

Subjects were invited to participate if they were aged 18 years and over. Criteria for exclusion 

from the study included: history of ocular surgery, current or long-term prior topical ocular 

medication, previous or active ocular pathology (other than refractive error), and prior contact 

lens wear. Prescription systemic medications were not exclusion criteria unless they were known 
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to affect the cornea or anterior segment. All subjects were examined by high magnification slit 

lamp biomicroscopy and their corneas were confirmed to be clinically normal prior to inclusion in 

the study.  Corneal topography and central corneal thickness was measured using the Orbscan II 

slit-scanning elevation topography system (Bausch & Lomb Surgical, Rochester, NY, USA).  

 

This study received approval from the Auckland Ethics Committee and adhered to the tenets of 

the Declaration of Helsinki. Written informed consent was obtained from all subjects following 

detailed explanation of the nature of the study.  

 

In vivo confocal microscopy 
 

The central cornea of the right eye was examined in each subject. Each eye was anaesthetised 

with one 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 lens and the cornea. Subjects were scanned first with the Confoscan 4 and 

then with the RCM. Specifications for both the Confoscan 4 and RCM are listed in Table 3.1. The 

order of examination was the same for all subjects and was determined to allow initial 

examination with the non-contact microscope (Confoscan 4) and subsequent examination with 

the applanating microscope (RCM). All subjects were asked to fixate on a distance target aligned 

to enable examination of the central cornea and the full thickness of the cornea was scanned in 2 

µm increments. [Figure 4.1] 

 

Figure 4.1 In vivo confocal microscopy with A) Confoscan 4 and B) Rostock Corneal Module 
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The total duration of in vivo confocal examination (Confoscan 4 and RCM) was approximately two 

minutes per microscope. None of the subjects experienced any visual symptoms or corneal 

complications as a result of the examination. 

 

Image analysis 
 

For each cornea, three Confoscan 4 and three RCM images were taken from each of the following 

levels; basal epithelium, sub-basal nerve plexus, mid stroma and endothelium. Mid stroma was 

defined as three images equidistant from Bowman’s layer and Descemet’s membrane in the full 

thickness section. All images were subsequently cropped to the central 250 x 250 µm and then 

randomised and encoded.  

 

Measurements were performed using a caliper tool (analySIS 3.1, Soft Imaging System, Münster, 

Germany). Cell counts were performed manually and cell density was calculated as an average of 

the three images per subject and expressed in cells/mm2. The entire 250 x 250 µm central 

counting frame was used for each image. Keratocyte cell density was assessed by counting all 

bright images with clear borders. Sub-basal nerve fibre density was assessed by measuring the 

total length of all nerve fibres bundles and branches and expressed as mm/mm2.  

 

Image contrast was defined as the difference in light intensity between the object of interest and 

the adjacent background in relation to background intensity and was calculated according to 

formula 4.1:4 

 

Formula 4.1 Image contrast 

 

C = (Io – Ib)/Ib 

 C = contrast 

 Io = grey scale intensity of object 

 Ib = grey scale intensity of adjacent background 

 

Mean grey scale intensity of object and background were calculated in Image J (National 

Institutes of Health, USA) using 10 samples per image (total 30 samples per subject). 
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Statistical analysis 
 

Agreement of the quantitative values obtained using Confoscan 4 and RCM was assessed using 

the method of Bland and Altman.7 An estimate of the mean bias, as measured by the mean of 

the paired differences between the two methods, was obtained. The Student’s t test was 

performed to test if the mean bias differed significantly from zero. The 95% limits of agreement 

(LOA) (mean difference ± 1.96 standard deviation [SD]) were computed to define the range 

within which most differences between measurements by the two methods will lie. Bland-Altman 

plots show the plot of the observed difference with mean bias and 95% LOA constructed. All 

tests were two-tailed and p < 0.05 was considered significant. To preserve the overall pair-wise 

error rate a correction (Bonferonni) was made for all post hoc comparisons such that p < 0.01 

was considered significant.  

 

 

Results 
 

Results from the in vivo confocal microscopy of 40 normal corneas were included for analysis. 

Subject characteristics are reported in Table 4.1. There were 9 male subjects (22.5%) and 31 

female subjects (77.5%).  

 

Table 4.1 Subject characteristics 

 

 Mean ± standard deviation Range 

Age (years) 34.7 ± 12.1 years 20 – 68 

Central corneal 

thickness (µm) 

555.5 ± 35.8 478 – 633 

Astigmatism (D) 1.0 ± 0.6 0.2 – 3.2 

Maximum K (D) 43.8 ± 1.6 40.1 – 47.4 

Minimum K (D) 42.8 ± 1.8 38.8 – 46.0 

Dioptres (D), Keratometry (K) 

 

The quality of the Confoscan 4 and RCM images was good, with cell and innervation density able 

to be calculated with both machines in all corneas. Representative Confoscan 4 and RCM images 

of epithelium, sub-basal nerve plexus, mid stroma and endothelium from a single subject are 

compared in Figure 4.2.  
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Figure 4.2 Comparison of the normal corneal appearance with slit scanning confocal microscopy 

(Confoscan 4) (image A, C, E and G) and laser scanning confocal microscopy (Rostock Corneal 

Module [RCM]) (image B, D, F and H). All images were taken from a single subject and cropped 

to the central 250 x 250 µm. 
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Applanation artefacts were observed when using the RCM [Figure 4.3], however, these were able 

to be eliminated by adjusting the applanating pressure on the cornea, and none of the analysed 

images had residual stromal striae. No such artefacts were observed with the Confoscan 4 as this 

is essentially a visco-coupled, non-direct contact device.  

 

Figure 4.3 Potential compression artefacts with laser scanning confocal microscopy (Rostock 

Corneal Module) demonstrating A) dark stromal striae and B) compression of the endothelium 

with image ‘drop out’. These artefacts may be eliminated by reducing applanating pressure on 

the cornea. 

 

 

 

The appearance of the normal corneal microstructure was similar with both machines, however, 

keratocyte nuclei and cell bodies were able to be visualised in normal subjects with the RCM, 

whereas only the nuclei were visible with the Confoscan 4. Images appeared sharper in the 

epithelium, sub-basal nerve plexus and stroma with the RCM, however, endothelial images were 

sharper with the Confoscan 4 [Figure 4.2].  

 

Image quality varied in the Confoscan 4 images, with greater image intensity and contrast 

centrally and reduced image intensity and contrast in the periphery [Figure 4.4]. Image intensity 

and contrast was consistent over the entire RCM image.  
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Figure 4.4 Surface plots of pixel intensities of slit scanning confocal microscopy (SSCM 

[Confoscan 4]) and laser scanning confocal microscopy (LSCM [Rostock Corneal Module]) images 

from the mid stroma of a single subject. The vertical scale represents pixel intensity (0 – 255). 

 

 

 

Quantitative comparison of image contrast at the mid stroma revealed significantly higher image 

contrast in RCM images than Confoscan 4 (4.2 ± 0.8 vs. 2.2 ± 0.6, p < 0.001) [Figure 4.5]. No 

correlation was observed between subject age and image contrast.  
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Figure 4.5 Quantitative comparison of image contrast in the mid stroma between slit scanning 

confocal microscopy (SSCM [Confoscan 4] and laser scanning confocal microscopy (LSCM 

[Rostock Corneal Module]) observing significantly greater contrast with LSCM (p < 0.001). 

Measurements were taken from the central 250 x 250 µm.  
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Mean cell densities measured with Confoscan 4 and RCM are reported in Table 4.2. No significant 

difference was observed between epithelial and endothelial cell density between the two 

machines, however sub-basal nerve density was 21.9 ± 23.0% lower with the Confoscan 4 (p < 

0.001) and mid stromal keratocyte density was 94.2 ± 18.0% higher in images from Confoscan 4 

than RCM (p < 0.001). A strong correlation was observed between cell density with both 

machines; epithelium r = 0.875 p < 0.001, mid stroma r = 0.850 p < 0.001, endothelium r = 

0.900 p < 0.001. A moderate correlation was observed in sub-basal innervation density between 

the two machines (r = 0.558, p < 0.001).  
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Table 4.2 Mean cell and innervation density and limits of agreement (Bland and Altman) with slit 

scanning confocal microscopy (SSCM) and laser scanning confocal microscopy (LSCM). Mean 

difference reported as LSCM – SSCM and limits of agreement expressed as cells/mm2 and as a 

percentage of the mean cell density. RCM = Rostock Corneal Module.  

 

 SSCM 

Confoscan 4 

LSCM

RCM 

Mean 

difference 

Limits of agreement

Upper Lower

Basal epithelium 

(cells/mm2) 

6496.5 ± 645.4 6617.6 ± 647.9 121.1 +753.7  

(+11.5%) 

-511.5 

(-7.8%) 

Sub-basal nerve 

plexus (mm/mm2) 

16.4 ± 5.9 21.4 ± 5.4 5.0 +15.4 

(+81.4%) 

-5.4

(-28.8%) 

Mid stroma 

(cells/mm2) 

636.6 ± 88.9 330.5 ± 54.9 -306.0 -205.7 

(-42.5%) 

-406.3

(-84.0%) 

Endothelium 

(cells/mm2) 

2471.9 ± 277.3 2553.3 ± 311.3 81.5 +347.1 

(+13.8%) 

-184.1

(-7.3%) 

 

The limits of agreement between Confoscan 4 and RCM measurements of cell and innervation 

density were plotted according to the method of Bland and Altman [Figure 4.6]. Good correlation 

was observed between cell density in the epithelium, mid stroma and endothelium. Poor 

agreement was observed in measurement of sub-basal nerve plexus cell density. The mean 

difference (LSCM – SSCM) and upper and lower limits of agreement are reported in Table 4.2.  
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Figure 4.6 Limits of agreement (Bland and Altman) plots for slit scanning confocal microscopy 

(SSCM [Confoscan 4]) and laser scanning confocal microscopy (LSCM [Rostock Corneal Module]) 

measurement of cell and innervation density in the epithelium, sub-basal nerve plexus, mid 

stroma and endothelium. 

 

 

 

No correlation was observed between limits of agreement and central corneal thickness or 

keratometry and no correlation was observed between limits of agreement and image contrast. A 

weak correlation was observed between age and limits of agreement in the epithelium (r = 0.364 

p = 0.021) and mid stroma (r = 0.317 p = 0.047), however, this did not reach significance 

following post hoc correction (Bonferonni, p < 0.01 considered significant). No such correlation 

was observed between age and limits of agreement in the sub-basal nerve plexus or 

endothelium.  
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Discussion 
 

This study qualitatively and quantitatively compared corneal examination with two current in vivo 

confocal microscopes, the slit scanning Confoscan 4 and the laser scanning RCM. Strong 

correlation and narrow limits of agreement were observed between the Confoscan 4 and the RCM 

in measurement of epithelial and endothelial cell density, however, limits of agreement were poor 

for mid stromal and sub-basal nerve density.  

 

Accurate measurement of endothelial cell density is important for research purposes and is 

increasingly being used in the clinical setting for assessment of subjects pre and post surgery. 

IVCM has been utilised to examine normal and abnormal corneal endothelium8-11 and good 

concordance has been observed between IVCM and specular microscopy.12, 13 IVCM may have an 

additional advantage over specular microscopy in its ability to image the endothelium even in 

moderate corneal oedema, and in enabling concurrent imaging of other cell layers.12 This study 

observed a strong correlation and narrow limits of agreement between the Confoscan 4 and 

RCM. Two previous studies have compared the RCM to earlier versions of the Confoscan. The 

first was a purely qualitative comparison between the Confoscan 2 and the RCM, observing 

similar cell morphology with both microscopes.14 The second compared measurements of 

endothelial cell density between the Confoscan 3 and RCM and observed higher cell density with 

the RCM (36.7% higher), although coefficient of repeatability was fairly good (± 11.9%).15 An 

important limitation of that study is that cell counts were performed automatically (with manual 

correction) for the Confoscan 3 and manually for the RCM. Significant differences have previously 

been reported between manual and automatic measurement of cell density,16 and all cell counts 

in the current study were performed manually.  

 

Images of the endothelial cell layer were easier to obtain with the Confoscan 4, and the picture 

quality was generally better, as this device is non-contact and thus there is no distortion of the 

cornea secondary to applanation. The RCM had a relatively steep learning curve to enable the 

capture of images without applanation defects. The Confoscan 4 is a non-contact device and thus 

has a reduced risk of causing an epithelial defect during examination, however, the RCM uses a 

disposable cap, and thus has a lower risk of transferring infection. No epithelial defects or 

infections were observed in this study. 

 

Examination of keratocytes in vivo has been enabled by IVCM, and a wealth of studies have been 

generated demonstrating an active role of keratocytes in corneal wound healing and maintenance 
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of corneal transparency.17, 18 Stromal cell density measurements have previously been reported to 

be higher with slit scanning than laser scanning confocal microscopy,8, 19, 20 and this study 

observed mid stromal cell density values that were almost double with the Confoscan 4 in 

comparison with the RCM, most likely due to the difference in optical section thickness between 

the two machines [Table 1.1].4, 21 Optical section thickness is a function of numerical aperture, 

pinhole size and light wavelength,22 and is quoted by the manufacturers as 10 µm for the 

Confoscan 4 and 4 µm for the RCM, although experimental studies with earlier generations of the 

Confoscan have placed the optical section thickness between 8 µm and 26 µm.4, 21 Good 

correlation between microscopes was observed for mid stromal cell density, but any comparison 

of cell density values between machines will have to take into consideration the difference in 

optical section thickness.  Previous research comparing keratocyte density with slit scanning and 

tandem scanning confocal microscopes examined optical section thickness by plotting the point 

spread function and calculating the full-width half-maximum (FWHM).4 Unfortunately, image 

intensity with the laser scanning confocal microscope reaches maximal intensity prior to the 

FWHM and thus we are unable to compare optical section thickness between the microscopes 

using this methodology. Comparison of the optical section thickness of laser scanning confocal 

microscopy will have to be the subject of future investigation.  

 

Sub-basal nerve density was higher with the RCM than the Confoscan 4. Large variation in sub-

basal nerve density has previously been reported23-25 and likely results from differences in 

contrast between the two machines, with fine nerve branches more visible with the RCM. 

Contrast with the RCM also remains high at the periphery of the confocal image, whereas it is 

greatly reduced at the periphery in the Confoscan images. Whilst total innervation density was 

significantly different between the two machines, good correlation was observed between laser 

and slit scanning confocal microscopy and, therefore, trends reported in sub-basal nerve density, 

such as changes with age or following surgery,8, 26 are still likely to be relevant. 

 

Limits of agreement were much wider for the sub-basal nerve plexus than for measurement of 

epithelial, stromal or endothelial cell layers. The architecture of the normal sub-basal nerve 

plexus has previously been mapped by Patel and McGhee.25 They demonstrated a differential 

nerve fibre density across the cornea, with nerve density highest 1 – 2mm inferior to the central 

cornea and lowest in the periphery. This gradient of nerve fibre density makes evaluation of the 

sub-basal nerve plexus much more sensitive to small changes in fixation than other cell layers 

and may result in the lower agreement between the two machines. 
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A potential limitation of this study was that all IVCM examinations were performed in the same 

order (first the Confoscan 4 and then RCM). We elected this examination order so that non-

contact Confoscan 4 was performed first, followed by contact RCM, to minimise alterations to 

corneal structure due to repeated scans. A linear correlation has been observed between stromal 

and epithelial thickness and duration of IVCM examination during prolonged examinations, with a 

mean increase in stromal thickness of 0.5 µm/min and an increase in epithelial thickness of 0.1 

µm/min.27 However, the total examination time was limited to approximately two minutes per 

subject per machine and we believe that corneal changes resulting from the examination were 

negligible.  

 

This study has demonstrated that it is possible to obtain comparable measurement of epithelial 

and endothelial cell density between two types of IVCM, the Confoscan 4 and the RCM. 

Measurements of mid stromal cell density were comparable between the two microscopes when 

optical section thickness was taken into consideration. The microscopes offer different 

advantages and disadvantages, with the Confoscan 4 allowing greater ease of image capture, 

better images of the endothelium, and reduced risk of epithelial defect, whereas the HRT II had 

greater contrast, better images of the epithelium, sub-basal nerve plexus and stroma and less 

risk of transferring infection. Ultimately, the decision between the microscopes will depend on the 

differing clinical and research needs of a user/department.  
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Abstract 
 

Purpose 
The aim of this study was to assess the precision of laser scanning in vivo confocal microscopy, 

utilising the HRT II Rostock Corneal Module, under repeatability and reproducibility conditions. 

 

Methods 
Thirty normal subjects were assessed via clinical history, ophthalmic examination, corneal 

topography, and in vivo confocal microscopy with the HRT II Rostock Corneal Module (RCM). 

Repeatability was assessed by three consecutive scans performed by one examiner. 

Reproducibility was examined via inter-examiner and inter-session variability. Cell density was 

measured at the level of the basal epithelium, anterior stroma, posterior stroma and 

endothelium, and innervation density was measured at the sub-basal nerve plexus. Statistical 

analyses of repeatability and reproducibility were made using the method of Bland and Altman. 

 

Results  
Mean age of subjects was 29 years ± 11.1 and 66.7% of subjects were female. Coefficient of 

repeatability (expressed as percentage of the mean) under repeatability conditions were; 

epithelium ± 7.8%, sub-basal nerve plexus ± 9.3%, anterior stroma ± 12.9%, mid stroma ± 

8.4%, posterior stroma ± 8.1% and endothelium ± 5.0%. Inter-session coefficients of 

repeatability were; epithelium ± 13.8%, sub-basal nerve plexus ± 18.6%, anterior stroma ± 

13.5%, mid stroma ± 10.9%, posterior stroma ± 14.3% and endothelium ± 8.6%. The coefficient 

of repeatability between experienced and novice examiners were; epithelium ± 10.2%, sub-basal 

nerve plexus ± 17.0%, anterior stroma ± 13.5%, mid stroma ± 14.7%, posterior stroma ± 17.7% 

and endothelium ± 9.5%.  

 

Conclusions 
The HRT II Rostock Corneal Module was repeatable and reproducible in both inter-observer and 

inter-session measurements at all levels of the cornea, validating the potential role of the RCM in 

cross-sectional and longitudinal human cornea studies. Greatest concordance was observed in 

measurement of endothelial cell density.   
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Introduction 
 

Over the past two decades, in vivo confocal microscopy has emerged as a new method for 

corneal examination, allowing high resolution images to be obtained in living eyes under more 

physiological conditions than previously possible.28 The advent of this new technology has 

enabled microstructural analysis of corneal diseases, providing hitherto unavailable information, 

particularly regarding early disease progression. Whilst still primarily used as a research tool, the 

sphere of in vivo confocal microscopy is now extending into clinical diagnosis, with confocal 

microscopy being utilised in the early diagnosis of Acanthomoeba and fungal keratitis and in 

delineating the differential diagnosis of corneal oedema.29-32  

 

The growth of research interest in in vivo confocal microscopy in recent years has resulted in the 

publication of quantitative values for normal corneal cell densities and innervation, allowing 

subtle changes to be detected in cross-sectional and longitudinal studies.33, 34 Appropriate 

interpretation of these results requires knowledge regarding precision of the instrument i.e. the 

closeness of agreement between test results.35 It is important to distinguish this from the 

‘trueness’ or ‘accuracy’ of results, which refers to the closeness of agreement between 

measurements and their true value. Precision can be divided into two separate components, 

repeatability and reproducibility. Repeatability refers to independent test results obtained within 

short intervals of time, in which the method, room, equipment and examiner remain constant, 

and reproducibility refers to measurements taken on the same subject but without the other 

conditions remaining constant.35 Thus repeatability and reproducibility represent two extremes of 

precision, the minimum and maximum variability.  

 

Currently, no information is available in the published literature regarding the precision of in vivo 

confocal microscopy image acquisition. The purpose of this study was, therefore, to examine the 

repeatability and the inter-observer and inter-session reproducibility of laser scanning in vivo 

confocal microscopy in the evaluation of basal epithelial, keratocyte and endothelial cell densities 

and sub-basal nerve plexus density utilising the HRT II Rostock Corneal Module (Heidelberg 

Retina Tomograph II Rostock Corneal Module [RCM]; Heidelberg Engineering GmbH, Heidelberg, 

Germany). 
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Materials and methods 
 

Subject recruitment and assessment 
 

Thirty normal subjects were prospectively recruited from the Department of Ophthalmology, 

Auckland City Hospital. Subjects were invited to participate if they had no history of ocular 

surgery, no previous or active ocular pathology, other than refractive error, no prior contact lens 

wear, intraocular pressure (IOP) ≤ 21 mmHg and central corneal thickness (CCT) between 480 

and 610 μm. Systemic medications were permitted unless they were known to affect the cornea 

or anterior segment. All subjects were examined by slit lamp biomicroscopy and their corneas 

were confirmed to be clinically normal. IOP was measured via Goldmann applanation tonometry 

(Haag Streit AG, Bern, Switzerland) and CCT was assessed with the Orbscan II slit scanning 

elevation topography system (Bausch & Lomb Surgical, Rochester, NY, USA).   

 

This study received approval from the Auckland Ethics Committee and adhered to the tenets of 

the declaration of Helsinki. Written informed consent was obtained from all subjects following 

detailed explanation of the nature of the study.  

 

In vivo confocal microscopy 
 

Laser scanning in vivo confocal microscopy was performed on all subjects with the HRT II corneal 

module.  This microscope uses a 670 nm red wavelength diode laser source.  A 60x 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 images produced 

using this lens are 400 μm x 400 μm and the manufacturer quotes the transverse resolution and 

optical section thickness as 2 μm and 4 μm respectively.  The RCM uses a digital capture system. 

In vivo confocal microscopy images were saved as JPEGs for analysis.   

 

Each eye was anaesthetised with one 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 cap and the cornea. 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. 
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The duration of in vivo confocal examination was approximately two minutes per scan. None of 

the subjects experienced any visual symptoms or corneal complications as a result of the 

examination. 

 

On Day 1, three full corneal thickness in vivo confocal microscopy scans were performed on the 

right eye by an experienced examiner (RLN), followed by one full thickness scan of the left 

cornea performed by the experienced examiner (RLN). A full thickness scan of the right eye was 

then performed by a novice examiner (Divya Perumal). One minute rests were allowed between 

each examination.  On Day 2, one scan of the right eye was performed by the experienced 

examiner (RLN). All measurements were performed at the same time of day.  

 

Image analysis 
 

For each confocal microscopy examination, three images were taken from each of the following 

levels; basal epithelium, sub-basal nerve plexus, anterior stroma, mid stroma, posterior stroma 

and endothelium. Anterior stroma was defined as the first three clear images (without motion 

blur or compression lines) immediately posterior to Bowman’s layer, posterior stroma was defined 

as the first three clear images immediately anterior to Descemet’s membrane and mid stroma 

was defined as three images equidistant from Bowman’s layer and Descemet’s membrane in the 

full thickness section. The z distance between images was 2 µm. All images were randomised and 

encoded by one of the authors (RLN) followed by analysis by a blinded second author (Divya 

Perumal).  

 

Measurements were performed (Divya Perumal) using a caliper tool (analySIS 3.1, Soft Imaging 

System, Münster, Germany).  For all basal epithelial and endothelial pictures a standard central 

counting frame size of 200 μm x 200 μm was used.  For all sub-basal nerve plexus and stromal 

images the full 400 μm x 400 μm frame was used.  Sub-basal nerve fibre bundle density was 

assessed by measuring the total length of all nerve fibres bundles and branches per square 

millimetre.   

 

Statistical analysis 
 

All values were entered into a Microsoft Excel spreadsheet and subsequently imported into 

statistical software for analysis. Statistical analysis was performed in SPSS Version 12 for 
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Windows (Chicago, IL, USA). Basic descriptive statistics were calculated on all data gathered and 

values are reported as mean ± standard deviation (to 3 s.f.). Normality of data distribution was 

determined using the Kolmogorov-Smirnov test. Cell and innervation densities and central corneal 

thickness had a normal distribution, whereas age had a skew distribution in this study. 

Correlations between continuous variables were examined by calculating Spearman’s or Pearson’s 

correlation coefficient (r) as appropriate. Student’s independent t-test was used to compare 

values between groups. Repeatability was determined by comparing the mean of the first two 

consecutive measurements on the right eye of each subject with the third consecutive 

measurement performed by the experienced examiner (RLN). Reproducibility was investigated via 

inter-examiner (comparing images from the novice and experienced examiners) and inter-session 

variability (comparing images from Day 1 and Day 2). The 95% limits of agreement (LOA) were 

calculated for repeatability, inter-examiner, intersession and inter-ocular differences using the 

method of Bland and Altman.36 Coefficient of repeatability (COR) was calculated as 1.96 x 

standard deviation of the differences between measurements and expressed as COR and also as 

a percentage of the mean (%COR). Comparison between eyes was calculated with a paired t-

test. All tests were two-tailed and p < 0.05 was considered statistically significant.  

 

Results 
 

Cell densities 
 

Results from the in vivo confocal microscopy of 30 normal volunteers are included in the study. 

Subject characteristics are reported in Table 5.1. Significant correlation was observed between 

right and left eyes (p < 0.001) [Table 5.2] and hence right eye values only were included in the 

subsequent repeatability and reproducibility analyses. 
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Table 5.1 Subject characteristics. Values reported as mean ± standard deviation or n (%). 

 

Age (years) 

Range 

29 ± 11 

19 - 58 

Gender 

Male 

Female 

10 (33.3%) 

20 (66.7%) 

Ethnicity 

Caucasian 

Asian 

Other 

16 (53.3%) 

12 (40.0%) 

2 (6.7%) 

IOP (mmHg)  

Range 

12.5 ± 3.3 

8 - 21 

CCT (µm) 

Range 

552 ± 26.4 

498 - 611 

 

Mean cell densities, calculated from the experienced examiners data, were; basal epithelium 

5144.1 ± 464.2 cells/mm2, anterior stroma 916.9 ± 182.8 cells/mm2, mid stroma 386.8 ± 57.3 

cells/mm2, posterior stroma 333.1 ± 54.8 cells/mm2 and endothelium 2792.0 ± 270.0 cells/mm2. 

Mean sub-basal nerve fibre density was 22.9 ± 5.02 mm/mm2.  

 

Table 5.2. Correlation between right and left eyes 

 

 Right eyes Left eyes Correlation P value*

Epithelium (cells/mm2) 5144.1 ± 464.2 5209.7 ± 453.3 0.734 < 0.001

Sub-basal nerve plexus 

density (mm/mm2) 

22.9 ± 5.02 21.9 ± 5.31 0.567 < 0.001

Anterior stroma (cells/mm2) 916.9 ± 182.8 892.8 ± 176.8 0.792 < 0.001

Mid stroma (cells/mm2) 386.8 ± 57.3 385.6 ± 54.3 0.832 < 0.001

Posterior stroma (cells/mm2) 333.1 ± 54.8 328.2 ± 65.4 0.785 < 0.001

Endothelium (cells/mm2) 2792.0 ± 270.0 2782.5 ± 288.7 0.855 < 0.001

Values reported as mean ± standard deviation  

* Paired t-test 
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Comparison of experienced and novice examiners 
 

Anterior stromal keratocyte density and posterior stromal keratocyte densities were slightly lower 

in images captured by the novice examiner in comparison with those of the experienced 

examiner (anterior stroma 916.9 ± 182.8 cells/mm2 vs. 872.6 ± 172.9 cells/mm2 p = 0.005, 

posterior stroma 333.1 ± 54.8 cells/mm2 vs. 310.6 ± 57.5 cells/mm2 p = 0.003). No statistically 

significant difference was observed between the novice and experienced examiner at other 

corneal levels. No significant difference was observed between cell density or sub-basal nerve 

fibre density in repeated examinations or between sessions (p > 0.05). No trend towards higher 

cell density or greater concordance between novice and experienced examiner cell density was 

observed during the duration of the study (p > 0.05). 

 

Repeatability and reproducibility 
 

Repeatability was calculated using the method of Bland and Altman by comparing the mean value 

of the first and second scans by the experienced examiner with the third scan. Repeatability of in 

vivo confocal microscopy is reported in Table 5.3.  

 

Table 5.3 Repeatability of laser scanning in vivo confocal microscopy. Mean difference calculated 

as scans 1 and 2 – scan 3. Coefficient of repeatability (COR) reported as 1.96 x standard 

deviation and as a percentage of the mean cell or innervation density (%COR) 

 

 Mean 

density 

Mean 

difference 

Coefficient of 

repeatability 

Limits of agreement

Upper Lower

Basal epithelium 

(cells/mm2) 

5139.2 29.0 400.2 (7.8%) + 429.2 - 371.2

Sub-basal nerve 

plexus (mm/mm2) 

22.7 - 0.9 2.1 (9.3%) + 21.8 - 3.0

Anterior stroma 

(cells/mm2) 

913.4 20.6 117.5 (12.9%) + 138.1 - 96.9

Mid stroma 

(cells/mm2) 

387.3 - 3.4 32.5 (8.4%) + 29.1 - 35.9

Posterior stroma 

(cells/mm2) 

333.3 - 1.4 27.0 (8.1%) + 25.6 - 28.4

Endothelium 

(cells/mm2) 

2793.3 7.4 140.9 (5.0%) +148.3 - 133.5



Page 105 
 

 

Inter-observer reproducibility was calculated using the method of Bland and Altman. Mean 

experienced examiner and novice examiner values were compared and reproducibility is reported 

in Table 5.4.  

 

Table 5.4 Inter-observer repeatability of laser scanning in vivo confocal microscopy. Mean 

difference reported as experienced observer – novice observer. Coefficient of repeatability (COR) 

reported as 1.96 x standard deviation and as a percentage of the mean cell or innervation 

density (%COR) 

 

 Mean 

density 

Mean 

difference 

Coefficient of 

repeatability 

(%COR) 

Limits of agreement

Upper Lower

Basal epithelium 

(cells/mm2) 

5161.8 - 35.4 529.0 (10.2%) + 493.6 - 564.4

Sub-basal nerve 

plexus (mm/mm2) 

22.4 1.0 3.8 (17.0%) + 4.8 - 2.8

Anterior stroma 

(cells/mm2) 

894.7 44.3 121.2 (13.5%) + 165.5 - 76.9

Mid stroma 

(cells/mm2) 

381.1 11.3 55.9 (14.7%) + 67.2 - 44.6

Posterior stroma 

(cells/mm2) 

321.8 22.4 57.0 (17.7%) + 79.4 - 36.6

Endothelium 

(cells/mm2) 

2773.2 37.6 262.4 (9.5%) + 300 - 224.8

 

Inter-session reproducibility was calculated as a comparison between the mean experienced 

examiner and novice examiner values and is reported in Table 5.5.  
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Table 5.5 Inter-session repeatability of laser scanning in vivo confocal microscopy. Mean 

difference reported as Day 1 – Day 2. Coefficient of repeatability (COR) reported as 1.96 x 

standard deviation and as a percentage of the mean cell or innervation density (%COR) 

 

 Mean 

density 

Mean 

difference 

Coefficient of 

repeatability 

(%COR) 

Limits of agreement

Upper Lower

Basal epithelium 

(cells/mm2) 

5175.7 - 63.1 713.8 (13.8%) + 650.7 - 776.9

Sub-basal nerve 

plexus (mm/mm2) 

23.1 - 0.4 4.3 (18.6%) + 3.9 - 4.7

Anterior stroma 

(cells/mm2) 

904.8 - 14.0 122.3 (13.5%) + 108.3 - 136.3

Mid stroma 

(cells/mm2) 

386.2 10.2 42.1 (10.9%) + 52.3 - 31.9

Posterior stroma 

(cells/mm2) 

330.6 3.8 47.3 (14.3%) + 51.1 - 43.5

Endothelium 

(cells/mm2) 

2789.8 4.5 239.9 (8.6%) + 244.4 - 235.4

 

Mean limits of agreement (all corneal layers) were; repeatability 8.6% ± 2.6, inter-examiner 

reproducibility 13.8% ± 3.4, and inter-session reproducibility 13.3% ± 3.4. Greatest repeatability 

and reproducibility was observed in measurement of endothelial cell density (range 5.0% – 

9.5%) and least concordance was observed in measurement of sub-basal nerve fibre density 

(range 9.3% – 18.6%). No correlation was observed between repeatability or reproducibility and 

subject age, gender or corneal thickness (p > 0.05). 

 

Discussion 
 

The field of in vivo confocal microscopy has gained momentum over the last decade, mirroring 

expansion of the clinical and research applicability of the technique. Previous studies have 

demonstrated good concordance of confocal microscopy image analysis,16, 21 however, as yet, no 

evaluation of the repeatability and reproducibility of confocal microscopy image acquisition in 

repeat examinations has been published. Therefore, in the current study, 30 subjects with normal 

corneas were examined with laser scanning in vivo confocal microscopy to ascertain the 

repeatability and both the inter-examiner and inter-session reproducibility of the device.  
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Cell densities observed at the level of the basal epithelium, stroma and endothelium are 

comparable to those reported in previous in vivo confocal microscopy studies.10, 21, 37 Sub-basal 

nerve plexus density observed in this study corresponds to that demonstrated by Patel and 

McGhee using the Rostock Corneal Module.25 Values for nerve density obtained using the HRT II 

Rostock Corneal Module are consistently higher than those measured with other confocal 

microscopes,23, 24, 38 possibly due to lower image contrast with other devices.  

 

A linear correlation has been observed between stromal and epithelial thickness and duration of 

confocal microscopy examination during prolonged examinations, with a mean increase in 

stromal thickness of 0.5 μm/min and an increase in epithelial thickness of 0.1 μm/min.27 To avoid 

confounding variables, examination time in this study was kept to a minimum, with one minute 

rests between each examination. No significant difference in mean cell or innervation density was 

observed between the first and last scans performed.   

 

Greatest concordance was demonstrated in the repeatability and reproducibility of endothelial cell 

images (%COR 5.0% to 9.5%). The endothelium is a single cell layer with a regular 

arrangement, distinct cell borders and high reflectivity. These characteristics enhance the ability 

to recognise the cell level and aid cell counting. Previous studies have demonstrated highest 

concordance in image analysis at the level of the endothelium, and automatic recognition of cell 

layers in corneal confocal microscopy pictures is high for endothelium (100% compared with 

84% for stromal images).21, 39 In vivo confocal microscopy shows close correlation with specular 

microscopy in quantitative measurement of endothelial cell density13 and has the additional 

advantage of producing clear images even in cases of moderate to severe corneal oedema.31 

 

Lowest concordance was demonstrated in measurement of the sub-basal nerve plexus nerve 

fibre density (%COR 9.3% to 18.6%). The distribution of the normal sub-basal nerve plexus has 

recently been mapped by in vivo laser scanning confocal microscopy by Patel and McGhee.25  

They demonstrated that the sub-basal plexus appeared to radiate in a whorl pattern converging 

approximately 1 – 2 mm inferior to the central cornea and a significantly higher nerve fibre 

density was demonstrated in the inferior whorl region compared to the central cornea. The 

differential nerve fibre density between regions makes evaluation more sensitive to changes in 

patient fixation than other cell layers. A previous study by Masters and Thaer used the sub-

epithelial plexus and perforation sites as fiduciary points to enable re-imaging of the same area 

over an elapsed time period.1 This elegant method is rendered impractical in clinical practice due 
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to its time consuming nature, but it is possible that further tracking and fixation solutions may 

improve the reproducibility of confocal imaging, particularly for the sub-basal nerve plexus.  

 

Confocal microscopy examinations performed by the novice examiner had significantly lower 

anterior and posterior keratocyte densities, although no significant difference was noted in basal 

epithelium and endothelium cell density or in sub-basal nerve fibre density. The differences in the 

anterior and posterior stromal cell densities may be due to less control over patient fixation, thus 

not always enabling accurate imaging of the central cornea. It is also possible that compression 

artefacts or image quality contributed to the lower reported cell density. No trend towards 

increasing cell density as measured by the novice examiner was observed during the duration of 

the study.  

 

This study has demonstrated that it is possible to obtain precise measurements of corneal cell 

and innervation density using a laser scanning in vivo confocal microscope, validating the 

potential role of in vivo confocal microscopy as a clinical diagnostic aid and as a research tool in 

cross-sectional and longitudinal corneal examination. 
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Abstract 
 

Purpose 

To quantify and establish base-line normative data for age-related differences in cellular and 

innervation density in the normal, healthy, human cornea using laser scanning in vivo confocal 

microscopy.  

 

Methods 

Cross-sectional study of 85 normal subjects assessed via corneal topography and laser scanning 

in vivo confocal microscopy. 

 

Results 

Mean age was 37.8 ± 16.4 years (range 18 to 87 years) and 60% of subjects were female. 

Anterior keratocyte density declined by 0.9% per year (r = -0.423, p < 0.001), posterior 

keratocyte density declined by 0.3% per year (r = -0.250, p = 0.021) and endothelial cell density 

declined by 0.5% per year (r = -0.615, p < 0.001). Sub-basal nerve fibre density declined by 

0.9% per year (r = -0.423, p < 0.001). No association was observed between age and basal 

epithelial cell density, or between age and central corneal thickness, corneal astigmatism or 

horizontal corneal diameter (p > 0.05). No association was observed between subject gender and 

corneal cell or innervation density.   

 

Conclusion 

Using laser scanning in vivo confocal microscopy this study highlights a significant, and relatively 

linear, reduction in keratocyte and endothelial cell density with increasing subject age. 

Interestingly, corneal sub-basal nerve fibre density also significantly decreases with increasing 

age. In vivo laser scanning confocal microscopy provides a safe, non-invasive method for the 

establishment of normative data and assessment of alterations in human corneal microstructure 

following surgery or disease processes. 
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Introduction 
 

Ageing generates structural and functional changes in the cornea and has been associated with 

corneal steepening, a shift from with-the-rule to against-the-rule astigmatism and increased 

thickness of Descemet’s membrane.1 Corneal wound healing rate has been observed to decline 

with age and age affects refractive outcomes and final visual acuity following laser refractive 

surgery.2-5 Specular microscopy has demonstrated a gradual decrease in endothelial cell density 

with age, accompanied by an increase in endothelial cell size, increased coefficient of variation 

and a decreased proportion of hexagonal cells,6 but, until relatively recently, visualisation of other 

cell layers in the living human cornea has remained elusive.  Over the past decade, the 

introduction of in vivo confocal microscopy has provided a new method for corneal examination 

at high resolution in living patients through optical sectioning. This technique has enabled 

microstructural analysis of the normal human cornea, under more physiological conditions than 

previously possible.7 

 

The aim of this study was to use a laser scanning in vivo confocal microscope to quantitatively 

analyse the basal epithelium, stroma, endothelium and sub-basal nerve plexus in the normal 

human cornea across a broad age range.  

 

Materials and methods 
 

Subject recruitment and assessment 

 

Eighty-five normal subjects were prospectively recruited from the Department of Ophthalmology, 

Auckland City Hospital and analysed in the Department of Ophthalmology, University of Auckland. 

Subjects were invited to participate if they were aged 16 years or over and the following were 

exclusions: history of ocular surgery, current or long-term prior topical ocular medication, 

previous or active ocular pathology (other than refractive error) and prior contact lens wear. 

Study protocol required parental consent for subjects aged under 18 years. Prescription systemic 

medications were not exclusion criteria unless they were known to affect the cornea or anterior 

segment. All subjects were examined by high-magnification slit lamp biomicroscopy and their 

corneas were confirmed to be clinically normal prior to inclusion in the study. Corneal topography 

and central corneal thickness were measured using the Orbscan II slit-scanning elevation 

topography system (Bausch & Lomb Surgical, Rochester, NY, USA).   
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This study received approval from the Auckland Ethics Committee and adhered to the tenets of 

the Declaration of Helsinki. Written informed consent was obtained from all subjects following 

detailed explanation of the nature of the study.   

 

In vivo confocal microscopy 

 

Laser scanning in vivo confocal microscopy was performed on all subjects with the HRT II corneal 

module which uses a 670 nm red wavelength diode laser source (Heidelberg Retina Tomograph 

II Rostock Corneal Module [RCM]; Heidelberg Engineering GmbH, Heidelberg, Germany). A 60x 

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 images 

produced using this lens are 400 μm x 400 μm and the manufacturer quotes the transverse 

resolution and optical section thickness as 2 μm and 4 μm respectively.  The RCM uses a digital 

capture system.   

 

The central cornea of the right eye was examined in each subject. Each eye was anaesthetised 

with one 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 cap and the cornea. 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 total duration of in vivo 

confocal examination was approximately two minutes per eye. None of the subjects experienced 

any visual symptoms or corneal complications as a result of the examination. 

 

Image analysis 

 

For each cornea, three images were taken from each of the following levels; basal epithelium, 

sub-basal nerve plexus, anterior stroma, mid stroma, posterior stroma and endothelium [Figure 

6.1]. Anterior stroma was defined as the first three clear images (without motion blur or 

compression lines) immediately posterior to Bowman’s layer, posterior stroma was defined as the 

first three clear images immediately anterior to Descemet’s membrane and mid stroma was 

defined as three images equidistant from Bowman’s layer and Descemet’s membrane in the full 

thickness section. The z distance between images was 2 µm. All images were subsequently 

randomised and encoded by a single independent observer (Divya Perumal).  
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Figure 6.1. Laser scanning in vivo confocal microscopy of the normal human cornea 

demonstrating characteristic features. Images cropped to 250 µm x 250 µm.  
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Measurements were performed using a caliper tool (analySIS 3.1, Soft Imaging System, Münster, 

Germany).  For all basal epithelial and endothelial pictures a standard central counting frame size 

of 200 μm x 200 μm was used.  This counting frame was applied to the centre of the confocal 

image and the position was constant for every image analysed. For all sub-basal nerve plexus 

and stromal images the full 400 μm x 400 μm frame was used to ensure adequate cell numbers.  

Keratocyte cell density was assessed by counting all bright nuclei with clear borders within the 

counting frame. Sub-basal nerve fibre density (NFD) was assessed by measuring the total length 

of all nerve fibre bundles and branches per square millimetre.   

 

Statistical analysis 

 

All values were entered into a Microsoft Excel spreadsheet and subsequently imported into 

statistical software for analysis.  Statistical analysis was performed in SPSS Version 12 for 

Windows (Chicago, IL, USA).  Basic descriptive statistics were calculated on all data gathered and 

values are reported as mean ± standard deviation. Normal distribution of cell and innervation 

density was determined using the Kolmogorov-Smirnov test.8 Correlations between continuous 

variables were examined by calculating Pearson’s correlation coefficient (r).  Student’s 

independent t-test was used to compare values between two groups and comparison between 

cell layers was calculated with a paired t-test. All tests were two-tailed and a p value of less than 

0.05 was considered statistically significant.  

 

Results 
 

Results from in vivo confocal microscopy of 85 normal corneas were included for analysis. The 

mean age of subjects was 37.8 years ± 16.4 (range 18 to 87 years). Subject characteristics are 

reported in Table 6.1.  

 

Mean cell densities were; basal epithelium 6000 ± 1080 cells/mm2, anterior stroma 765 ± 262 

cells/mm2, mid stroma 347 ± 64.4 cells/mm2, posterior stroma 315 ± 57.2 cells/mm2 and 

endothelium 2720 ± 367 cells/mm2. Mean sub-basal nerve fibre density (NFD) was 20.3 ± 6.50 

mm/mm2. 
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Table 6.1. Subject characteristics (n = 85). Age, central corneal thickness, simulated 

keratometry and horizontal corneal diameter are expressed as mean ± standard deviation. 
 

Age (years) 

    Range 

37.8 ± 16.4

18 – 87 

Gender 

Male 

Female 

34 (40%) 

51 (60%) 

Ethnicity 

Caucasian 

Asian 

Other 

62 (73%) 

17 (20%) 

6 (7%) 

Central corneal thickness (µm)

    Range 

554.7 ± 31.0

483 - 633 

Astigmatism (Dioptres)

    Range 

0.8 ± 0.5

0.1 – 2.7 

Maximum K (Dioptres)

    Range 

44.2 ± 1.6

40.6 – 47.3 

Minimum K (Dioptres)

    Range 

43.3 ± 1.5

39.3 – 46.7 

Horizontal corneal diameter (mm)

    Range 

11.8 ± 0.40

10.9 – 12.7 

 

 

No association was observed between subject gender and cell density at the level of the basal 

epithelium (p = 0.549), anterior stroma (p = 0.583), mid stroma (p = 0.398), posterior stroma (p 

= 0.288) or endothelium (p = 0.691). No association was observed between subject gender and 

sub-basal nerve fibre density (p = 0.722), CCT (p = 0.448), magnitude of corneal astigmatism (p 

= 0.973) or horizontal corneal diameter (p = 0.544).  

 

Anterior stromal, mid stromal and posterior stromal keratocyte density and endothelial cell 

density declined with subject age [Table 6.2].  
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Table 6.2. Correlations between epithelial, keratocyte, and endothelial cell densities and sub-

basal nerve fibre innervation density with increasing age (Pearson’s correlation). (N=85 corneas) 

 

 Correlation P value 

Basal epithelial density (cells/mm2) 0.200 0.067 

Sub-basal nerve fibre density (mm/mm2) -0.488 < 0.001 

Anterior keratocyte density (cells/mm2) -0.423 < 0.001 

Mid keratocyte density (cells/mm2) -0.237 0.029 

Posterior keratocyte density (cells/mm2) -0.250 0.021 

Endothelial density (cells/mm2) -0.615 < 0.001 

 

Sub-basal nerve fibre density declined with age, however, no association was observed between 

basal epithelial cell density and age [Table 6.2]. No association was observed between subject 

age and CCT (r = 0.148, p = 0.176), corneal astigmatism (r = 0.149, p = 0.172) or horizontal 

corneal diameter (r = -0.020, p = 0.857). 

 

Sub-basal nerve fibre density (NFD) reduced by approximately 0.9% per year [Figure 6.2]. The 

three oldest subjects (aged > 70 years) had low sub-basal nerve densities. However, when these 

cases were excluded a significant correlation was still observed between age and sub-basal nerve 

plexus density (r = -0.367, p = 0.001) but the regression line was slightly less steep, with nerve 

fibre density reducing by 0.7% per year. A significant, but modest, association was observed 

between NFD and anterior stromal (r = 0.227, p = 0.037), mid stromal (r = 0.271, p = 0.012) 

and posterior stromal (r = 0.237, p = 0.029) keratocyte density and between NFD and 

endothelial cell density (r = 0.331, p = 0.002). No association was observed between NFD and 

epithelial cell density (r = -0.080, p = 0.467).  
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Figure 6.2. Sub-basal nerve fibre density plotted against increasing age (N=85 subjects, age 

range 18-87 years). Sub-basal nerve fibre density measured with in vivo confocal microscopy 

declines with age of subject (r = -0.488, p < 0.001 Pearson’s correlation). Linear regression line 

with 95% mean prediction interval. 
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Keratocyte density declined by 0.9% per year in the anterior stroma, 0.3% per year in the mid 

stroma and 0.3% per year in the posterior stroma. Keratocyte cell density was highest in the 

anterior stroma and lowest in the posterior stroma (765 ± 262 cells/mm2 vs. 315 ± 57.2 

cells/mm2, p < 0.001) [Figure 6.3].  
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Figure 6.3. Anterior and posterior keratocyte density. Subregional keratocyte density measured 

by in vivo confocal microscopy. Anterior keratocyte density was significantly higher than posterior 

keratocyte density (p < 0.001). 
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The in vivo confocal microscopy appearance of the keratocytes differed between anterior and 

posterior stroma [Figure 6.1 C and E respectively] with keratocyte nuclei appearing smaller in the 

anterior stroma than in the posterior stroma. A fine network of nerves, comprising the sub-

epithelial nerve plexus, was frequently imaged in the anterior stroma. Nuclei were elliptical in the 

anterior stroma and became more elongated towards the periphery. Significant correlation was 

observed between anterior stromal and mid stromal keratocyte density (r = 0.376, p < 0.001 

paired t-test) and between anterior stromal and posterior stromal keratocyte density (r = 0.311, 

p = 0.004 paired t-test).  

 

Endothelial cell density reduced by 0.5% per year [Figure 6.4]. Endothelial cell density correlated 

with CCT (r = -0.280, p = 0.009 Pearson’s correlation).  
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Figure 6.4. Endothelial cell density plotted against increasing age (N=85 subjects, age range 

18-87 years). Endothelial cell density measured with in vivo confocal microscopy declines with 

age of subject (r = -0.615, p < 0.001 Pearson’s correlation). Linear regression line with 95% 

mean prediction interval.  
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Endothelial guttata were detected by in vivo confocal microscopy in the central cornea of three 

patients (3.5%) with no associated stromal or epithelial oedema. The subjects were aged 44, 56 

and 61 years and all were female. Corneal guttata appeared as a round central mass surrounded 

by a darker ring at the level of the endothelium [Figure 6.5]. No statistically significant difference 

was observed in keratocyte density in subjects with corneal guttata. 
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Figure 6.5. Endothelial guttata. In vivo confocal microscopy of human endothelium. Image 

cropped to 250 µm x 250 µm. Endothelial guttata marked with white arrow.  

 

 

 

 

Discussion 
 

The cornea is the most densely innervated of all human tissues, with nerve densities 300-600 

times that of skin and 20-40 times that of tooth pulp.9 Previous studies of changes in corneal 

innervation density and morphology with age have been limited by poor availability of healthy 

corneal tissue for ex vivo analysis, and the rapidity of corneal nerve degeneration after death.10 

In vivo confocal microscopy has enabled images of corneal nerve fibre bundles to be obtained by 

optical sectioning and the en face images are ideally suited to analysis of sub-basal nerve fibre 

architecture.7, 11 Corneal sensation decreases with age,12, 13 however, there is disagreement 

between studies as to whether sub-basal nerve fibre density (NFD) declines with age.11, 14 In the 

current study, utilising a laser scanning in vivo confocal microscope, we observed a statistically 

significant reduction in NFD with age. Corneal innervation provides important protective and 

trophic functions for the cornea and a reduction in corneal innervation may result in delayed 

wound healing.15, 16 Whilst we observed no significant alterations in epithelial cell density with 

age, the reduction in sub-basal nerve fibre density may explain slower closure of epithelial 

defects with age.5 

 

Keratocyte density has been reported to reduce with age in an ex vivo study and this reduction in 

keratocyte density with age has subsequently been confirmed by in vivo confocal microscopy 

studies.17, 18 The current study identified significantly higher keratocyte density in the anterior 
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than posterior stroma and a significant reduction in anterior keratocyte density with increasing 

age. Studies in humans and rabbits illustrate higher cell density in the anterior stroma and 

electron microscopy reveals that in the anterior stroma keratocytes contain twice as many 

mitochondria as in the mid or posterior stroma.19 The dense keratocyte cell layer, approximately 

100 µm thick, observed immediately posterior to Bowman’s membrane, has been identified to 

contain a morphologically distinct sub-population of keratocytes with a granular appearance and 

extensive cytoplasmic cell processes.20 The significance of the faster reduction in anterior stromal 

keratocyte density is unclear, but it may represent a reduction in stromal metabolic activity with 

age, or, alternatively, a change in the composition of keratocyte sub-populations. It is also 

possible that the apparent reduction in cell density with age may represent true loss of 

keratocytes or may represent an optical artefact due to decreased image contrast in older 

subjects. As central corneal thickness was not associated with age in this study, the apparent 

reduction in keratocyte density is unlikely to represent binomial expansion.  

 

Two-dimensional keratocyte density calculated from laser scanning in vivo confocal microscopy 

(Rostock Corneal Module) images of the corneal stroma demonstrate a slightly lower cell density 

in the anterior and posterior stroma than reported with slit scanning confocal microscopy.21, 22 

This difference was explored in Chapter 4 and may be due to the decreased thickness of the 

optical section taken with the RCM compared to other devices.23  

 

Alterations in keratocyte density with age may be associated with reported changes in corneal 

thickness, keratometry and light scattering properties with age.1 Recent studies have led to the 

realisation that keratocytes are highly active cells and may play an important role in better 

understanding myopic shift, corneal wound healing and post surgical haze.24, 25 A reduction in 

keratocyte cell density has been observed in long-term follow-up of subjects following PRK26 and 

LASIK27 and following penetrating keratoplasty.28 Corneal wound healing response is of particular 

interest when contemplating surgery in an older age group, as age has been identified as an 

important factor affecting stromal wound healing following refractive surgery.4 Further studies 

investigating the association of keratocyte density in corneal wound healing are warranted.  

 

The reduction in endothelial cell density with age has been well documented in specular 

microscopy studies6 and Bourne et al quote a linear reduction of 0.6% per year, very similar to 

the reduction of 0.5% per year observed in this study utilising in vivo confocal microscopy. 

Central corneal guttata were observed in 3.5% of subjects in this study, occurring in subjects 

aged 40 years or over. The incidence of corneal guttata in healthy corneas varies between 

studies and with method of examination. Ex vivo microscopy revealed an incidence of 15% in 182 
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corneal donors, although this represented an older age group and the incidence of corneal 

guttata was 0% in the 29 corneas examined from subjects aged less than 50 years.29 Slit lamp 

examination of 1,016 subjects observed central corneal guttata in 32% of subjects aged 10-39 

and in 70.4% of subjects aged 40-9930 and, more recently, an in vivo confocal microscopy study 

observed central corneal guttata in 6-29% of patients aged 60 years or over, but in no patients 

aged under 60 years.18 Corneal guttata may be associated with Fuchs’ endothelial dystrophy, 

interstitial keratitis, macular dystrophy, posterior polymorphous dystrophy, trauma, toxins or 

infection.31 Identification of central corneal guttata may be important in patients undergoing 

refractive surgery, as mild corneal guttata has been associated with increased risk of transient 

corneal oedema, loss of best corrected visual acuity, endothelial cell loss and myopic regression 

after routine LASIK surgery.32 

 

In conclusion, in vivo confocal microscopy revealed a reduction in both cell density and corneal 

innervation in the ageing cornea. Such alterations may have important implications for corneal 

structure and function and further studies are necessary to investigate the role of these changes 

in corneal wound healing and clinical outcomes following corneal surgery.  
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Abstract 
 

Purpose 

Although penetrating keratoplasty is generally considered a successful procedure, transplanted 

corneal tissue may exhibit abnormal epithelium, decreased sensation and declining endothelial 

cell density following surgery. This study aimed to utilise in vivo confocal microscopy to correlate 

corneal microstructure and recovery of the sub-basal nerve plexus of the transplanted cornea 

with indications for, and time from, surgery. 

 

Methods 

Cross-sectional study of 42 corneas following penetrating keratoplasty compared with 30 

controls. Subjects were assessed by ophthalmic history and clinical examination, computerised 

corneal topography and laser scanning in vivo confocal microscopy. 

 

Results 

Time from surgery ranged from one month to forty years (mean 85 months ± 105). Significantly 

lower basal epithelial (p < 0.001), keratocyte (p < 0.001) and endothelial (p < 0.001) cell 

densities were noted in comparison to control corneas. Significantly lower sub-basal nerve fibre 

density (p < 0.001) and nerve branching (p < 0.001) were also noted. Endothelial cell density 

decreased with time following penetrating keratoplasty (r = -0.472 P = 0.003), and nerve fibre 

density (r = 0.328 p = 0.034) increased. Keratoconus as an indication for penetrating 

keratoplasty was associated with higher sub-basal nerve fibre densities (p = 0.003) than eyes 

receiving penetrating keratoplasty for other indications. Neither nerve fibre nor cell densities were 

correlated with best corrected visual acuity.  

 

Conclusions 

Laser scanning in vivo confocal microscopy highlights a profound reduction in cell density at 

every level of the transplanted cornea and alterations to the sub-basal plexus that are still 

apparent up to forty years following penetrating keratoplasty.  
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Introduction 
 

Corneal transplantation represents the oldest, most common and most successful form of tissue 

transplant worldwide.1 In New Zealand, more than two hundred corneal transplants are 

performed each year for a wide range of indications with a one year survival rate of 87%.2 

Despite these high survival rates, the post transplant cornea appears to exhibit changes in 

cellular structure and function for many years following surgery.  Corneal epithelium shows 

altered morphology and function3, 4 and endothelial cell density progressively decreases at an 

accelerated rate for up to twenty years following penetrating keratoplasty, with associated 

changes in endothelial morphology and function.5, 6 Penetrating keratoplasty requires a full 

thickness 360° corneal incision, cutting corneal nerves and resulting in complete denervation of 

the transplanted cornea. Unsurprisingly, several studies have observed a marked reduction in 

corneal sensation following penetrating keratoplasty.7-11 The return of sensation to the donor 

tissue is highly variable and in many cases hypoaesthesia persists for many years following initial 

surgery.7-11   

 

Specular microscopy has enabled prospective longitudinal studies of endothelial cell counts to be 

conducted upon the transplanted cornea in vivo,5, 6 but, until recently, studies of other cell layers 

and innervation have been limited to animal studies12 and a small number of human ex vivo 

histological studies, in the form of examination of failed corneal buttons and post mortem 

investigations.13, 14 As highlighted in earlier chapters, over the past decade, the development of in 

vivo confocal microscopy has provided a new method for corneal examination, allowing high 

resolution images to be obtained in living eyes. Using this technique, it is possible to assess the 

cornea under more physiological conditions than previously possible, enabling the possibility of 

longitudinal studies of corneal reinnervation and cellular changes following surgery.15  

 

The purpose of this study was to elucidate alterations in epithelial, keratocyte and endothelial cell 

density and corneal innervation following penetrating keratoplasty using laser scanning in vivo 

confocal microscopy. 



Page 134 
 

Materials and methods  
 

Subject recruitment 

 

Thirty-two subjects who had undergone penetrating keratoplasty (42 corneas) were recruited 

from sub-specialist corneal clinics in the Department of Ophthalmology, Auckland City Hospital.  

Subjects with a history of contact lens wear in the preceding year, systemic disease or use of 

prescription medication with known ocular associations, or patients less than one month post 

penetrating keratoplasty were excluded from the study.   

 

Thirty volunteers were recruited as a control group. Subjects in the control group had no ocular 

pathology, no contact lens wear and no systemic disease or medication known to affect the eye. 

All control subjects were examined by slit lamp biomicroscopy and their corneas were confirmed 

to be clinically normal.   

 

This study received approval from the Auckland Ethics Committee and adhered to the tenets of 

the Declaration of Helsinki. Written informed consent was obtained from all subjects following 

detailed explanation of the nature of the study.   

 

Subject assessment 

 

All subjects were assessed via clinical history and slit lamp biomicroscopy.  Central corneal 

thickness was measured using the Orbscan II slit-scanning elevation tomography system (Bausch 

& Lomb Surgical, Rochester, NY, USA).  Patient clinical notes were reviewed to determine 

indication for penetrating keratoplasty, date of operation, current medication and post-operative 

complications.  For the purpose of this study, corneal allograft rejection was defined as the 

development of a rejection line (epithelial or endothelial), or spreading corneal oedema in a 

previously thin, clear transplanted cornea with either corneal infiltrates or a unilateral anterior 

chamber reaction.16 Increased intraocular pressure (IOP) was defined as a single IOP reading of 

≥ 22 mmHg following penetrating keratoplasty.   
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In vivo confocal microscopy 

 

Laser scanning in vivo confocal microscopy was performed on all subjects with the HRT II corneal 

module (Heidelberg Retina Tomograph II Rostock Corneal Module [RCM]; Heidelberg Engineering 

GmbH, Heidelberg, Germany).  As previously noted, this microscope uses a 670 nm red 

wavelength diode laser source.  A 60x 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 images produced using this lens are 400 μm x 400 μm and the 

manufacturer quotes the transverse resolution and optical section thickness as 2 μm and 4 μm 

respectively.  The RCM uses a digital capture system.   

 

The central cornea of the eye that had undergone penetrating keratoplasty was examined in 

each patient. In the control subjects, one eye was selected at random for examination. Each eye 

was anaesthetised with one 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 cap and the cornea. 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 total duration of in vivo 

confocal examination was approximately two minutes per eye. None of the subjects experienced 

any visual symptoms or corneal complications as a result of the examination. 

 

Image analysis 

 

For each cornea, three images were taken from each of the following levels; basal epithelium, 

sub-basal nerve plexus, anterior stroma, mid stroma, posterior stroma and endothelium. Anterior 

stroma was defined as the first three clear images (without motion blur or compression lines) 

immediately posterior to Bowman’s layer, posterior stroma was defined as the first three clear 

images immediately anterior to Descemet’s membrane and mid stroma was defined as three 

images equidistant from Bowman’s layer and Descemet’s membrane in the full thickness section. 

All images were subsequently randomised and encoded by a single independent observer (Divya 

Perumal).  

 

Measurements were performed using a caliper tool (analySIS 3.1, Soft Imaging System, Münster, 

Germany).  For all epithelial and endothelial pictures a standard central counting frame size of 

200 μm x 200 μm was used.  For all sub-basal nerve plexus and stromal images the full 400 μm x 
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400 μm frame was used.  Nerve fibre density was assessed by measuring the total length of all 

nerve fibres and branches per square millimetre.  Nerve branch density was calculated as the 

number of nerve branches or anastomoses per square millimetre and nerve branches per mm 

nerve was calculated as the number of nerve branches or anastomoses per mm nerve.   

 

Inter-observer error was estimated by reassessing 10% of the images captured by an 

independent, blinded, second investigator (Divya Perumal). 

 

Statistical analysis 

 

All values were entered into a Microsoft Excel spreadsheet and subsequently imported into 

statistical software for analysis.  Snellen visual acuities were converted into equivalent LogMAR 

values for analysis. Statistical analysis was performed in SPSS Version 12 for Windows (Chicago, 

IL, USA).  Basic descriptive statistics were calculated on all data gathered and values are 

reported as mean ± standard deviation. Correlations between continuous variables were 

examined by calculating Pearson’s correlation coefficient (r).  Student’s independent t-test was 

used to compare values between two groups.  The inter-session coefficient of repeatability was 

calculated using the method of Bland and Altman and expressed as a mean of the cell density 

(%COR).17 All tests were two-tailed and a p value of less than 0.05 was considered statistically 

significant.  

 

Results 
 

Results from in vivo confocal microscopy of 42 eyes that had undergone penetrating keratoplasty 

in 32 subjects were included in the study and compared with a control group of 30 eyes from 30 

volunteers. The mean age was 45.3 ± 17.3 in the post transplantation group and slightly younger 

at 40.9 ± 10.5 in the control group although this was not statistically significant (p = 0.225). No 

significant difference in gender was observed between the penetrating keratoplasty and the 

control group (38% male in the penetrating keratoplasty group, 33% male in the control group p 

= 0.682).  

 

The most common indication for penetrating keratoplasty in the post transplant group was 

keratoconus in 32 corneas (76%), followed by Fuchs’ endothelial dystrophy (7%), pseudophakic 

bullous keratopathy (5%) and infectious keratitis (5%). Penetrating keratoplasty patient 
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characteristics are reported in Table 7.1. The mean time from surgery was 7.1 years (85 months 

± 105, range 1-480). Mean best corrected visual acuity (BCVA) was 6/15, mean corneal 

astigmatism was 5.7 ± 3.7 D and mean keratometry was 45.7 ± 4.8 D.  

 

Table 7.1. Post transplant complications and topical medication 

 

 Post transplant corneas

n = 42 

Percentage

Post operative complications  

Previous rejection episode 15 35.7%

Previous high IOP 3 7.1% 

Topical medication  

No topical medication 27 64.3%

Topical corticosteroid 15 35.7%

Topical chloramphenicol 4 9.5% 

Topical ocular antihypertensive 3 7.1% 

 

Significantly lower cell densities were observed at all levels of the post transplant cornea in 

comparison to the controls. Significantly lower sub-basal nerve fibre density, nerve branching 

density and branches per mm nerve were observed in the transplanted corneas. [Table 7.2]  

 

Table 7.2. Comparison between control and post transplant corneal parameters 

 

 Control

n = 30 

Post transplant 

n = 42 

P value

Basal epithelial cell density cells/mm2 6397 ± 1107 5379 ± 1142 < 0.001

Sub-basal nerve fibre density mm/mm2 21.6 ± 5.98 1.83 ± 3.42  < 0.001

Nerve branch density branch/mm2 86.3 ± 56.2 4.66 ± 10.3 < 0.001

Nerve branch per mm nerve branch/mm 3.68 ± 1.44 0.48 ± 1.12 < 0.001

Anterior keratocyte density cells/mm2 715 ± 271 372 ± 193 < 0.001

Mid stroma keratocyte density cells/mm2 340 ± 49.3 194 ± 69.5 < 0.001

Posterior keratocyte density cells/mm2 297 ± 60.4 198 ± 62.5 < 0.001

Endothelial cell density cells/mm2 2699 ± 313 1222 ± 682 < 0.001

Central corneal thickness µm 547 ± 27.9 595 ± 47.8 < 0.001
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The %COR for inter-observer repeatability were; epithelium ± 7%, NFD ± 16%, anterior stroma ± 

10%, mid stroma ± 7%, posterior stroma ± 12% and endothelium ± 11%. 

 

Lower endothelial cell density was associated with higher central corneal thickness in the post 

transplant cornea (r = -0.569 p <0.001).  No correlation was observed between nerve fibre 

density and epithelial (p > 0.05), endothelial (p > 0.05), or keratocyte (p > 0.05) cell densities in 

the post transplant cornea. No association was observed between age or gender and cell density 

or nerve fibre parameters at any level of the post transplant cornea (p > 0.05). 

 

No statistical association was observed between BCVA and endothelial, keratocyte, or epithelial 

cell density, or innervation density, at time of examination. Nor were any statistical associations 

observed between mean keratometry or corneal astigmatism and cell or innervation density. A 

modest correlation was observed between BCVA and corneal astigmatism (r = 0.380, p = 0.038) 

and corneal astigmatism increased with time following surgery (r = 0.564, p = 0.001).  

 

Endothelial cell density in the post transplant group decreased with time following penetrating 

keratoplasty (r = -0.472 p = 0.003). Nerve fibre density (r = 0.328, p = 0.034) and branches per 

mm nerve (r = 0.322 p = 0.038) increased with increasing time from surgery. There was no 

correlation between epithelial or keratocyte cell densities in the post transplant patients and the 

time following keratoplasty (p > 0.05).   

 

Endothelial density was lower in post transplant patients with a history of previous corneal 

allograft rejection (1396 ± 697 cells/mm2 vs. 902 ± 539 cells/mm2 p = 0.023) and in patients with 

a history of elevated IOP (1260 ± 697 cells/mm2 vs. 786 ± 192 cells/mm2, p = 0.018).  However, 

no significant difference in epithelial or keratocyte cell densities or nerve fibre parameters was 

observed in post transplant patients with a history of previous graft rejection or elevated IOP (p 

> 0.05).  There was no significant association between use of topical medication and any of the 

corneal parameters measured (p > 0.05).   

 

Post transplant eyes that underwent the initial surgery for keratoconus had higher nerve fibre 

density (2.36 ± 3.77 mm/mm2 vs. 0.16 ± 0.39 mm/mm2 p = 0.003), higher nerve branch density 

(6.12 ± 11.48 branches/mm2 vs. 0 ± 0 branches/mm2 p = 0.005) and a greater number of 

branches per mm nerve (0.63 ± 1.25 branches/mm vs. 0.00 ± 0 branches/mm P = 0.008) than 

subjects that underwent penetrating keratoplasty for other indications. There was no association 

between epithelial, keratocyte or endothelial cell density and the indication for corneal 

transplantation (p > 0.05).   
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Qualitatively, sub-basal nerve fibres appeared shorter and more tortuous in the post transplant 

corneas in comparison to the controls [Figure 7.1].  

 

Figure 7.1 In vivo confocal microscopy of sub-basal nerve plexus in A) control subject and B) 

following penetrating keratoplasty. Images 400 µm x 400 µm. 

 

 

 

Particularly abnormal regeneration of the stromal nerves was noted in one patient [Figure 7.2] - 

this subject was a 37-year-old woman with keratoconus who had undergone bilateral penetrating 

keratoplasty.  The transplant in the left eye was 14 years from surgery and the stromal nerves 

showed prolific regeneration, following a coiled course with an abnormal branching pattern.  The 

stromal nerves in the opposite eye, 17 years post corneal transplant, were normal in appearance. 

 



Page 140 
 

Figure 7.2 In vivo confocal microscopy of stromal nerves in the mid stroma demonstrating A) 

prolific regeneration of corneal stromal nerves in the left eye 14 years following penetrating 

keratoplasty and B) normal appearance of a stromal nerve in right eye 17 years following 

penetrating keratoplasty. Images 400 µm x 400 µm. 

 

 

 

Keratocyte appearance varies qualitatively between the penetrating keratoplasty group and 

control subjects. Control corneas demonstrated normal ‘quiescent’ keratocytes with cell processes 

that were poorly visualised. [Figure 7.3 A] Post transplant corneas had lower cell densities but 

increased reflectivity of the cytoplasm and cell processed [Figure 7.3 B]. The increased reflectivity 

was most apparent in transplanted corneas in the first two months following penetrating 

keratoplasty and in older penetrating keratoplasties with corneal oedema.  
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Figure 7.3 In vivo confocal microscopy of mid stromal keratocytes in A) control subject and B) 

following penetrating keratoplasty. Images 400 µm x 400 µm.  

 

 

 

Discussion 
 

Penetrating keratoplasty is the most frequently performed transplantation procedure, and, whilst 

success rates are high, long term graft survival remains limited by graft rejection, late endothelial 

failure and recurrence of the original disease.1, 18, 19 This study utilised in vivo confocal 

microscopy examination of a cross-section of eyes one month to forty years after penetrating 

keratoplasty to assess cell density and innervation in the post keratoplasty cornea.    

 

Corneal nerves provide important protective and trophic functions and interruption of corneal 

innervation may result in altered epithelial morphology and function, poor tear film and delayed 

wound healing.20-23 Penetrating keratoplasty causes complete sensory denervation of the donor 

cornea; the nerves of the donor cornea undergo rapid degeneration following transplantation, 

although Schwann cell sheaths remain empty and intact.12 In the current study a reduced sub-

basal nerve fibre density was observed in the post penetrating keratoplasty cornea up to 40 

years after surgery. This represented the first quantitative study of corneal nerve fibre density 

following corneal transplantation and is consistent with previous observations of highly variable 

corneal sensation following transplantation, with abnormal sensation being observed up to 32 

years following the corneal surgery.7-11 Subsequent to the publication of the results presented in 



Page 142 
 

this Chapter,24 a study has been published examining sub-basal nerve density in 20 subjects pre-

operatively and at 1 month to 12 months following penetrating keratoplasty.25 No sub-basal 

nerves were detected up to 12 months following penetrating keratoplasty.25   

 

Regeneration of the sub-basal nerve plexus occurs at a far slower rate following penetrating 

keratoplasty in comparison to cataract or refractive surgery.26, 27 The rate of nerve fibre 

regeneration following surgery is dependent on depth and circumference of incision. An incision 

of less than approximately 50% corneal thickness or an incision of less than 360º circumference, 

spares some of the stromal nerves, allowing neural regeneration from adjacent stromal nerves.28 

Impaired sensory innervation following penetrating keratoplasty may contribute to the relatively 

high frequency of epithelial complications observed following the procedure.4  

 

No correlation between recipient age and reinnervation was observed in this study. A similar lack 

of correlation between return of sensation and recipient age following penetrating keratoplasty 

was noted in an earlier study of 71 corneas,11 however, others have observed a correlation 

between age and return of sensation up to 3 years after surgery. Faster return of sensation and 

nerve regeneration is reported in young rabbits following penetrating keratoplasty12, 29 and 

studies have also demonstrated quicker peripheral reinnervation and better nerve morphology in 

younger animals,30 possibly due to age-related impairment in Schwann cell-axon interactions.  No 

regeneration of the Schwann cells has been observed in corneal transplants, and the 

regenerating nerves occupy the empty Schwann cells of the donor cornea,10, 12 therefore, 

theoretically, donor age may influence reinnervation.  

 

In cases where there was regeneration of the sub-basal plexus, nerve fibre morphology was 

markedly altered, with increased nerve tortuosity, reduced branching pattern and shorter nerve 

length. Qualitative changes in corneal innervation following penetrating keratoplasty, with slow 

reinnervation and increased nerve tortuosity have been reported and have also been noted in 

regenerated corneal nerve fibres following refractive surgery and in the diabetic cornea.31, 32  

 

Patients who underwent penetrating keratoplasty for keratoconus had greater regeneration of 

their sub-basal nerve plexus than those patients undergoing surgery for other indications. Whilst 

a faster return of corneal sensation following penetrating keratoplasty in patients with a 

preoperative diagnosis of keratoconus has been reported,29 other studies have observed no 

significant difference in recovery of sensation.7, 9, 11 Following penetrating keratoplasty, corneal 

nerve regeneration proceeds from the peripheral recipient cornea, through the scar tissue and 

into the donor cornea,10, 12 therefore, regeneration of corneal nerves may be dependent on 
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peripheral corneal innervation. Many diseases requiring penetrating keratoplasty, including 

keratoconus, are associated with abnormal corneal innervation and reduced corneal sensation.33-

37 However, unlike other indications for penetrating keratoplasty in this study, keratoconus is a 

disease primarily of the central cornea, with relative sparing of the peripheral cornea.37 In a 

recent study by Patel and McGhee, in vivo confocal microscopy mapping of the sub-basal nerve 

plexus in keratoconus revealed that whilst the corneal nerves at the keratoconic cone were 

markedly disrupted, the peripheral innervation remained relatively intact.38 Perhaps retention of 

healthy peripheral innervation in keratoconus is responsible for greater regeneration of corneal 

nerves as demonstrated in this study. Alternatively, the keratoconic group may represent a 

younger patient population than patients with penetrating keratoplasty performed for other 

indications with faster corneal nerve regeneration, although this study failed to observe an 

association between recipient age per se and nerve regeneration in the transplanted cornea.   

 

The density of the basal corneal epithelium in post keratoplasty corneas was reduced compared 

to the control group in this study. Changes in the basal epithelial cell morphology and increased 

cell area have previously been noted by specular microscopy using a contact lens to view the 

epithelium.39 The high frequency of epithelial complications, particularly in the first year following 

keratoplasty, suggests abnormal epithelial function, and studies have identified altered epithelial 

metabolism and barrier function for several years following corneal transplantation.3, 4 No 

correlation was observed in this study between time following penetrating keratoplasty and basal 

epithelial cell density. This contrasts with the results of Imre et al 2005, in which a reduction in 

epithelial cell density was observed between 15 months and 66 months following keratoplasty.40  

 

In the current study keratocyte density was observed to be significantly lower in the post 

transplant cornea, in comparison with the control group.  In vivo confocal microscopy has 

enabled the imaging of keratocytes in living patients, but to date there are only three published 

studies examining keratocyte density following penetrating keratoplasty, with conflicting results.5, 

40, 41 Bourne et al showed a reduction in keratocyte density in post graft patients at every level of 

the stroma.5 No reduction in keratocyte density with post operative time was noted. Conversely, 

Mikek et al found no difference between normal and post transplant keratocyte density.41 The 

reason for a reduction in keratocyte density in the post transplant cornea is unclear.  Increased 

apoptosis has been noted in transplanted corneas, particularly at the wound edge.42 Donor cells 

initially persist in the donor cornea but are gradually replaced by the host cells, although small 

sub-populations of donor keratocytes may persist in the transplanted cornea up to five years 

following transplantation.43-45 It is also possible that the reduction in keratocyte density in the 

post keratoplasty cornea does not represent true loss of keratocytes but is instead the 
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consequence of either binomial expansion due to oedema (conservation of keratocytes but 

distributed in a larger volume) or optical artefact (degradation of image quality due to oedema).  

 

We note that keratocytes in the post transplant cornea had increased reflectivity of the 

cytoplasm. These cells have been interpreted as representing ‘activated’ keratocytes and similar 

changes have been observed in corneal wound healing and in corneal oedema.5, 31  

 

Reduced endothelial cell density in the post transplantation cornea was identified in this study, 

correlating with time following keratoplasty, previous rejection episodes and previous high IOP. 

In vivo confocal microscopy allows non-invasive imaging of changes in endothelial morphology in 

the post penetrating keratoplasty subject and may confer an advantage over specular microscopy 

in the imaging of patients with significant corneal oedema.46 The current study tends to support 

the observations of Bourne and co-authors, who highlighted accelerated endothelial cell loss over 

time in post graft corneas (4.2% per year compared to 0.6% in normal subjects and 2.5% in 

subjects following cataract surgery).5, 47-49 The cause of accelerated endothelial cell loss following 

penetrating keratoplasty is uncertain. An immunological mechanism has been suggested, and a 

study of endothelial cell loss in autologous keratoplasty compared with homologous keratoplasty 

showed lower endothelial cell loss in the autologous transplants.50 Furthermore, long-term 

increase in aqueous flare has been noted following keratoplasty, suggesting chronic, subclinical 

inflammation.51 However, light and electron microscopy study of late endothelial failure provides 

no evidence of immunological reaction,52 and immunological reaction alone does not explain why 

accelerated loss of endothelial cells is also observed, albeit to a lesser extent, in eyes following 

cataract surgery.5  

 

This study noted a correlation between endothelial cell density and central corneal thickness, 

however, despite this association, many transplanted corneas with profoundly reduced 

endothelial cell densities still retain graft clarity and function, possibly due to the concurrent 

reduction in intercellular spaces associated with larger cell areas.6 Patients with a previous 

episode of allograft rejection had lower endothelial counts than those with no history of corneal 

allograft rejection.  Corneal allograft rejection has previously been associated with loss of 

endothelial cells45, 53 but the degree of endothelial cell loss following allograft rejection is variable, 

and may be increased in older recipients and with delay in diagnosis.53  

 

BCVA was associated with astigmatism, but no correlation was observed between BCVA and cell 

or innervation density. However, this study was a cross-sectional study representing a wide range 

of visual acuities and time following penetrating keratoplasty. The role, if any, of cell density and 
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cell reflectivity on BCVA might be further explored in a longitudinal study of corneal 

transplantation. 

 

Conclusions 
 

In vivo confocal microscopy offers an exciting insight into microstructural changes in the post 

transplantation cornea. This study highlights a profound reduction in cell density at every level of 

the transplanted cornea and alterations to the sub-basal plexus that are still apparent up to forty 

years following penetrating keratoplasty which may have important implications for corneal 

wound healing and the health of the transplanted cornea. Further longitudinal studies are 

necessary to investigate the role of these alterations in survival of the transplanted cornea, visual 

acuity and postoperative complications.  
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Abstract 
 

Purpose 

Corneal allograft rejection is the leading cause of penetrating keratoplasty failure in the first year 

following surgery. We report two cases of sub-epithelial infiltrates in corneal transplant rejection 

imaged by in vivo confocal microscopy.  

 

Methods 

Case report and review of relevant literature.  

 

Results 

Two subjects with sub-epithelial infiltrates in previously clear penetrating corneal transplants 

were assessed. In vivo confocal microscopy revealed focal accumulations of hyper-reflective 

dendritic-like particles, postulated to represent Langerhans’ cells, at the level of the basal 

epithelium and Bowman’s layer. Altered keratocytes with visible cytoplasmic processes were 

observed posterior to these foci. 

 

Conclusions 

To our knowledge, these are the first reported cases of the in vivo confocal microscopy 

appearance of corneal allograft rejection in humans. In vivo confocal microscopy may provide a 

valuable clinical tool to aid in the diagnosis of early corneal transplant rejection and in the 

differential diagnosis of other inflammatory conditions of the cornea. 

 

 



Page 148 
 

Introduction 
 

Since the advent of the first successful human corneal transplant 100 years ago, corneal 

transplant surgery has progressed to become the oldest, most common, and arguably the most 

successful form of tissue transplant.1 However, despite the relative success of corneal 

transplantation, coupled with radical improvements in our understanding of corneal biology and 

immunology over the last century, corneal allograft rejection remains the leading cause of 

penetrating keratoplasty failure in the first year following surgery.54       

 

Until recently, studies of the cellular changes in corneal allograft rejection have been limited to 

animal models and examination of corneal buttons from patients with a history of allograft 

rejection,55 and knowledge of the acute rejection response in humans has yet to be fully 

elucidated. In vivo confocal microscopy provides a new method for corneal examination at high 

resolution through optical sectioning.15 The American Academy of Ophthalmology has highlighted 

the potential ability of in vivo confocal microscopy to distinguish corneal allograft rejection as an 

important clinical application of in vivo confocal microscopy,56 however, to our knowledge, using 

a MEDLINE search, there have been no published studies reporting the in vivo confocal 

microscopy appearance of corneal graft rejection in humans. We report two cases of subepithelial 

infiltrates with corneal transplant rejection imaged by in vivo confocal microscopy. 

 

Subjects and methods 
 

Both subjects were assessed via clinical history and slit lamp biomicroscopy. Central corneal 

thickness was measured using the Orbscan II slit-scanning elevation tomography system (Bausch 

& Lomb Surgical, Rochester, NY, USA).  Patient clinical notes were reviewed to determine 

indication for penetrating keratoplasty, date of operation, current medication and other post-

operative complications.    

 

Following detailed explanation of the procedure and written informed consent, in vivo confocal 

microscopy was performed using a laser scanning in vivo confocal microscope (Heidelberg Retina 

Tomograph II Rostock Corneal Module [RCM]; Heidelberg Engineering GmbH, Heidelberg, 

Germany).  This microscope uses a 670 nm red wavelength diode laser source.  A 60x 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 images produced 
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using this lens are 400 μm x 400 μm and the manufacturer quotes the transverse resolution and 

optical section thickness as 2 μm and 4 μm respectively.  The RCM uses an entirely digital 

capture system. 

 

The central cornea was examined in each subject. The eye was anaesthetised with one drop of 

0.4% benoxinate hydrochloride (Chauvin Pharmaceutical, Surrey, UK).  Viscotears (Carbomer 

980, 0.2%; Novartis, North Ryde, NSW, Australia) was used as a coupling agent between the 

applanating cap and the cornea.  The patients 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 total duration of in vivo confocal examination 

was approximately two minutes per eye. No visual symptoms or corneal complications were 

experienced as a result of the examination. 

  

Qualitative and quantitative analysis was performed using a caliper tool (analySIS 3.1, Soft 

Imaging System, Münster, Germany).  

 

Results 
 

Case 1 

 

A 64-year old Caucasian female presented for routine outpatient appointment nine months 

following right penetrating keratoplasty for keratoconus. The patient had noted redness of the 

right eye, mild discomfort and blurred vision over the past week. On examination, best corrected 

visual acuity was 6/12 OD and 6/7.5 OS.   

 

Case 2 

 

A 56-year old Fijian Indian male presented for a routine outpatient appointment nine months 

following right penetrating keratoplasty for keratoconus. At presentation, he described a 

reduction in his vision OD over the last ten days, associated with moderate discomfort. On 

examination best corrected visual acuity was count fingers at one metre OD, improving to 3/60 

with pinhole, and 6/6 OS.  
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Slit lamp examination 

 

Slit lamp examination in both subjects revealed multiple sub-epithelial infiltrates scattered 

throughout the donor cornea accompanied by mild perilimbal injection [Figure 8.1]. No such sub-

epithelial infiltrates were observed in the recipient cornea. There was mild anterior chamber 

reaction with 1+ cells, but no vitritis, and fundal examinations were normal. Neither patient had a 

history of recent upper respiratory tract infection or tender preauricular lymphadenopathy. 

Central corneal thickness was 642 in case 1 and 668 μm in case 2 (increased from 572 μm two 

months prior). 

 

Figure 8.1 Sub-epithelial infiltrates in the donor cornea of Case 1 (arrows), sparing the host 

cornea [images courtesy of CNJ McGhee] 

 

 

 

In vivo confocal microscopy examination 

 

Both subjects exhibited an accumulation of hyper-reflective dendritic-like structures in the basal 

epithelium and at the level of Bowman’s layer [Figure 8.2 E and F]. The density of these 

dendritic-like structures was 338/mm2 in case 1 and 663/mm2 in case 2.  

 

Anterior keratocytes appeared altered, with visible cytoplasmic processes and hyper-reflective 

intracellular ‘granules’. [Figure 8.2 H and I] Keratocytes in the posterior stroma appeared normal.  

 

Small hyper-reflective deposits (30 – 80 µm diameter) were observed on the posterior surface of 

the endothelium [Figure 8.2 N and O]. Due to the lack of cellular detail these were presumed to 
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represent either pigment deposition or small groups of (degenerating) lymphocytes on the basis 

of their size and the clinical examination. Endothelial cell density was 1025 cells/mm2 in case 1 

and 1517 cells/mm2 in case 2 [Figure 8.2 K and L respectively].  

 

Coincidentally, Case 2 had also been scanned by in vivo confocal microscopy two months prior to 

the reported rejection episode. At this juncture, his endothelial cell density was 2233 cells/mm2 

and he only exhibited 13 dendritic-like structures per mm2 at the level of Bowman’s layer.  

 

Figure 8.2 Slit lamp photography (A-C) of normal cornea (A), and sub-epithelial infiltrates in 

Case 1 (B) and Case 2 (C). In vivo confocal microscopy images (D-O) cropped to 250 µm x 250 

µm illustrating the appearance of the sub-basal nerve plexus (D-F), keratocytes (G-I), 

endothelium (J-L) and hyper-reflective deposits (M-O). Normal sub-basal nerve plexus 

appearance (D) shows healthy nerve fibre bundles. (E) and (F) show an absence of nerve fibres 

and accumulation of dendritic-like structures, thought to be Langerhans’ cells, at the level of 

Bowman’s layer. Confocal microscopy of normal keratocytes (G) shows prominent keratocyte 

nuclei. In Case 1 (H) and Case 2 (I), keratocytes are altered in appearance with increased 

visibility of the cytoplasm. Normal endothelium (J) shows high cell density and regular cell 

arrangement. Case 1 (K) and Case 2 (L) have lower endothelial cell densities and a higher 

coefficient of variation. No hyper-reflective deposits are viewed in the normal examination (M), 

whereas hyper-reflective deposits 30 – 80 µm diameter are viewed in Case 1 (N) and Case 2 (O) 

possibly representing pigment deposition or small groups of degenerating lymphocytes.  
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Discussion 
 

Sub-epithelial infiltrates were identified as a sign of corneal graft rejection by Krachmer and 

Alldredge in 197857 and have been identified in 14-51% of corneal allograft rejections, occurring 

either in isolation or as part of an endothelial or epithelial rejection.16, 58 Sub-epithelial infiltrates 

appear as white infiltrates located in the anterior stroma, 0.2 to 0.5 mm in diameter in the donor 

cornea, sparing the host cornea (unlike adenoviral keratoconjunctivitis), and typically resolving 

rapidly with topical corticosteroid treatment.16 

 

In vivo confocal microscopy examination of the sub-epithelial infiltrates illustrated a marked 

accumulation of hyper-reflective dendritic-like structures at the level of the basal epithelium and 

Bowman’s membrane, postulated to represent Langerhans’ (dendritic-like) cells. Langerhans’ cells 

are professional antigen presenting cells that play a pivotal role in the initiation of immune 

response and in the induction of tolerance.59 Their presence in the central cornea has been 

evidenced by Hamrah et al utilising ex vivo confocal microscopy of immunohistochemically 

labeled dendritic cells in the murine cornea.60 More recently, Zhivov et al have utilised in vivo 

confocal microscopy (HRT II Rostock Corneal Module) to document the presence of dendritic-like 

structures at the level of the basal epithelium and Bowman’s layer in 31.3% of normal volunteers 

with a mean density of 34 ± 3 cells/mm2 in the central cornea.61   An increase in these dendritic-

like structures has been observed in patients with adenoviral sub-epithelial infiltrates and in sub-

epithelial infiltrates occurring following LASIK surgery.62-64 From an immunological and clinical 

perspective, sub-epithelial infiltrates have long been thought to be composed of white blood 

cells/lymphocytes, however, despite careful confocal microscopy analysis, no such cells were 

identified in these two cases. This might be due to obscuration of these cells secondary to 

keratocyte and stromal changes, or sub-epithelial infiltrates may largely be composed of dendritic 

cells. 

 

Keratocytes posterior to the sub-epithelial infiltrates were altered in appearance with increased 

visibility of the cytoplasm. These keratocyte changes appear to be non-specific manifestation of 

stromal inflammation and similar changes have been observed in corneal wound healing and 

inflammation.31 These cells have been interpreted to represent ‘activated’ keratocytes associated 

with the wound healing response and Moller-Pedersen et al have shown that the increased 

reflectivity of wound healing keratocytes is a primary cause of haze following photorefractive 

keratectomy (PRK).65  
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Case 2 was noted to have a significant reduction in endothelial cell density in the two months 

between the first scan and the rejection episode, despite lack of evidence of an active endothelial 

rejection phenomenon. Bourne and co-authors have demonstrated an accelerated rate of 

endothelial cell loss in patients following corneal transplant surgery (4.2% per year compared to 

0.6% in normal subjects and 2.5% in patients following cataract surgery).5 Previous studies have 

observed an even greater endothelial cell loss in patients with corneal allograft rejection.53 The 

degree of endothelial cell loss following allograft rejection is variable, and may be greater in older 

subjects and those with a delay in diagnosis.53 The apparent decrease in endothelial cell density 

we report might reflect a sampling artefact since truly identical areas cannot be sampled but it 

may also reflect ongoing, sub-clinical, low-grade endothelial rejection in an allograft immune 

response that seems largely confined to the anterior stroma and epithelium. 

 

Conclusions 
 

These case reports represent the first description of the in vivo confocal microscopy appearance 

of corneal allograft rejection in humans. Whilst the clinical diagnosis of corneal allograft rejection 

is not difficult in patients with classical presentation, herpes simplex, sub-acute infection and 

endothelial decompensation can mimic the appearance of corneal allograft rejection. In vivo 

confocal microscopy may aid in the fuller elucidation of the allograft rejection mechanism and in 

the diagnosis of more difficult cases of allorgraft rejection via visualisation of cell changes in all 

corneal layers. In the current study the sub-epithelial infiltrates appeared to be largely composed 

of dendritic-type cells.  
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Abstract 
 

Purpose 

Penetrating keratoplasty is associated with complete sensory denervation of the donor cornea. 

The return of sensation is highly variable and reduced corneal sensation has been observed up to 

30 years post-surgery. This study assessed nerve regeneration in corneal buttons obtained 

following repeat penetrating keratoplasty using immunohistological techniques.  

 

Methods 

Corneal buttons (n = 28) were collected from subjects undergoing repeat penetrating 

keratoplasty and were fixed within four hours of surgery. Tissue was cryo-sectioned, cell nuclei 

were labeled with 4’,6-Diamidino-2-phenylindole (DAPI) and corneal nerves were labeled using 

an antibody to acetylated alpha-tubulin. Cellular changes and corneal innervation were examined 

by fluorescence microscopy. 

 

Results 

Indications for primary penetrating keratoplasty were: keratoconus 57.1%, trauma 7.1%, 

endothelial dysfunction 17.9% and other (herpes simplex, fungal ulcer, congenital glaucoma) 

17.9%. Mean time following primary penetrating keratoplasty was 15.8 ± 12.9 years (range 2 

months to 47 years). Innervation density in the central cornea increased slowly with time from 

surgery (r = 0.652, p < 0.001). Innervation density was higher in the host cornea compared to 

the central donor cornea (3581.5 ± 2578.7 vs. 641.2 ±590.1 µm2/mm2, p < 0.001). Host 

innervation density was significantly higher in subjects with keratoconus than other indications 

(4496.1 ± 2499.8 vs. 2301.1 ± 2201.1 µm2/mm2, p = 0.034), however, differences in central 

donor innervation between different aetiologies did not reach statistical significance. No 

difference was observed in central donor cornea innervation density between clear and opaque 

corneal transplants (p = 0.950) or between vascularised and non-vascularised transplants (p = 

0.575).  

 

Conclusion 

Corneal nerves regenerate slowly following corneal transplant, however, they appear never to 

regain normal architecture following penetrating keratoplasty. 
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Introduction 
 

The cornea is the most densely innervated of all human tissues, with nerve densities 300-600 

times that of skin and 20-40 times that of tooth pulp.20 Corneal innervation provides important 

protective and trophic functions for the cornea, and interruption of corneal innervation may result 

in impaired cell attachment, altered epithelial structure, decreased mitotic rate, increased 

permeability, poor tear film and delayed wound healing.21, 23, 66 

 

Penetrating keratoplasty is the most frequently performed tissue transplantation procedure.1 

Despite high survival rates for penetrating keratoplasty, the post keratoplasty cornea exhibits 

changes in cellular structure and function for many years following surgery. Corneal epithelium 

shows altered morphology and function, and endothelial cell density progressively declines at an 

accelerated rate for up to twenty years following transplantation.3-5 As previously noted, 

penetrating keratoplasty requires a full thickness 360° corneal incision, severing all corneal 

nerves thus resulting in complete denervation of the transplanted cornea. Return of sensation to 

the donor cornea is highly variable and in many cases profound hypoaesthesia persists for many 

years following the initial surgery.7-9  

 

The purpose of this study was to examine nerve regeneration in human corneal buttons obtained 

following repeat penetrating keratoplasty (PK) using immunohistochemical techniques and to 

correlate nerve regeneration with indication for, and time from, surgery. 

 

Materials and methods 
 

Tissue source 

 

This study received approval from the Auckland Ethics Committee and adhered to the tenets of 

the declaration of Helsinki. Written informed consent was obtained from all subjects following 

detailed explanation of the nature of the study. 

 

Corneal buttons were obtained from local ophthalmic surgeons at the time of repeat penetrating 

keratoplasty. After excision, the corneal buttons were placed immediately into a vial of Corneal 

Transplant Medium (CTM; high-osmolar Minimum Essential Medium67) and immediately taken to 

the investigator’s laboratory.  
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Cryo-sectioning and immunohistochemistry   

 

The corneal buttons were trisected and fixed for 15 minutes in 2.5% paraformaldehyde in 

phosphate buffered saline (pH 7.4) within four hours of surgery. Only the central third of the 

cornea was used in this study. The central portion of the corneal button was then washed in 

CTM, before storing in CTM with 20% dimethyl sulphoxide at -80 to allow consolidation for 

processing.  

 

Subsequently, the corneal buttons were thawed to room temperature, then washed three times 

in CTM, before being mounted and frozen in Optimal Control Temperature medium (OCT, 

TissueTek, USA). Multiple 30 μm sections were cut from each block in an antero-posterior 

orientation, so that the section contained the original donor cornea in the centre and a small area 

of host cornea at the periphery [Figure 9.1]. The sections were dried overnight at 4°C, in the 

dark, onto pre-prepared glass slides coated with poly_L-lysine (Menzel GmbH & Co KG, 

Germany). 

 

Figure 9.1 Corneal section illustrating host and donor cornea and graft-host junction. Corneal 

nerves labeled with antibody to acetylated alpha tubulin (C3B9).68 

 

 

 

For each cornea, three slides (nine sections) were labeled with a primary antibody to acetylated 

alpha tubulin (C3B9),68 followed by the secondary antibody Alexa-546 Goat Anti-mouse IgG 
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(Molecular Probes, Inc, USA). Slides were then labeled with the DNA intercalating dye DAPI (4’,6-

Diamidino-2-phenylindole; 1 μg ml-1; Sigma #D9542) for 10 minutes.  

 

Microscopy and image capture 

 

Labeled sections were mounted with Citifluor (Citifluor Ltd, UK), then cover slipped and sealed 

with nail varnish. The slides were viewed with a Leica DMRA microscope (Leica Microsystems 

GmbH, Germany) at 200x magnification. One section per slide was digitally photographed and 

montaged with the Nikon Digital Sight DS-5Mc digital camera system (Nikon Corporation, Japan) 

and NIS-Elements software (version 2.30, Nikon, Japan) [Figure 9.1]. The images were then 

transferred to a Macintosh G5 (Apple Computer Inc.,) running Photoshop (version CS2, Adobe 

Systems Ltd, USA).  

 

Image processing and data analysis 

 

Montage images of DAPI and C3B9 staining were overlaid in Photoshop. The graft-host junction 

was identified histologically and in conjunction with the clinical/operation notes. Images were 

rotated to vertically align the graft host junction and then cropped into host tissue and donor 

cornea. The central 1 mm donor cornea was cropped for analysis, defined as the central 1 mm 

equidistant between the two graft-host junctions.  

 

Using Photoshop, a histogram of grey levels was generated from each image. The black and 

white point sliders were set to encompass all the pixels in the image, and the mid tone slider was 

adjusted to the asymptote between light and dark pixel groups, corresponding to the pixels on 

the edge of the C3B9 labeled structures. The image analysis program Image J (National 

Institutes of Health, USA) with the ‘Voxel Counter’ plug-in (Wayne Rasband, National Institutes of 

Health, USA) was used to measure the total area of the C3B9 labeled structures in each section.  

 

Clinical notes were reviewed to determine indication for primary PK, post operative complications, 

time to repeat PK, best corrected visual acuity (BCVA) at time of repeat PK and indication for 

repeat PK. For the purpose of this study, graft rejection was defined as the development of a 

rejection line (epithelial or endothelial) or spreading corneal oedema in a previously thin, clear 

graft with either corneal infiltrates or a unilateral anterior chamber reaction. Increased intraocular 

pressure (IOP) was defined as a single IOP reading ≥ 22 mmHg after corneal transplant. High 

astigmatism was defined as > 10 dioptres measured either by clinical refraction or Orbscan II 
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corneal topography. Primary graft failure was defined as graft oedema that did not resolve over 

the first six weeks following PK.  

 

Statistical analysis 

 

All values were entered into a Microsoft Excel database and subsequently imported into statistical 

software for analysis. Statistical analysis was performed in SPSS Version 15 for Windows 

(Chicago, IL, USA). Normality of distribution of continuous data was tested using the 

Kolmogorov-Smirnov test. Correlations between continuous variables were examined by 

calculating Pearson’s correlation coefficient (r). Values were compared with Student’s 

independent t-test, analysis of variance (ANOVA) (with significant main effects investigated with 

Tukey’s procedure) or the chi-square test, and are reported as mean ± standard deviation or n 

(%) as appropriate. All tests were two-tailed and a p value of less than 0.05 was considered 

statistically significant.  

 

Results 
 

This study examined the corneal buttons of 28 subjects (17 right eyes, 11 left eyes) undergoing 

repeat PK. Patient demographics are reported in Table 9.1 and indications for primary PK are 

reported in Table 9.2.  

 

Table 9.1 Subject demographics  

 

Age (years) 

    Range  

57.7 ± 14.0 

(22 – 82) 

Gender 

    Male 

    Female 

14 (50.0%) 

14 (50.0%) 

Ethnicity 

    Caucasian 

    Pacific Island 

    Indian 

23 (82.1%) 

3 (10.7%) 

2 (7.1%) 
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Table 9.2 Indication for primary penetrating keratoplasty 

 

Indication Number (percentage) 

Keratoconus 16 (57.1%)

Trauma 2 (7.1%)

Endothelial dysfunction

Fuchs’ endothelial dystrophy 

Pseudophakic bullous keratopathy 

5 (17.9%)

3 (10.7%) 

2 (7.1%) 

Other 

Herpes simplex keratitis 

Fungal ulcer 

Congenital glaucoma 

5 (17.9%)

3 (10.7%) 

1 (3.6%) 

1 (3.6%) 

 

A significant difference was observed in mean subject age between different indications for 

primary PK (p = 0.027 ANOVA); keratoconus 53.4 ± 9.6 years, trauma 44.5 ± 31.8 years, 

endothelial dysfunction 70.6 ± 7.4 years and other indications 63.8 ± 15.9 years. No significant 

difference in ethnicity or gender was observed between indications for primary PK. 

 

At the time of repeat PK, mean visual acuity was 6/77 (LogMar 1.11 ± 0.39). Vascularisation of 

the donor cornea was noted in 17.9% of subjects. Females had a better BCVA at time of repeat 

PK than males (LogMar 0.89 ± 0.29 vs. 1.2 ± 0.38, p = 0.010) and were less likely to have 

vascularisation of the donor cornea (0% vs. 35.7%, p = 0.041). Subjects with vascularisation 

also tended to be older (67.6 ± 6.4 vs. 55.6 ± 14.3 years, p = 0.011).  

 

Details of the original corneal donor were recorded for 11 subjects (39.3%). Donor details were 

generally not available for subjects undergoing PK pre 1990 or for subjects who underwent the 

primary PK overseas. Mean donor age was 67.9 ± 14.7 years (range 40 – 85 years) and mean 

endothelial cell count was 3008.5 ± 276.8 cells/mm2 (range 2645 – 3535 cells/mm2). Due to 

donor details being available for less than half of the sample group, donor details were excluded 

from further analysis. 

 

The mean time to repeat PK was 15.8 ± 12.9 years (range 2 months to 47 years). The shortest 

duration (2 months) was a 39 year old keratoconic subject with primary graft failure and the 

longest duration (47 years) was a 67 year old man who received his primary PK for ocular trauma 

and underwent repeat PK for corneal decompensation. Time following surgery differed 
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significantly between indications for primary PK (p < 0.001) [Figure 9.2] and post hoc Tukey test 

revealed that keratoconic subjects had a longer time to repeat PK than those with endothelial 

dysfunction (p = 0.009) or other (HSV, fungal ulcer, congenital glaucoma, p = 0.005). 

 

Figure 9.2 Significant difference observed in time following surgery and indication for original 

penetrating keratoplasty (p = 0.001). 

 

 

Indications for repeat PK are listed in Table 9.3.  

 

Table 9.3 Indication for repeat penetrating keratoplasty 

 

Indication Number (percentage) 

Decompensation with no history of allograft rejection 13 (46.4%) 

Decompensation with history of allograft rejection 5 (17.9%) 

High astigmatism 7 (25%) 

Perforation 2 (7.1%) 

Primary graft failure 1 (3.6%) 
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Two subjects underwent repeat PK for perforation of the donor cornea; one had a diagnosis of 

herpes simplex virus (HSV) keratitis, the other had a history of a fungal ulcer. 18 subjects 

(64.3%) had a history of corneal decompensation, 7 subjects (25.0%) had a history of allograft 

rejection, 5 subjects (17.9%) had a history of increased intraocular pressure and 10 subjects 

(35.7%) had a history of high astigmatism. Subjects with an original diagnosis of keratoconus 

were more likely to have high astigmatism (56.3% vs. 8.3%, p = 0.016) and less likely to have a 

history of corneal allograft rejection (0% vs. 58.3% p = 0.001) than non keratoconic subjects.  

 

Corneal buttons were processed, sectioned and labeled as described earlier. Montage images of 

the entire corneal section were generated [Figure 9.1]. The graft-host junction was identified by 

acellular scar tissue along the edge of the junction, an irregular border at the level of the 

epithelium or endothelium, and/or indentation of Bowman’s or Descemet’s membrane towards 

the junction [Figure 9.3]. In four subjects, no host cornea was identified as the donor button had 

been removed either by re-opening the original graft-host junction or by trephining within the 

margins of the original donor cornea.  

 

Figure 9.3 Corneal sections illustrating graft-host junction (white arrows). Cell nuclei labeled 

with intercalating DNA dye DAPI. 
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Figure 9.4 Corneal nerves labeled with antibody to acetylated alpha tubulin (C3B9) illustrating 

pattern of reinnervation. A. Minimal corneal nerves observed in the peripheral donor cornea 2 

months post penetrating keratoplasty (PK). B. Nerve observed crossing the graft host junction 

(dotted line) 4 years following PK. A marked difference is observed in the innervation between 

the host cornea and the donor cornea. C. Nerves observed in the anterior donor stroma 10 years 

post PK. D. Nerves observed in the mid stroma 20 years post PK. E. Reinnervation of the 

epithelium and sub-basal nerve plexus observed 25 years post PK with little reinnervation of the 

corneal stroma. F. Abnormal thickened tortuous nerves observed in the posterior stroma of the 

host cornea. The abnormal nerves approached, but did not appear to cross, the graft-host 

junction. G. Perforation of a stroma nerve through Bowman’s layer to form the sub-basal nerve 

plexus observed 28 years post PK. H. Anterior and mid stromal nerves observed in the donor 

cornea 32 years post PK. I. Reinnervation of the central cornea observed 47 years post PK.  
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In all corneal sections, innervation was higher in the host cornea than in the central donor 

cornea. Stromal nerve regeneration occurred through the graft-host junction [Figure 9.4 B]. The 

sub-basal nerve plexus was reinnervated either from the host sub-basal nerve plexus [Figure 9.4 

E] or by perforation of stromal nerves through Bowman’s layer [Figure 9.4 G]. Scanty 

reinnervation of the peripheral donor cornea was observed two months following PK [Figure 9.4 

A]. Stromal nerves were observed crossing the graft-host junction [Figure 9.4 B] and, in one 

keratoconic subject, thickened, tortuous nerves were observed in the posterior stroma 

approaching, but not crossing, the graft-host junction [Figure 9.4 F]. Regenerated corneal nerves 

were observed in the anterior and mid stroma at 10, 20, 28 and 32 years post PK [Figure 9.4 C, 

D, H and I]. Reinnervation of the sub-basal nerve plexus was observed, and in some cases 

appeared to preceed observable stromal reinnervation [Figure 9.4 E]. Perforation of a stromal 

nerve through Bowman’s layer to form the sub-basal nerve plexus was observed in a donor 

cornea 28 years following PK [Figure 9.4 G]. In the oldest transplanted cornea, innervation in the 

central donor cornea was still lower than in the host cornea, forty-seven years following PK.  

 

Innervation density in the host cornea (n = 24) and in the central donor cornea (n= 28) is 

reported in Table 9.4. A significant difference was observed between host and central innervation 

density (3581.5 ± 2578.7 vs. 641.2 ± 590.1 µm2/mm2, p < 0.001) [Figure 9.5]. A significant 

difference in host innervation density was observed between the four groups of indications for 

primary corneal transplant [Table 9.4], with host innervation higher in subjects with keratoconus 

than other indications for primary PK (4496.1 ± 2499.8 vs. 2301.1 ±2201.1 µm2/mm2, p = 

0.034). Differences in central donor innervation between the different indications did not reach 

statistical significance.  

 

Table 9.4 Innervation density in the host cornea and central donor cornea. 

 

 Keratoconus 

 

n = 16 

Trauma

 

n = 2 

Endothelial 

dysfunction 

n = 5 

Other 

 

n = 5 

P value

Host cornea 

(µm2/mm2) 

4496.1 ± 2499.8 5307.6 ± 3524.8 1492.9 ± 1087.5 1643.8 ± 1379.8 0.041

Central cornea 

(µm2/mm2). 

744.6 ± 542.9 1184.0 ± 1551.3 230.2 ± 216.7 429.3 ± 291.1 0.143
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Figure 9.5 Significant difference observed in host and central cornea innervation density p < 

0.001 

 

Central corneal innervation increased with time from surgery (r = 0.652, p < 0.001) [Figure 9.6].  

 

Figure 9.6 Positive correlation between central innervation density and time following surgery r 

= 0.652, p < 0.001. 
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No difference was observed in central corneal innervation with presence or absence of 

vascularisation of the donor cornea (p = 0.575). No difference was observed in central cornea 

innervation between clear corneal grafts (repeat PK for astigmatism only) and opaque/cloudy 

corneal grafts (p = 0.950) and no correlation was observed between central innervation density 

and LogMar BCVA. 

 

No correlation was observed between subject age and central corneal innervation. A significant 

inverse correlation was observed between subject age and host innervation density (r = 0.558, p 

= 0.005) [Figure 9.7]. No association was observed between subject gender or ethnicity and 

corneal innervation (host or central). 

 

Figure 9.7 Inverse correlation between subject age and host innervation density r = -0.558, p = 

0.005. 

 

 

Discussion 
 

To the authors’ knowledge, the current study represents the largest histological study of human 

corneal nerve regeneration following PK. We have utilised immunohistochemical techniques to 

qualitatively and quantitatively examine nerve regeneration and correlate with indication for, and 

time from, surgery.  
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There are some important limitations of this study to consider. Firstly, stromal nerve density was 

unable to be calculated as a volume measurement using our methodology. This could have been 

overcome by using ex vivo confocal microscopy volume scans,69 however, the size of the tissue 

sections and sample population made such a method impractical. Secondly, we were unable to 

source adequate normal tissue to serve as controls. Corneal nerves degrade rapidly after death, 

with the majority of nerve fibres degenerated or unable to be visualised within 13.5 hours,70 and 

we were unable to access control tissue within the four hour timeframe required by our study 

protocol. We thus recruited a large sample to enable sub-group analysis, however we are unable 

to ascertain normal innervation density nor normal ratio of peripheral to central innervation 

density. Other limitations that are important to consider are the small amount of host tissue 

available for comparison, and that we utilised antero-posterior sectioning, enabling good images 

of stromal nerve fibres, but poor views of the sub-basal nerve plexus, for which en face imaging 

is superior.  

 

Nerve bundles enter the corneal stroma at the periphery and radiate towards the central cornea, 

running parallel to the corneal surface.66 Penetrating keratoplasty completely severs the corneal 

nerves; the nerves in the donor cornea undergo rapid Wallerian degeneration and a small degree 

(approximately 0.5mm) of retrograde degeneration is observed in the host cornea.71 

Subsequently, regenerating nerves must traverse the scar tissue at the graft-host junction and 

grow towards the central cornea.71, 72 The factors controlling nerve regeneration are unclear. 

Beuerman hypothesised that the direction of nerve growth may be controlled by either 

chemotactic attraction of the nerve endings to the wound margin or dragging of the nerves by 

migrating epithelial cells,73 and, whilst this may explain greater reinnervation of the sub-basal 

nerve plexus, it fails to explain continued stromal reinnervation and perforation of stromal nerves 

through Bowman’s layer.  

 

Babel and Campos postulated that vascularisation may aid and guide nerve regeneration after 

observing regenerated corneal nerves closely following blood vessels in four heavily vascularised 

opaque corneal transplants,74 however, several subsequent studies have observed no difference 

in nerve regeneration between vascularised and non-vascularised donor buttons10, 75, 76 and the 

current study notes no difference in nerve regeneration between vascularised and non-

vascularised corneal buttons.   

 

Corneal nerves regenerate slowly, and in vivo confocal microscopy studies have demonstrated 

stromal nerves first visible in the central donor cornea at 6 months77 and reduced central sub-

basal nerve fibre density in the central donor cornea up to 40 years following PK.24 In the current 
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study, very few nerves were observed in the donor cornea two months following PK. Innervation 

density gradually increased in the central donor cornea, but, even 47 years after PK, the central 

innervation density was still lower than the host cornea.  

 

Given this marked reduction in innervation density, what are the consequences for the health of 

the transplanted cornea? Early studies examining the role of corneal nerves observed rapid 

clouding of the cornea following injury to the trigeminal nerve78 and subsequent work has noted 

epithelial changes and poor wound healing following corneal denervation.21, 23 Interestingly, no 

difference has been observed in corneal reinnervation between clear and opaque corneal 

transplants,10, 72, 75 as confirmed by the current study. It was this observation that led the 

neuroscientist Ranvier to controversially declare that corneal nerves were “an apparatus of 

luxury”.79 Impaired sensory innervation may contribute to the relatively high frequency of 

epithelial complications observed following PK,4 however, it appears that corneal nerves are not 

essential for transparency of the donor tissue.  

 

The role of host age in reinnervation of the donor cornea is still unclear. Age is known to affect 

the corneal nerves, and in vivo confocal microscopy has documented a 0.9% per year reduction 

in sub-basal nerve fibre density with age.80 Studies of reinnervation in the peripheral nervous 

system have noted faster nerve regeneration in younger subjects,81 although these studies have 

examined regeneration of motor nerves, and a single study examining sensory nerve 

regeneration observed no difference with subject age. Reinnervation has been shown to be faster 

following PK in young rabbits,12 and one study observed greater return of sensation in young 

human subjects following PK,29 however, no difference between reinnervation of the sub-basal 

nerve plexus in young and old subjects has been noted following PK24 and a study of 71 eyes (66 

subjects) observed no correlation between return of corneal sensation and subject age. The 

current study contributes further to the debate by providing quantitative histological evidence of 

no significant correlation between corneal reinnervation and subject age. A strong correlation 

was observed between subject age and innervation density in the host cornea. Whilst nerve 

density has been shown to decline with age,80 it is more likely that such a steep decline relates to 

the primary indication for PK, rather than subject age per se.  

 

Donor age may also, potentially, play a role in nerve regeneration. Nerves of the donor cornea 

rapidly degenerate, however, the original Schwann cell sheaths remain.10, 12 No regeneration of 

Schwann cells is observed from the host cornea.12 When the host nerves regenerate, some 

course as naked fibres through the donor cornea, whereas others are enveloped by migrating 

donor Schwann cells.12 These Schwann cells provide nutrition and support to the regenerating 
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nerves.82, 83 Studies have failed to demonstrate any effect of donor age on corneal transplant 

survival, but, it has been postulated that donor age may potentially play a role in nerve 

regeneration through alteration of donor Schwann cells.81 Unfortunately, donor details were 

available for an insufficient number of subjects to allow analysis, and, therefore, the role, if any, 

of the donor age on corneal nerve regeneration will have to remain the subject of further 

investigation.  

 

This study reveals profound alteration in corneal nerve density following PK, the nerves slowly 

regenerate over time, however, central innervation density remains abnormal, even up to 47 

years following PK. Whilst no correlation has been observed between innervation density and 

transparency of the donor tissue or BCVA, corneal nerves play an important trophic role, and the 

reduction in innervation may have important repercussions for the health of the donor cornea, in 

particular, epithelial integrity and corneal wound healing.  
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Abstract 

 

Purpose 

The exact pathophysiological processes underlying keratoconus remain enigmatic. This study 

utilised laser scanning in vivo confocal microscopy (IVCM) to further define microstructural 

abnormalities in the keratoconic cornea and establish relationships with disease severity.  

 

Methods 

Prospective,\ cross-sectional study comparing 52 keratoconic subjects and 52 age-matched 

controls. Assessment included demographics, history, slit-lamp biomicroscopy, Orbscan II 

computerised corneal tomography, and HRT II Rostock Corneal Module laser scanning IVCM. 

 

Results 

Significantly lower cell densities (cells/mm2, mean ± standard deviation) were observed in 

keratoconus compared to normal corneas; basal epithelial 4340.6 ± 595.2 vs. 5777.6 ± 958.2 (p 

< 0.001), anterior keratocyte 523.6 ± 206.4 vs. 859.7 ± 219.1 (p < 0.001), posterior keratocyte 

240.4 ± 64.5 vs. 330.6 ± 52.3 (p < 0.001) and endothelial 2412.2 ± 339.5 vs. 2845.6 ± 313.0 (p 

< 0.001). Sub-basal nerve fibre density was 52.7% lower in keratoconus vs. controls (p < 

0.001). Basal epithelial cell density (p = 0.001), sub-basal nerve fibre density (p = 0.015) and 

anterior keratocyte density (p < 0.001) correlated with severity of disease. Lower sub-basal 

nerve density also correlated with younger age at diagnosis (r = 0.397, p = 0.004). Severe 

disease was associated with diagnosis at younger age (p = 0.023), history of eye rubbing (p = 

0.025) and Maori or Pacific Island ethnicity (p = 0.001).  

 

Conclusion 

Significant microstructural abnormalities were identified at every level of the keratoconic cornea 

and were related to disease severity. IVCM offers a potential insight into the pathophysiology of 

the microstructural changes in keratoconus.  
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Introduction 
 

Keratoconus is a non-inflammatory ectasia of the cornea in which the cornea assumes a conical 

shape due to thinning and protrusion.1 Aetiology of the disease is complex, likely arising from a 

combination of genetic and environmental factors, and both keratocyte and epithelial changes 

have been implicated in disease development and progression.2, 3 No satisfactory animal model 

exists for the disease, and ex vivo studies of keratoconus are largely limited to corneal buttons 

removed for penetrating keratoplasty in subjects with advanced disease.  

 

In vivo confocal microscopy (IVCM) represents a relatively new technology with the facility to 

image, en face, all layers of the cornea, in more physiological conditions than previously 

possible.4 The authors have demonstrated good repeatability and reproducibility of cell and 

innervation density using a laser scanning in vivo confocal microscope (HRT II Rostock Corneal 

Module [RCM]),5 and the RCM has been used to document age-related cell changes, corneal 

healing, and recovery of innervation following corneal transplantation.6, 7 Using laser scanning 

IVCM in a cohort of keratoconus subjects, the authors have recently reported variably reduced 

keratocyte density compared to normal corneas.8 The current study aimed to utilise this 

technique to further define microstructural abnormalities in the keratoconic cornea in subjects 

with no contact lens wear, and establish relationships with the clinical manifestations of disease 

severity.  

 

Materials and methods 
 

Subject recruitment and assessment 

 

Fifty-two subjects with an established diagnosis of keratoconus were recruited from sub-specialist 

corneal clinics in the Department of Ophthalmology, Auckland City Hospital and examined in the 

Department of Ophthalmology, University of Auckland. Clinical history included age at diagnosis 

of keratoconus (clinical diagnosis by either optometrist or ophthalmologist) and self-reported 

history of atopy including asthma, eczema/dermatitis and allergic conjunctivitis. Subjects were 

asked whether they rubbed their eyes frequently, or a great deal, and an affirmative answer was 

recorded as a positive history of eye rubbing. Slit lamp biomicroscopy was performed on all eyes 

and each subject exhibited two or more of the following clinical signs: computerised topography 
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suggesting keratoconus, central or paracentral corneal stromal thinning, Fleischer’s ring, Vogt’s 

striae or Munson’s sign.  

 

Subjects with corneal hydrops or scarring were excluded from further analysis. Subjects with a 

history of ocular trauma, ocular surgery, other corneal pathology, contact lens wear (in the 

preceding year) or systemic disease that may affect the cornea, were also excluded. In subjects 

in whom both eyes were eligible for the study, one eye was chosen at random for inclusion.  

 

Fifty-two normal volunteers were recruited as a control group – these subjects had no history of 

ocular surgery, no previous or active ocular pathology, other than refractive error, no prior 

contact lens wear and no systemic disease which may affect the cornea. Systemic medications 

were permitted unless they were known to affect the anterior segment of the eye. All control 

subjects were examined by slit lamp biomicroscopy and their corneas were confirmed to be 

clinically normal. Only right eyes were included for analysis in the control group.  

 

Corneal topography and pachymetry were performed in all subjects with the Orbscan II 

combined Placido/slit-scanning elevation tomography system (Bausch and Lomb Surgical, 

Rochester, NY, USA). In subjects with keratoconus, the modified Rabinowitz-McDonnell test was 

used to confirm the diagnosis of keratoconus, and severity of keratoconus was classified 

according to the steepest simulated keratometry reading on the keratometric map (mild < 45 D, 

moderate 45-52 D, severe > 52 D).9  

 

This study received approval from the Auckland Ethics Committee and adhered to the Declaration 

of Helsinki. Written informed consent was obtained from all subjects following a detailed 

explanation of the nature of the study.  

 

In vivo confocal microscopy 

 

As previously outlined in earlier chapters, laser scanning IVCM was performed on all subjects 

using the HRT II Rostock Corneal Module (Heidelberg Retina Tomography II Rostock Corneal 

Module [RCM]; Heidelberg Engineering GmbH, Heidelberg, Germany). This microscope uses a 

670 nm red wavelength diode laser source. A 60x 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 for all assessments. The images produced using this 
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lens are 400 µm x 400 µm and the manufacturer quotes transverse resolution and optical section 

thickness as 2 µm and 4 µm respectively. The RCM uses an entirely digital capture system.    

 

Eyes were anaesthetised with one 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 IVCM 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, enabling instantaneous imaging of a single area of the cornea 

at a desired depth. The total duration of IVCM examination was approximately two minutes per 

eye and no subjects experienced any visual or corneal complications following examination. 

 

Image analysis 

 

For each IVCM examination, three images were taken from each of the following levels; basal 

epithelium, sub-basal nerve plexus, anterior stroma, posterior stroma and endothelium. Anterior 

stroma was defined as the first three clear images (without motion blur or compression lines) 

immediately posterior to Bowman’s layer and posterior stroma was defined as the first three clear 

images immediately anterior to Descemet’s membrane. Images were selected for analysis by an 

experienced observer (RLN). 

 

Measurements were performed using a caliper tool (analySIS 3.1, Soft Imaging System, Münster, 

Germany). For all epithelial and endothelial images a standard central counting frame size of 200 

µm x 200 µm was used. For all sub-basal nerve plexus and stromal images the full 400 µm x 400 

µm frame was used. Nerve fibre density was calculated by measuring the total length of all nerve 

fibres and branches per square millimetre. In vivo confocal microscopy is unable to resolve 

individual nerve fibres and therefore the sub-basal nerve density represents the density of nerve 

fibre bundles rather than individual nerves. Ten percent of all images were recounted by one of 

the examiners (Divya Perumal) to determine the inter-examiner limit of agreement. 
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Statistical analysis 

 

All values were entered into a Microscoft Excel spreadsheet and subsequently imported into 

statistical software for analysis. Statistical analysis was performed in SPSS Version 15 for 

Windows (Chicago, IL, USA) in conjunction with a professional biomedical statistician. Basic 

descriptive statistics were calculated on all data gathered and values are reported as mean ± 

standard deviation or n (%) as appropriate. Normal distribution of continuous variables was 

confirmed using the Kolmogorov-Smirnov test.10 Correlations between continuous variables were 

examined by calculating Pearson’s correlation coefficient, Spearmann’s rho or Kendall’s tau as 

appropriate. Student’s independent t-test, Mann-Whitney U test or Fisher’s exact test were used 

to compare values between groups. Multiple linear regression analysis was performed to 

determine the independent predictors of visual acuity using a variety of iterative methods 

(forward, backward, stepwise selection). All tests were two-tailed and a p value of less than 0.05 

was considered statistically significant.  

 

Results 
 

Fifty-two subjects (52 eyes) with keratoconus were included for analysis and compared with 52 

normal volunteers (52 eyes). Subject characteristics are reported in Table 10.1. Significantly 

more Maori and Pacific Island subjects were present in the keratoconus group than the control 

group. Significantly more Maori and Pacific Island subjects were present in the keratoconus group 

than the control group. 
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Table 10.1 Subject characteristics 

 

 Controls

n = 52 

Keratoconus

n = 52 

P value*

Gender 

    Male 

    Female 

23 (44.2%) 

29 (55.8%) 

27 (51.9%) 

25 (48.1%) 

 

0.556 

 

Age (years) 

    Range (years) 

25.5 ± 7.0

(18 – 54) 

27.9 ± 11.1

(13 – 54) 

0.587 

 

Ethnicity 

    Caucasian 

    Asian 

    Maori/Pacific Island 

28 (53.8%) 

14 (26.9%) 

10 (19.2%) 

15 (28.8%) 

7 (13.5%) 

30 (57.7%) 

 

 

< 0.001 

Corneal astigmatism 

    Range (D) 

0.8 ± 0.5

(0.1 – 2.1) 

5.7 ± 3.8

(0.4 – 16.5) 

< 0.001

 

Max K 

    Range (D) 

43.9 ± 1.6

(40.9 – 47.0) 

53.3 ± 9.6

(33.7 – 87.8) 

< 0.001

 

Min K 

    Range (D) 

43.1 ± 1.5

(39.9 – 46.7) 

47.6 ± 7.2

(27.4 – 71.2) 

< 0.001

 

CCT 

    Range (µm) 

552.5 ± 35.6

(455 – 633) 

431.2 ± 67.3

(285 – 549) 

< 0.001

 

 

Mean best-corrected visual acuity (BCVA) in the keratoconus group was 20/64 (mean LogMar 

0.51 ± 0.51). Age at diagnosis was 21.6 ± 10.0 years (mean ± standard deviation). No 

significant difference was noted in age at diagnosis between male and female patients. A history 

of atopy was reported in 34 keratoconic subjects (65.4%), including asthma in 24 subjects 

(46.2%), eczema/allergic dermatitis in 14 subjects (26.9%) and allergic conjunctivitis in 18 

subjects (34.6%). Subjects with a history of atopy were diagnosed with keratoconus at a younger 

mean age (18.7 ± 7.3 years vs. 27.0 ± 12.3 years, p = 0.004).  No difference was observed in 

history of atopy in relation to gender or ethnicity. Eye rubbing was reported in 12 subjects with 

keratoconus (23.1%). No association was observed between a history of atopy and eye rubbing 

(p = 0.179), but allergic conjunctivitis was strongly associated with a history of eye rubbing (p < 

0.001). No difference in history of eye rubbing was observed with age, gender or ethnicity. A 

family history of keratoconus was reported in 9 keratoconic subjects (17.3%). No difference in 

reported family history was observed with age, gender or ethnicity.  
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The quality of the IVCM images was good and epithelial, keratocyte and endothelial cell densities 

could be calculated in all eyes [Figure 10.1]. Inter-examiner 95% limits of agreement were ± 

7.9%. 

 

Figure 10.1 Laser scanning in vivo confocal microscopy appearance of the normal and 

keratoconic cornea. Images cropped to 300 µm x 300 µm illustrating the epithelium, anterior and 

posterior stroma and endothelium in control subjects (A, C, E and G respectively), and the 

epithelium, anterior and posterior stroma and endothelium in keratoconic subjects (B, D, F and H 

respectively). Dark bands (presumed Vogt’s striae) are observed in the posterior stroma in 

keratoconus (F).  
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Statistically significant lower cell and innervation densities were observed at every level of the 

keratoconic cornea compared to controls [Table 10.2]. Relative to control values, subjects with 

keratoconus exhibited: 24.9% lower epithelial cell density, 39.2% lower anterior keratocyte 

density, 27.5% lower posterior keratocyte density, and 15.2% lower endothelial cell density (all 

values p < 0.001) [Figure 10.1]. Sub-basal nerve fibre density in subjects with keratoconus was 

52.7% lower than controls (p < 0.001) [Figure 10.2]. 

 

Table 10.2 Cell density and innervation density in keratoconus and control subjects 

 

 Controls 

n = 52 

Keratoconus 

n = 52 

P value

Basal epithelium (cells/mm2) 5777.6 ± 958.2 4340.6 ± 595.2 < 0.001

Sub-basal nerve density (mm nerve/mm2) 22.4 ± 5.96 10.6 ± 5.23 < 0.001

Anterior stroma (cells/mm2) 859.7 ± 219.1 523.6 ± 206.4 < 0.001

Posterior stroma (cells/mm2) 330.6 ± 52.3 240.4 ± 64.5 < 0.001

Endothelium (cells/mm2) 2845.6 ± 313.0 2412.2 ± 339.5 < 0.001

 

As the control group and keratoconus group were not matched for ethnicity, the cell and 

innervation densities for Maori and Pacific Island subjects with and without keratoconus were 

compared. Despite the lower sample number, significantly lower epithelial (p < 0.001), anterior 

and posterior keratocyte (both p < 0.001), endothelial (p = 0.001) and sub-basal nerve fibre (p 

< 0.001) density was still observed in the keratoconus group.  
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Figure 10.2 Laser scanning in vivo confocal microscopy of sub-basal and stromal nerves in 

keratoconus and control subjects. Images cropped to 300 µm x 300 µm illustrating the sub-basal 

nerve plexus and stromal nerves in controls (A and C respectively), and the sub-basal nerve 

plexus and stromal nerves in keratoconics (B and D respectively). Increased nerve tortuosity and 

decreased nerve density is noted in the keratoconic sub-basal nerve plexus (B) and the 

keratoconic stromal nerve appears thickened (D).  

 

 

 

As the control group and keratoconus group were not matched for ethnicity, the cell and 

innervation densities for Maori and Pacific Island subjects with and without keratoconus were 

compared. Despite the lower sample number, significantly lower epithelial (p < 0.001), anterior 

and posterior keratocyte (both p < 0.001), endothelial (p = 0.001) and sub-basal nerve fibre (p 

< 0.001) density was still observed.  
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In keratoconus subjects, sub-basal nerve density correlated with age at diagnosis, with lower 

nerve density in subjects diagnosed at a younger age (r = 0.397, p = 0.004). No correlation was 

observed between cell density at any level and age at diagnosis. No difference was observed in 

cell or innervation density between males and females with keratoconus. No difference was 

observed in cell or innervation density in keratoconus subjects - with or without a history of atopy 

or eye rubbing.  

 

Sub-basal nerve fibre density in keratoconus eyes correlated positively with anterior keratocyte 

cell density (r = 0.362, p = 0.008). Endothelial cell density correlated with anterior (r = 0.418, p 

= 0.002) and posterior (r = 0.304, p = 0.028) keratocyte density. No correlation was observed 

between epithelial cell density and other cell layers, or between epithelial cell density and sub-

basal nerve density.  

 

Topographic maps were generated for all control eyes and for 44 keratoconic corneas (85%) (p 

= 0.006). Topographic maps were not possible in eight subjects with keratoconus due to 

advanced disease and severe corneal irregularity. Subjects with keratoconus were subcategorised 

into: mild disease (n = 7, 13.4%), moderate disease (n = 14, 26.9%) and severe disease (n = 

31, 59.6%) according to the steepest simulated keratometry on axial keratometric maps. 

Subjects in whom topography was not possible were classified, on the basis of clinical 

examination and irregular computerised topography, as severe. For the purpose of statistical 

analysis, results for subjects with mild or moderate keratoconus were pooled (n = 21). Subject 

characteristics and cell and innervation density are reported for mild/moderate disease and 

severe disease in Table 10.3. Subjects with more severe disease were younger both at time of 

inclusion in the study (p = 0.025) and at time of diagnosis (p = 0.003). No difference in duration 

of disease (taken as time from diagnosis to inclusion in the study) was observed between the two 

groups (mild/moderate keratoconus 5.8 ± 6.7 years vs. severe keratoconus 6.8 ± 7.1 years, p = 

0.59). Maori and Pacific Island ethnicity was associated with more severe disease (p = 0.001) 

and a younger mean age at diagnosis than Caucasian and Asian subjects (17.1 ± 5.6 years vs. 

27.6 ± 11.6 years, p < 0.001). No difference in history of atopy was observed with stage of 

disease but more subjects with severe disease gave a history of eye rubbing (p = 0.025).   
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Table 10.3 Subject characteristics and cell density with stage of disease.  

 

 Mild/moderate

n = 21 

Severe 

n = 31 

P value

Age (years) 31.7 ± 10.3 25.4 ± 11.1 0.025

Age at diagnosis (years) 26.0 ± 11.1 18.6 ± 8.1 0.003

Gender 

    Male 

    Female 

11 (52.4%) 

10 (47.6%) 

16 (51.6%) 

15 (48.4%) 

 

1.000 

Ethnicity 

    Maori/Pacific Island 

    Caucasian/Asian     

6 (28.6%) 

15 (71.4%) 

24 (77.4%) 

7 (22.6%) 

 

0.001 

History of atopy 14 (66.7%) 20 (64.5%) 1.000

History of eye rubbing 1 (4.7%) 11 (35.5%) 0.025

BCVA 20/29 (LogMar 0.16 ± 

0.29) 

20/110 (LogMar 

0.74 ± 0.50) 

< 0.001

CCT (µm) 480.1 ± 53.5 388.5 ± 45.7 < 0.001

Astigmatism (D) 3.3 ± 2.1 7.9 ± 3.7 < 0.001

Epithelium (cells/mm2) 4654.0 ± 429.4 4128.3 ± 603.4 0.001

Sub-basal nerve plexus (mm nerve/mm2) 12.9 ± 6.1 9.1 ± 4.0 0.015

Anterior stroma (cells/mm2) 645.4 ± 201.0 441.1 ± 167.6 < 0.001

Posterior stroma (cells/mm2) 239.1 ± 57.2 241.3 ± 69.9 0.904

Endothelium (cells/mm2) 2510.6 ± 334.4 2345.5 ± 331.8 0.087

 

In subjects with keratoconus, LogMar BCVA correlated with CCT (r = -0.442, p < 0.001), corneal 

astigmatism (r = 0.420, p < 0.001), simulated maximum keratometry reading (r = 0.467, p < 

0.001) and simulated minimum keratometry reading (r = 0.374, p = 0.001). A small correlation 

was also observed between LogMar BCVA and age at diagnosis (r = -0.217, p = 0.035), epithelial 

cell density (r = -0.414, p = 0.012) and anterior keratocyte density (r = -0.412, p = 0.003), 

however, these correlations did not prove significant in multiple linear regression when controlled 

for severity of disease. No association was observed between posterior keratocyte density or 

endothelial cell density and LogMar BCVA.  

 

Sub-basal nerve fibres exhibited increased tortuosity in subjects with keratoconus in comparison 

with control subjects [Figure 10.2]. In some subjects, abruptly terminating sub-basal nerve fibres 

were observed in the central cornea. Stromal nerve fibres showed normal morphology but nerve 

fibres bundles appeared thicker [Figure 10.2].  
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Discontinuities were observed in Bowman’s membrane in subjects with keratoconus, associated 

with presumed invagination of epithelial cells [Figure 10.3]. Vogt’s striae were observed on 

confocal microscopy in 42 subjects with keratoconus (80.8%) [Figure 10.1 G]. The observation of 

Vogt’s striae on IVCM was associated with lower CCT (420.2 ± 64.1 µm vs. 475.4 ± 64.8 µm) 

and lower endothelial cell count (2343.3 ± 332.2 cells/mm2 vs. 2701.5 ± 188.2 cells/mm2). No 

association was observed between Vogt’s striae on IVCM and age, gender, ethnicity, 

keratometry, or other measurements of cell and innervation density.  

 

Figure 10.3 Laser scanning in vivo confocal microscopy of discontinuity of Bowman’s layer (and 

sub-basal nerve plexus) in keratoconus with presumed invagination of epithelial cells in upper left 

quadrant of image. Image 400 µm x 400 µm. 

 

 

 

Discussion 

 

This study utilised laser scanning in vivo confocal microscopy (IVCM) to examine microstructural 

changes in keratoconus in comparison with healthy controls. This represents the largest IVCM 

study of the keratoconic cornea and the exclusion of subjects with corneal scarring and contact 
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lens wear provided clear corneal images and reduced possible confounding variables. The use of 

coherent light has enabled the production of a laser scanning IVCM with improved contrast and 

higher image quality, particularly for the corneal stroma,11 and good repeatability and 

reproducibility of this device has been demonstrated.5  

 

Previous studies have examined the role of ethnicity in keratoconus, and whilst one study 

observed an increased incidence of keratoconus in Asian subjects and a younger age at 

presentation,12 other studies have failed to observe a difference in keratoconus between ethnic 

groups.1, 13, 14 This study is the first to report a more severe spectrum of keratoconus in Maori 

and Pacific Island ethnicity.  

 

An important limitation of the current study is that we were unable to match control subjects for 

ethnicity, due to the large proportion of Maori and Pacific Island subjects with keratoconus, 

however, significant differences in cell and innervation density were still observed when groups 

were sub-analysed for ethnicity.  

 

Atopy and eye rubbing have both been identified as risk factors for keratoconus.1, 13, 15 The 

current study observed an association between allergic eye disease and eye rubbing, younger 

age at onset in atopic individuals, and a correlation between eye rubbing and disease severity. A 

history of atopy was observed in 65% and a history of eye rubbing in 23% of subjects with 

keratoconus. The rate of atopy is similar to that reported in the Collaborative Longitudinal 

Evaluation of Keratoconus (CLEK) study, however, fewer patients reported a history of eye 

rubbing (23% vs. 48% in CLEK study), possibly due to a lower incidence of allergic conjunctivitis 

in our keratoconus subjects (35% compared to 53% in the CLEK study).9 A family history of 

keratoconus was reported by 17% of keratoconic subjects in this study, similar to that previously 

reported,9, 15 though lower than that previously self-reported in the New Zealand population 

(23.5%).13  

 

Enlargement and irregular arrangement of the basal epithelial cells was observed in this study, 

with basal epithelial cell density 25% lower in keratoconic subjects in comparison with controls 

and lower basal epithelial cell density in severe disease. Keratoconus has been associated with 

central epithelial thinning16, 17 and, using a combination of specular microscopy and a contact 

lens, the superficial epithelial cells have previously been observed to be enlarged and elongated 

in keratoconus. Keratoconic epithelium has been examined in three IVCM studies, with two 

reporting an increase in cell area and whorl-like arrangement of the epithelial cells, and the 

other, conversely, reporting a decrease in cell area and a 90% increase in basal epithelial cell 
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density.18-20 We observed a decrease in epithelial cell density in keratoconus, conflicting with the 

results of Uçakhan et al,18 but agreeing with previous observations of increased epithelial cell 

area in keratoconus.17, 19, 20  

 

Whilst early electron microscopy studies suggested that the primary abnormality in keratoconus 

may reside in the corneal epithelium,21 subsequent studies have documented alterations of the 

sub-basal nerve plexus,22, 23 stromal nerves,23, 24 keratocytes18, 19, 25, 26 and endothelium.27, 28 

Electron microscopy studies have revealed both activated and degenerating keratocytes in the 

keratoconic cornea,26, 29, 30 with activated keratocytes exhibiting high levels of rough endoplasmic 

reticulum and discrete incursion of fine cellular processes into Bowman’s membrane.30, 31 

Increased apoptosis has been noted in keratoconic corneas,28, 32 frequently associated with 

breaks in Bowman’s membrane, and degenerative changes have been observed by electron 

microscopy, with loss of the keratocyte cell membrane and large cytoplasmic vesicles and 

lysosomes.29 

 

This study observed a lower keratocyte density in subjects with keratoconus in comparison to 

age-matched controls (39.2% lower anterior keratocyte density, 27.5% lower posterior 

keratocyte density). A previous light and electron microscopy study observed no change in 

keratocyte cell density in keratoconus in comparison with controls,33 however, four subsequent 

IVCM studies have all documented lower keratocyte density in keratoconics.8, 18, 19, 25 Notably, Erie 

et al reported both lower anterior and posterior keratocyte density in contact lens wearing 

keratoconic subjects (31.3% and 40.6% lower than controls, respectively), but no significant 

reduction in keratocyte density was noted in keratoconics without a history of contact lens 

wear.25  

 

Hollingsworth et al utilized IVCM and reported a 19% lower anterior, and 10% lower posterior, 

keratocyte density in keratoconus in comparison with control subjects, although subjects were 

not controlled for contact lens wear or corneal scarring.19 More recently, Uçakhan et al published 

a study demonstrating anterior and posterior keratocyte density 19% and 22% lower than 

controls respectively.18 However, images of the stroma were hazy and hyper-reflective in 29.2% 

of keratoconus subjects, correlating with the degree of corneal scarring.  

 

The Auckland research group have previously undertaken a laser scanning IVCM study of 

keratocyte density in keratoconus8 and a significantly lower anterior and posterior keratocyte 

density was observed in keratoconic subjects who wore contact lenses - 41.1% and 29% lower 

than controls, respectively. Although posterior keratocyte density was also significantly lower in 
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keratoconic subjects with no contact lens wear (19.5% lower than controls), the corresponding 

15.8% reduction in keratocyte density in the anterior stroma failed to reach statistical 

significance, possibly due to the small sample size.  Since the effect of long-term contact lens 

wear on the cornea has yet to reach a consensus in the literature, and may confound results, 

subjects who wore contact lenses were specifically excluded in the current study.34-37 Therefore, 

in the absence of contact lens wear, the current study strongly supports the observation that 

anterior and posterior keratocyte density is lower in keratoconus per se and provides evidence 

that anterior keratocyte density is correlated with severity of disease.  

 

Increased visibility of the nerve fibres on clinical examination is one of the characteristic signs of 

keratoconus,1, 38 and prominent corneal nerve fibres have been reported in 34-91% of 

keratoconic subjects.18, 38, 39 It was initially postulated that nerves were more visible in 

keratoconus due to thinning of the cornea,40 however, a subsequent ex vivo study from our 

research group has observed localised nerve thickenings in close proximity to breaks in Bowman’s 

membrane with wrapping of anterior keratocytes around the nerve,21, 24, 41 and a small IVCM 

study of 13 subjects showed an increase in stromal nerve fibre diameter in keratoconus.23 The 

sub-basal nerve plexus architecture is altered in keratoconus, with fragmentation of the plexus, 

reduced central nerve fibre density22, 23 and wrapping of the corneal nerves around the contour of 

the base of the cone.22 The current study examined only the central cornea and thus is unable to 

comment on the spatiotemporal relationship of nerve changes to corneal thinning outside this 

area, however, previous mapping of the sub-basal nerve plexus in keratoconus has noted lower 

sub-basal nerve density at the site of corneal thinning and Brookes et al observed thickening of 

corneal nerve fibres at the site of destructive changes of the cornea.22, 24 It has been suggested 

that corneal nerves may play a potential role in development and progression of keratoconus,24 

with support for this hypothesis coming from the close proximity of stromal nerve changes to 

breaks in Bowman’s membrane24, 41 and progression of keratoconus observed in a patient with 

unilateral trigeminal nerve palsy.42 The current study did not assess corneal sensation, however, 

previous work from our research group (unpublished data) has demonstrated a reduction in 

corneal sensation in keratoconus correlated to the severity of keratoconus.43 This study 

quantitatively documents significant alteration in corneal nerves in keratoconus, with sub-basal 

nerve fibre density 52.7% lower than controls, increased sub-basal nerve tortuosity, increased 

thickness of stromal nerves, and a correlation between nerve density and severity of disease, 

although whether these alterations play a causative role, or are secondary manifestations of the 

underlying disease, remains unknown.      
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This study observed a small but statistically significant lower endothelial cell density in 

keratoconic subjects in comparison with controls. Limited attention has been given to the 

endothelium in keratoconus, but previous studies have mostly reported that the endothelium is 

normal in keratoconus (with the exception of corneal hydops).18, 44 However, increased apoptosis 

has been noted at the level of the endothelium in keratoconus28 and Chi et al noted that whilst in 

the early stages of the disease the endothelium appears normal, in advanced disease it exhibited 

pyknosis and more widely spaced nuclei.27 However, since the morphology of the corneal 

endothelium in keratoconus generally appears normal it is possible that very small differences in 

endothelial cell density have previously been overlooked. Certainly, distortion of corneal shape in 

keratoconus, with a resulting increased posterior surface area, could also explain a relative 

decrease in density with the original number of endothelial cells covering a greater area.  

 

Despite numerous clinical and laboratory studies, the pathogenesis of keratoconus still remains 

an enigma. In the current study significant alterations in corneal microstructure and cellular 

density were observed at every level of the keratoconic cornea in both mild/moderate and severe 

disease. In particular, alterations in the epithelium, sub-basal nerve plexus and anterior stroma 

were related with severity of disease. In vivo confocal microscopy offers the exciting possibility to 

image corneal changes in early disease and to dynamically monitor disease progression, thus 

providing scientists and clinicians with a novel and highly practical bridge between clinical and 

laboratory observations.  
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A cross-sectional study of multi-layer 

microstructural changes in Fuchs’ endothelial 

corneal dystrophy using laser scanning in vivo 

confocal microscopy 
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Abstract 
 

Purpose 

To investigate alterations in corneal microstructure, in all layers of the cornea, in subjects with 

Fuchs’ endothelial dystrophy using a laser scanning in vivo confocal microscope.  

             

Methods 

Cross-sectional study of 20 corneas with Fuchs’ endothelial dystrophy compared with the corneas 

of 20 control subjects. Subjects were assessed with corneal tomography and laser scanning in 

vivo confocal microscopy. 

 

Results 

Subjects with Fuchs’ endothelial dystrophy had significantly lower basal epithelial (5380 vs. 6180 

cells/mm2, p = 0.019), anterior stromal (335 vs. 594 cells/mm2, p = 0.001), posterior stromal 

(224 vs. 292 cells/mm2, p = 0.004) and endothelial (1614 vs. 2414 cells/mm2, p < 0.001) cell 

densities in comparison with controls. No significant difference in sub-basal nerve fibre density 

was observed between the two groups. Central corneal thickness correlated inversely with 

posterior keratocyte (r = -0.616, p = 0.004) and endothelial cell density (r = -0.739. p = 0.009). 

LogMar BCVA in subjects with Fuchs’ dystrophy correlated inversely with endothelial cell density 

(r = -0.622, p = 0.041) and positively with endothelial cell area (r = 0.638, p = 0.035) and 

coefficient of variation (r = 0.761, p = 0.006).  

 

Conclusion 

In vivo confocal microscopy offers the opportunity to observe early changes at all levels of 

corneas with Fuchs’ endothelial dystrophy and can obtain clear images even in the presence of 

moderate corneal oedema. This study demonstrated lower cell density at all corneal levels in 

subjects with Fuchs’ endothelial dystrophy 
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Introduction 
 

Fuchs’ endothelial corneal dystrophy (FED) is an autosomal dominant, slowly progressive corneal 

dystrophy that tends to present in the fourth or fifth decade of life.45 First described by Ernst 

Fuchs in the Bowman lecture of 1902 as clouding of the cornea occurring in elderly,46 the 

introduction of slit lamp biomicroscopy and specular microscopy has enabled further 

characterisation of the disease as a primary endothelial disorder marked by focal excrescences of 

Descemet’s membrane, termed guttae, associated with varying degrees of epithelial and stromal 

oedema.45 However, specular microscopy is limited in the study of Fuchs’ endothelial dystrophy, 

as it only provides images of the corneal endothelium and image quality is reduced in subjects 

with significant corneal oedema.47  

 

In vivo confocal microscopy enables microstructural analysis of corneal diseases through a series 

of high resolution en face sections that can encompass the full thickness of the cornea from 

epithelium to endothelium.48 Good concordance has been demonstrated between endothelial cell 

density measurement with confocal and specular microscopy49, 50 and the confocal microscope is 

able to capture images of the epithelium, stroma and endothelium, even in the presence of 

moderate corneal oedema.47 Recently, the use of coherent light has enabled production of a laser 

scanning in vivo confocal microscope with improved contrast and higher image quality.11  

 

The purpose of this study was to explore alterations in epithelial, keratocyte and endothelial cell 

density and corneal innervation in FED using a laser scanning in vivo confocal microscope.  

 

Materials and methods 
 

Subject recruitment and assessment 

 

Twenty subjects with an established diagnosis of FED were recruited from sub-specialist corneal 

clinics at the Department of Ophthalmology, Auckland City Hospital. Slit lamp biomicroscopy was 

performed on all eyes and each subject exhibited central corneal guttae with accompanying 

corneal oedema [Figure 11.1]. Subjects were excluded if they had a history of previous ocular 

surgery, other ocular pathology, contact lens wear, or systemic disease that may affect the 
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cornea. In subjects in whom both eyes were eligible for the study, one eye was chosen, at 

random, for inclusion.  

 

Figure 11.1 High magnification slit lamp biomicroscopy of Fuchs’ endothelial corneal dystrophy 

illustrating corneal guttae (arrows) [Image courtesy of CNJ McGhee] 

 

 

 

Twenty normal volunteers were recruited as a control group. Subjects in the control group had 

no history of ocular surgery, no previous or active ocular pathology, other than refractive error, 

no prior contact lens wear, no systemic diseases which may affect the cornea, and central 

corneal thickness (CCT) between 480 and 620 µm. Systemic medications were permitted unless 

they were known to affect the anterior segment. All control subjects were examined by slit lamp 

biomicroscopy and their corneas were confirmed to be clinically normal. Only the right eye was 

included for analysis in the control group. CCT was assessed with the Orbscan II slit scanning 

elevation tomography system (Bausch & Lomb Surgical, Rochester, NY, USA). 

 

This study received approval from the Auckland Ethics Committee and adhered to the tenets of 

the declaration of Helsinki. Written informed consent was obtained from all subjects following a 

detailed explanation of the nature of the study.  
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In vivo confocal microscopy 

 

Laser scanning in vivo confocal microscopy was performed on all subjects with the HRT II corneal 

module (Heidelberg Retina Tomography II Rostock Corneal Module [RCM]; Heidelberg 

Engineering GmbH, Heidelberg, Germany) as outlined in previous chapters. The total duration of 

in vivo confocal microscopy examination was approximately two minutes per eye. None of the 

subjects experienced any visual symptoms or corneal complications as a result of the 

examination.  

 

Image analysis 

 

For each confocal microscopy examination obtained from the 20 FED and 20 control corneas, 

three images were taken from each of the following five levels; basal epithelium, sub-basal nerve 

plexus, anterior stroma, posterior stroma and endothelium. Anterior stroma was defined as the 

first three clear images (without motion blur or compression lines) immediately posterior to 

Bowman’s layer and posterior stroma was defined as the first three clear images immediately 

anterior to Descemet’s membrane. Images were selected for analysis by an experienced 

examiner (RLN) and subsequently randomised and encoded by an independent observer (Serena 

Park).  

 

Measurements were performed using a caliper tool (analySIS 3.1, Soft Imaging System, Münster, 

Germany). For all basal epithelial and endothelial pictures a standard central counting frame size 

of 200 µm x 200 µm was used. For all sub-basal nerve plexus and stromal images the full 400 µm 

x 400 µm frame was used. Sub-basal nerve fibre bundle density was calculated by measuring the 

total length of all nerve fibres bundles and branches per square millimetre. Endothelial cell area 

was assessed by manually defining cell area using analySIS software (analySIS 3.1, Soft Imaging 

System, Münster, Germany). Twenty cells were measured per endothelial image, a total of 60 

cells per subject. Coefficient of variation was calculated as the standard deviation of endothelial 

cell area divided by the mean endothelial cell area (SD/area).51 
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Statistical analysis 

 

All values were entered into a Microscoft Excel spreadsheet and subsequently imported into 

statistical software for analysis. Statistical analysis was performed in SPSS Version 12 for 

Windows (Chicago, IL, USA). Basic descriptive statistics were calculated on all data gathered and 

values are reported as mean ± standard deviation or n (%) as appropriate. Normal distribution of 

continuous variables was confirmed using the Kolmogorov-Smirnov test.10 Correlations between 

continuous variables were examined by calculating Pearson’s correlation coefficient (r). Student’s 

independent t-test or chi-square tests were used to compare values between groups and 

comparison between cell layers was calculated with a paired t-test. All tests were two-tailed and 

a P value of less than 0.05 was considered statistically significant.  

 

Results 
 

Results from the in vivo confocal microscopy of 20 subjects with FED were included in the study 

and compared with 20 normal volunteers. No significant difference in subject age (Fuchs’ 61 ± 

14 vs. controls 59 ± 13 years, p = 0.666) or gender (Fuchs’ 35% male vs. controls 45% male, p 

= 0.747) was observed between the two groups. CCT was higher in subjects with FED (631 ± 58 

vs. 560 ± 52 µm, p < 0.001). In subjects with FED, no association was observed between age or 

gender and CCT.  

 

Mean best-corrected visual acuity (BCVA) in the FED group was 6/9 (range 6/6 to 6/18). No 

association was observed between age, gender or CCT and BCVA. A family history of Fuchs’ 

endothelial dystrophy was reported in 12 subjects (60%). Epithelial bullae (> 150 µm) and 

microcysts (< 150 µm) were observed on slit lamp examination in four subjects with FED (20%). 

Fuchs’ subjects with bullae and microcysts on slit lamp examination had higher mean CCT than 

those without bullae (695 vs. 615 µm, p = 0.006). No association was observed between bullae 

on slit lamp examination and subject age, gender or BCVA.  

 

The laser scanning in vivo confocal microscope obtained clear images of every cellular level in 

both groups allowing qualitative [Figure 11.2] and quantitative analysis.  
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Figure 11.2 In vivo confocal microscopy of Fuchs’ endothelial corneal dystrophy (FED).  

 

  

Images cropped to 250 µm x 250 µm illustrating the appearance of the basal epithelium (A-C), 

sub-basal nerve plexus (D-F), keratocytes (G-I) and endothelium (J-L). Normal basal epithelium 

(A) showed regular cell arrangement. Increased visibility of the intercellular spaces was observed 

in epithelial oedema (B), and scarring and bullae formation are observed in advanced disease 

(C). The normal sub-basal nerve fibre appearance (D) showed healthy nerve fibre bundles. Early 
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changes in Fuchs’ endothelial corneal dystrophy include a reduction in sub-basal nerve fibre 

density accompanied by a reduction in image contrast (E). In advanced disease there was 

subepithelial fibrosis and bullae formation (F). Confocal microscopy of normal keratocytes (G) 

showed prominent keratocyte nuclei. In early Fuchs’ endothelial corneal dystrophy, minimal 

changes are apparent other than a small decrease in cell density (H), however with significant 

stromal oedema the keratocytes were altered in appearance with increased visibility of the 

cytoplasm (I). Normal corneal endothelium (J) showed a high cell density and regular 

arrangement. In early Fuchs’ endothelial corneal dystrophy there was a reduction in endothelial 

cell density and the appearance of guttae (K). In advanced Fuchs’ endothelial corneal dystrophy 

there were widespread guttae and obscuration of endothelial cells (L). 

 

Basal epithelium 

 

In the normal control corneas, in vivo confocal microscopy of the basal epithelium demonstrated 

a regular honeycomb appearance of dark regular cells with light, narrow inter-cellular borders 

[Figure 11.2 A]. In FED, in the absence of epithelial oedema, the epithelium appeared normal. In 

corneas with epithelial oedema, the intercellular spaces appeared wider and more prominent 

[Figure 11.2 B]. In more advanced FED, dark areas were present in the epithelium, presumed to 

represent microcysts. These microcysts were surrounded by a closely approximated layer of 

epithelial cells or by an apparently acellular hyperreflective opacity (presumed fibrosis) [Figure 

11.2 C].  

 

Basal epithelial cell density was 13% lower in Fuchs’ corneas in comparison with controls [Table 

11.1]. No association was observed between basal epithelial cell density and age, gender, CCT, 

keratometry or BCVA in Fuchs’ subjects. 
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Table 11.1 Cell and innervation density in Fuchs’ endothelial corneal dystrophy. Statistically 

significant differences were observed in the epithelium, anterior and posterior stroma and 

endothelial cell density between subjects with Fuchs’ endothelial corneal dystrophy and controls. 

The difference in sub-basal nerve fibre density between the two groups did not reach statistical 

significance. 

 

 Control 

subjects 

n = 20 

Fuchs’ 

dystrophy 

n = 20 

P value*

Basal epithelial density (cells/mm2) 6180 ± 1040 5380 ± 1030 0.019

Sub-basal nerve fibre density (mm nerve/mm2) 16.0 ± 6.2 11.9 ± 7.8 0.073

Anterior keratocyte density (cells/mm2) 594 ± 236 334 ± 207 0.001

Posterior keratocyte density (cells/mm2) 292 ± 68 224 ± 72 0.004

Endothelial density (cells/mm2) 2410 ± 375 1610 ± 730 < 0.001

Values reported as mean ± standard deviation (to 3 s.f.) 

* Cell and innervation density compared between groups with independent t-test 

 

All Fuchs’ subjects with bullae or microcysts noted on slit lamp examination also had epithelial 

cystic changes visible on confocal microscopy [Figure 11.2 C]. Subjects with epithelial microcysts 

had lower posterior stromal keratocyte densities (148 vs. 243 cells/mm2, p = 0.002) but no 

association was observed between the presence of microcysts and epithelial or anterior 

keratocyte density. Assessment of endothelial cell density was possible in 11 subjects (69%) 

without microcysts, compared to 0% of those with microcysts (p = 0.013).  

 

Sub-basal nerve plexus 

 

In control eyes, the normal sub-basal nerve plexus appeared as bright, well-defined linear 

structures, frequently demonstrating branches or anastomoses [Figure 11.2 D]. In FED the 

density of the nerve plexus appeared lower and the contrast between nerve fibre bundles and 

the background diminished [Figure 11.2 E]. In more advanced FED, sub-epithelial fibrosis was 

observed with destruction of the normal nerve fibre architecture and occasional bullae at the 

level of Bowman’s membrane [Figure 11.2 F]. No elements of the sub-basal nerve fibre plexus, in 

the context of extensive fibrosis, could be identified in the central cornea of one subject with 

Fuchs’ endothelial dystrophy (5%).  
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Sub-basal nerve fibre density was 26% lower in subjects with FED but did not reach statistical 

significance [Table 11.1]. No association was observed between sub-basal nerve fibre density 

and age, gender, CCT, keratometry, BCVA or cell densities. 

 

Sub-epithelial fibrosis was noted on in vivo confocal microscopy examination in eight subjects 

with FED (40%) [Figure 11.2 F]. Subjects with sub-epithelial fibrosis had lower sub-basal nerve 

fibre densities (7.2 vs. 15.0 mm nerve/mm2, p = 0.020) but no difference was observed between 

Fuchs’ subjects with or without sub-epithelial fibrosis and age, gender, CCT, BCVA or cell 

densities.  

 

Stroma 

 

The keratocyte appearance varied qualitatively between subjects with FED and controls. Control 

corneas demonstrated normal, “quiescent” keratocytes with cell processes that were poorly 

visualised [Figure 11.2 G]. In FED the keratocyte density was reduced [Figure 11.2 H], and in 

advanced disease there was increased reflectivity of the keratocyte cytoplasm and cell processes 

[Figure 11.2 I].   

 

Anterior stromal keratocyte density was significantly higher than posterior stromal keratocyte 

density in the control group (594 vs. 292 cells/mm2, p < 0.001) and in subjects with Fuchs’ 

dystrophy (334 vs. 224 cells/mm2, p = 0.015). Anterior and posterior stromal keratocyte density 

was lower in FED in comparison with controls (anterior keratocyte density 44% lower, p = 0.001, 

posterior stromal keratocyte density 23% lower p = 0.004) [Table 11.1]. No association was 

observed in Fuchs’ subjects between anterior or posterior keratocyte density and BCVA. Posterior 

keratocyte density inversely correlated with CCT in Fuchs’ corneas (r = -0.616, p = 0.004), 

however, no correlation was observed between CCT and anterior keratocyte density [Table 11.2]. 
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Table 11.2. Correlation between central corneal thickness (CCT) and cell and innervation density 

in subjects with Fuchs’ endothelial dystrophy. A statistically significant correlation (*) was 

observed between CCT and posterior keratocyte density, endothelial cell density and endothelial 

cell area. No significant correlation was observed between CCT and basal epithelial density, sub-

basal nerve fibre density, anterior keratocyte density or endothelial coefficient of variation. 

 

 Pearson’s correlation P value 

Basal epithelial density 0.221 0.349 

Sub-basal nerve fibre density -0.212 0.369 

Anterior keratocyte density 0.020 0.933 

Posterior keratocyte density -0.616  0.004* 

Endothelial cell density -0.739  0.009* 

Endothelial cell area 0.800  0.003* 

Endothelial coefficient of variation 0.219 0.517 

 

Prolific tortuous stromal corneal nerves were noted in the mid stroma of one subject with FED 

[Figure 11.3]. 

 

Figure 11.3 Thickened tortuous stromal nerves in Fuchs’ endothelial dystrophy 
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Endothelium 

 

In vivo confocal microscopy of the endothelial mosaic in control corneas revealed regular 

hexagonal cells with a honeycomb appearance [Figure 11.2 J]. In subjects with FED the 

endothelial cells were larger and corneal guttae were visible at the level of the endothelium. 

Corneal guttae appeared as a pale central area surrounded by a darker halo. Guttae appeared as 

discrete lesions within the endothelial mosaic in early FED [Figure 11.2 K] with a larger 

endothelial cell area and reduced endothelial cell density. In more advanced FED, guttae 

increased in frequency, becoming confluent or near confluent [Figure 11.2 L].  

 

Quantitative measurement of endothelial cell size and density was possible in only 55% of FED 

subjects, compared with 100% of control subjects. In FED eyes in which quantitative values were 

not obtainable, corneal guttae were confluent or near confluent and rendered the endothelial cell 

details un-measurable [Figure 11.2 L]. In eyes in which endothelial assessment was possible, 

endothelial cell density was 23% lower than control eyes [Table 11.1]. Mean endothelial cell area 

was 644 µm2 in corneas with FED and 434 µm2 in controls (p = 0.007). No significant difference 

was observed in the endothelial coefficient of variation between the two groups (24% vs. 22%, p 

= 0.202). Endothelial cell density inversely correlated with endothelial cell area (r = -0.879, p < 

0.001) and coefficient of variation (r = -0.475, p = 0.007).  

 

Subjects with FED in whom endothelial cell density could not be assessed had lower posterior 

stromal keratocyte densities (173 vs. 265 cells/mm2, p = 0.001), higher central corneal thickness 

(670 vs. 599 µm, p = 0.003), and greater corneal astigmatism (1.3 vs. 0.6 D, p = 0.001). No 

association was noted between epithelial or anterior stromal cell densities or innervation density 

and endothelial cell density.  

 

CCT in Fuchs’ corneas correlated inversely with endothelial cell density and positively with 

endothelial cell area [Table 11.2]. No association was observed between CCT and endothelial 

coefficient of variation.  

 

Visual acuity was lower in FED subjects with a lower endothelial density, greater endothelial cell 

area or higher endothelial coefficient of variation (LogMar BCVA correlated with endothelial cell 

density r = -0.622, p = 0.041; endothelial cell area r = 0.638, p = 0.035; and coefficient of 

variation r = 0.761, p = 0.006). 
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Guttae were observed at the level of the endothelium in every subject with Fuchs’ endothelial 

density with a mean density of 561 ± 390 guttae/mm2 (range 69 – 1320). The diameter of 

guttae varied from 3 – 41 µm (mean 14 ± 5 µm).  No association was observed between size or 

density of guttae and subject age or gender. A statistically significant correlation was observed 

between diameter of guttae and posterior keratocyte density, endothelial density, endothelial cell 

area and CCT [Table 11.3]. No correlation was observed between diameter of guttae and basal 

epithelial of anterior keratocyte cell density. No correlation was observed between guttae 

diameter and LogMar BCVA.  

 

Table 11.3. Correlation between size of guttae and corneal parameters.  

 

 Pearson’s correlation P value 

Basal epithelial density 0.032 0.895 

Sub-basal nerve fibre density -0.309 0.185 

Anterior keratocyte density -0.218 0.357 

Posterior keratocyte density -0.562  0.010* 

Endothelial cell density -0.781  0.005* 

Endothelial cell area 0.946  < 0.001* 

Endothelial coefficient of variation 0.338 0.310 

Guttae density 0.645  0.002* 

LogMar best corrected visual acuity 0.139 0.560 

Central corneal thickness 0.572 0.008* 

 

Discussion 
 

This study utilised a laser scanning in vivo confocal microscope to study corneal microstructural 

changes in FED in comparison with controls. The laser scanning confocal microscope provided 

clear images of every level of the cornea, even in subjects with significant corneal oedema 

(corneal thickness up to 732 µm), although measurement of endothelial cell density was limited 

in some cases by confluent or near confluent corneal guttae. Sub-basal nerve fibre density, 

keratocyte density and endothelial cell density were slightly lower in the control group than in 

other reported studies utilising the RCM,5, 7 possibly due to the older age of the control group 

(mean age 59 years).52  
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In vivo confocal microscopy in FED revealed a typical ‘dimpled’ appearance of the endothelium 

with corneal guttae and reduced endothelial cell density.50, 53-55 The current study confirmed the 

presence of a markedly altered endothelial surface in FED and demonstrated a correlation 

between endothelial cell density and BCVA. 

 

Guttae are one of the clinical hallmarks of Fuchs’ endothelial dystrophy, but are certainly not 

pathognomonic for the disease, and in the current study we required accompanying corneal 

oedema for a positive diagnosis of FED. Central corneal guttae may be associated with Fuchs’ 

endothelial dystrophy, interstitial keratitis, macular dystrophy, posterior polymorphous dystrophy, 

trauma, toxins or infection.45 They are also observed in eyes that appear otherwise normal, 

occurring in 15-70% of corneas in subjects aged 50 years and over.56, 57 Identification of central 

corneal guttae may be important in patients undergoing refractive surgery, as corneal guttae 

have been associated with increased risk of transient corneal oedema, loss of BCVA, endothelial 

cell loss and myopic regression after routine LASIK surgery.58    

 

Increased reflectivity of keratocyte cytoplasm was observed in this study in the corneas of 

subjects with advanced Fuchs’ endothelial dystrophy. These cells have been interpreted as 

representing either ‘activated’ or degenerating keratocytes, and similar changes have been 

observed in association with corneal wound healing, inflammation and in late endothelial failure 

following penetrating keratoplasty.59-61 Transmission electron microscopy in Fuchs’ endothelial 

dystrophy reveals degenerated keratocytes in the corneal stroma with loss of intracellular 

organelles, dissolution of cytoplasm and presence of intracellular spaces and vacuoles.62 Lipid 

keratopathy is observed, and some keratocytes have intra- and extra-cellular granular material.62 

Apoptotic cells are observed in the stromal keratocytes63-65 and the extracellular matrix contains 

stromal collagens with altered biochemical properties.66 Further studies are necessary to 

ascertain whether such keratocyte alterations are associated with increased reflectivity of the 

keratocyte cytoplasm when viewed with in vivo confocal microscopy.  

 

In the current study, keratocyte density was observed to be significantly lower in FED in 

comparison with the control group. A previous study of 12 subjects with FED imaged with the 

Confoscan Model P4 (Tomey AG, Erlangen-Tennenlohe, Germany) did not observe any difference 

in keratocyte density between subjects with FED and controls.50 The lack of concordance with our 

study may be a consequence of the smaller study population in the previously published study, 

or, alternatively, analysis of less severe disease (mean corneal thickness was 595 µm compared 

to 631 µm in the current study). The reason for a reduction in keratocyte density in FED is 

unclear. Increased keratocyte apoptosis in FED may result in a reduction in keratocyte density.63-
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65 It is also possible that the lower keratocyte density in FED does not represent true loss of 

keratocytes but is instead the consequence of either ‘binomial expansion’ due to oedema 

(conservation of keratocyte numbers but distributed in a larger volume) or optical artefact 

(reduced image contrast in subjects with stromal oedema).  

 

Altered corneal nerve function was first reported in 1910 in Fuchs’ initial series of 13 patients, all 

of whom had decreased corneal sensation,67 and subsequent studies have confirmed the 

association.45, 68 Fuchs initially proposed that reduced corneal sensation was due to “the pressure 

of oedema on the fine branches of the corneal nerves as they pass through Bowman’s layer”.67 

Histological studies have demonstrated sub-epithelial fibrosis with destruction of the normal 

nerve architecture63, 69 and a previous confocal microscopy study of 12 subjects with FED 

observed ‘absence’ of the normal sub-basal nerve fibre layer in 41% of subjects.50 The current 

study highlighted significantly lower innervation density in FED subjects with sub-epithelial 

fibrosis. No association was observed in FED between sub-basal nerve fibre density and CCT, 

supporting the hypothesis that sub-epithelial fibrosis, rather than corneal oedema per se, is 

responsible for the reduction in corneal innervation observed in FED.  

 

Prolific tortuous corneal nerves were observed in one subject with Fuchs’ endothelial dystrophy. A 

similar appearance of stromal nerve fibres has previously been reported following corneal surgery 

(PRK, LASIK and penetrating keratoplasty)7, 70, 71. To the authors knowledge, this is the first 

reported case of such an appearance on in vivo confocal microscopy examination in an eye with 

no previous history of surgery, although hypertrophied corneal nerves have been observed on 

histological examination of a corneal button removed for Fuchs’ endothelial dystrophy.72 

 

In conclusion, this study utilised a laser scanning in vivo confocal microscope to demonstrate 

qualitative and quantitative changes in epithelial, keratocyte and endothelial cell density and 

corneal innervation in FED. In vivo confocal microscopy offers an exciting, additional insight into 

disease changes in FED and aids elucidation of the underlying pathogenesis of FED and 

correlation with clinical appearance and progression.  
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Introduction 
 

The advent of in vivo confocal microscopy (IVCM) has heralded a new era in corneal 

examination, enabling detailed microstructural analysis to be performed in vivo, under more 

physiological conditions than previously possible. Utilisation of this technology has expanded over 

the past decade, proving IVCM to be a powerful tool, with applications reaching outside the 

boundaries of clinical research to encompass both the diagnosis and management of corneal 

conditions.1-3 Whilst, initially, the evidence base for IVCM consisted largely of small case studies, 

in recent years there has been a trend towards collecting quantitative data in an effort to better 

delineate between health and disease states. This thesis aimed to address the validation of IVCM 

techniques and to perform large quantitative studies of corneal alterations in health and disease.     

 

Validation of laser scanning IVCM (Section II) 
 

IVCM may utilise point scanning or slit scanning and may be performed with a coherent or non 

coherent light source.1 The principles of IVCM are discussed in detail in Chapter 3. Laser scanning 

IVCM uses a coherent high intensity light source with a point scanning aperture,4 and is 

commercially available as the Rostock Corneal Module (Heidelberg Retina Tomograph II Rostock 

Corneal Module [RCM]; Heidelberg Engineering GmbH, Heidelberg, Germany). Section II aimed 

to validate laser scanning IVCM by comparing it to slit scanning IVCM (Confoscan 4, Nidek, 

Tokyo, Japan) and by examining the repeatability and reproducibility of laser scanning IVCM.  

 

Quantitative comparison of slit scanning and laser scanning IVCM for 

evaluation of normal corneal microstructure (Chapter 4) 

 

Limited data are available on the comparison between different types of IVCM.5-7 This chapter 

compared in vivo imaging and quantification of cell and innervation density with two currently 

available IVCM, the slit scanning Confoscan 4 and the laser scanning Rostock Corneal Module. 

Forty normal corneas from forty healthy volunteers were examined and basal epithelial, sub-basal 

nerve plexus, mid stromal and endothelial cell density were measured. Image contrast in the mid 

stroma was also compared between the two microscopes. 
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Conclusions: 

• IVCM enables rapid microstructural analysis of every level of the healthy human cornea 

• Image contrast in the mid stroma was higher with the laser scanning than slit scanning 

IVCM 

• Narrow limits of agreement between cell density measured with slit scanning and laser 

scanning IVCM were demonstrated at the level of the basal epithelium and endothelium 

• Mid stromal keratocyte density (mm2) measured with slit scanning IVCM was 

approximately double the mid stromal keratocyte density measured with laser scanning 

IVCM, presumably due primarily to differences in optical section thickness between the 

two machines 

• Limits of agreement were poor for sub-basal nerve plexus density 

• Slit scanning IVCM allowed greater ease of image capture, better images of the 

endothelium and reduced risk of epithelial defect, whereas laser scanning IVCM had 

higher image contrast, better images of the basal epithelium, sub-basal nerve plexus and 

stroma, and less risk of transferring infection 

 

Repeatability and reproducibility of cell counting and innervation 

density utilising laser scanning IVCM (Chapter 5) 

 

IVCM is a non-invasive method of corneal examination that has enabled repeated microstructural 

analysis of the human cornea over time. Appropriate interpretation of these results requires an 

understanding of the precision of this device. This chapter examined the repeatability and the 

inter-observer and inter-session reproducibility of laser scanning IVCM (Rostock Corneal Module). 

Thirty normal corneas (from thirty healthy volunteers) were examined by two examiners, over 

two days, in order to calculate repeatability and reproducibility indices.    

 

Conclusions: 

• Laser scanning IVCM provided repeatable and reproducible measurements of basal 

epithelial, keratocyte, endothelial and sub-basal nerve fibre density, validating the 

potential role of IVCM in cross-sectional and longitudinal studies of the human cornea 

• Greatest concordance was demonstrated in the repeatability and reproducibility of 

endothelial cell images 

• Lowest concordance was demonstrated in the measurement of the sub-basal nerve fibre 

density, possibly due to regional variation in sub-basal nerve fibre density and the 

inability to image exactly the same area of cornea on each occasion 
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Laser scanning IVCM of the normal human cornea (Section 

III) 
 

Large quantitative studies of normal corneal cell density are vital to enable the widespread 

application of IVCM. To date, many of the published studies have reported normal cell and 

innervation density measured with either tandem scanning or slit scanning IVCM. 8-14 This Section 

aimed to quantify cell and innervation density with laser scanning IVCM. 

 

Age-related differences in the normal human cornea: a laser scanning 

IVCM study (Chapter 6) 

 

The establishment of normative data for cell and innervation density across a range of age is vital 

to enable the widespread application of IVCM as a tool with which to delineate between health 

and disease. Whilst several studies have examined normal cell and innervation density,8, 9, 13, 15 

IVCM studies examining changes in corneal cell and innervation density with age have been 

few.11, 15, 16 This study aimed to investigate age-related differences in cellular and innervation 

density in the normal, healthy, human cornea.17 Eighty-five normal corneas from eighty-five 

healthy volunteers were examined with laser scanning IVCM (Rostock Corneal Module). Subjects 

were aged 18 to 87 years (mean 38 ± 16 years).  

 

Conclusions: 

• A significant and relatively linear reduction was observed in sub-basal nerve plexus, 

keratocyte and endothelial cell density with increasing subject age 

o Sub-basal nerve fibre density declined by 0.9% per year 

o Anterior stromal keratocyte density declined by 0.9% per year 

o Mid stromal keratocyte density declined by 0.3% per year 

o Posterior stromal keratocyte density declined by 0.3% per year 

o Endothelial cell density declined by 0.5% per year 

• No association was observed between age and basal epithelial cell density 

• Central corneal guttata were observed in 3.5% of subjects 

• IVCM represents a safe, non-invasive method with which to study age-related changes in 

the normal human cornea 

 



 

Page 221 
 

Penetrating keratoplasty (Section IV) 
 

Corneal transplantation represents the oldest, most common and most successful form of tissue 

transplant worldwide.18 Studying cellular changes and nerve regeneration following penetrating 

keratoplasty enables us to gain greater insights into the processes underlying corneal transplant 

survival and function, with relevance not just to eye care professionals and vision research, but 

to transplant medicine, immunology and neuroscience. IVCM is uniquely placed to study 

microstructural changes post penetrating keratoplasty, however, to date, studies utilising this 

new technology have been few.19-22 Section IV aimed to utilise IVCM to examine changes in cell 

and innervation density following penetrating keratoplasty and to image cellular changes 

associated with corneal allograft rejection. The final chapter in this section utilised ex vivo 

immunofluorescence microscopy to examine corneal nerve regeneration following penetrating 

keratoplasty and to compare in vivo and ex vivo observations.  

 

Corneal innervation and cellular changes following penetrating 

keratoplasty: an IVCM study (Chapter 7) 

 

Whilst survival rates for penetrating keratoplasty are high, transplanted corneal tissue may 

exhibit abnormal epithelium, decreased sensation and declining endothelial cell density following 

surgery.22-26 This study aimed to examine cell density and innervation changes following 

penetrating keratoplasty with laser scanning IVCM (Rostock Corneal Module).27 A cross-section of 

42 corneas from 32 subjects were examined, one month to forty years following penetrating 

keratoplasty (mean 85 months ± 105), and compared to 30 normal corneas from 30 healthy 

volunteers.  

 

Conclusions 

• Significantly lower basal epithelial, keratocyte and endothelial cell density were observed 

following penetrating keratoplasty in comparison to the control corneas 

• Significantly lower sub-basal nerve fibre density and nerve branch density was observed 

following penetrating keratoplasty in comparison to the control corneas 

• Endothelial cell density declined with time following penetrating keratoplasty 

• Sub-basal nerve fibre density increased with time following penetrating keratoplasty 
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• Keratoconus as an indication for penetrating keratoplasty was associated with higher 

sub-basal nerve fibre density than eyes undergoing penetrating keratoplasty for other 

indications 

• Neither sub-basal nerve fibre density, nor cellular density, were associated with best-

corrected visual acuity 

• IVCM highlighted profound alterations in cell and innervation density that were still 

apparent up to forty years following penetrating keratoplasty 

 

In vivo confocal microscopy of sub-epithelial infiltrates in human 

corneal transplant rejection (Chapter 8) 

 

Corneal allograft rejection is the leading cause of penetrating keratoplasty failure in the first year 

following surgery.28 The American Academy of Ophthalmology has highlighted the potential 

ability of IVCM to delineate corneal oedema due to endothelial failure following penetrating 

keratoplasty and corneal oedema secondary to allograft rejection as an important clinical 

application of IVCM,29 however, prior to this study,30 there were no published studies examining 

the IVCM appearance of corneal allograft rejection in humans. This study examined the laser 

scanning IVCM (Rostock Corneal Module) appearance of human corneal allograft rejection in two 

subjects presenting with sub-epithelial infiltrates in the donor cornea.  

 

Conclusions: 

• IVCM of sub-epithelial infiltrates in human corneal allograft rejection revealed 

aggregations of presumed Langerhans’ cells at the level of the basal epithelium and 

Bowman’s layer with altered keratocytes immediately posterior to the infiltrates 

• Whilst clinically the allograft immune response appeared largely confined to the anterior 

stroma and epithelium, a reduction in endothelial cell density was demonstrated and 

associated with small hyper-reflective deposits on the posterior surface of the 

endothelium (presumed pigment deposition or small groups of degenerating 

lymphocytes) 

• IVCM may aid in our understanding and diagnosis of human corneal allograft rejection 
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Immunofluorescence microscopy of human corneal nerve regeneration 

following penetrating keratoplasty (Chapter 9) 

 

Penetrating keratoplasty causes complete sensory denervation of the donor cornea. 

Reinnervation is derived from the host cornea, with host corneal nerves penetrating scar tissue at 

the graft-host-junction and reinnervating the donor cornea.31, 32 This study examined human 

corneal nerve regeneration following penetrating keratoplasty and compared in vivo and ex vivo 

observations. Twenty-eight corneal buttons were examined from twenty-eight subjects 

undergoing repeat, penetrating keratoplasty. The tissue was cryo-sectioned, the cell nuclei were 

labelled with DAPI and corneal nerves were labelled with antibody to acetylated alpha tubulin. 

 

Conclusions: 

• Innervation density in the central donor cornea increased slowly with time following 

penetrating keratoplasty 

• Vascularisation of the donor tissue is not related to reinnervation of the donor cornea 

• No difference was observed in the innervation density between clear and opaque corneal 

transplants, leading to the conclusion that corneal innervation is not related to 

transparency of the donor tissue 

• Even up to 47 years following penetrating keratoplasty, corneal nerves were markedly 

tortuous and corneal innervation was lower in the central donor cornea compared to the 

peripheral host cornea. Corneal nerves appear never to regain normal architecture 

following penetrating keratoplasty 

• Ex vivo immunofluorescence microscopy results agree with the observations of the 

previous IVCM study (Chapter 7) 

 

IVCM in corneal ectasia and corneal dystrophies (Section V) 
 

IVCM represents a revolution in the approach to corneal ectasia and corneal dystrophies, 

enabling in vivo microstructural examination of early disease and screening of presumably 

unaffected family members.33 The move from isolated case reports towards larger quantitative 

studies has allowed researchers to gain a greater insight into the subtle alterations in corneal 

structure. This section aimed to qualitatively and quantitatively examine microstructural changes 

in corneal ectasia and corneal dystrophy.  
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Laser scanning IVCM in keratoconus (Chapter 10) 

 

There are few published studies examining the IVCM appearance of keratoconus and 

confounding data may occur due to the inclusion of subjects with corneal scarring or contact lens 

wear.34-37 This study examined a large cohort of subjects with keratoconus and explored 

alterations in corneal microstructure. A cross-section of 52 corneas from 52 subjects with 

keratoconus were examined and compared to 52 age-matched controls. Assessment included 

demographics, history, slit lamp biomicroscopy, Orbscan II computerised corneal topography and 

laser scanning IVCM (Rostock Corneal Module).  

 

Conclusions: 

• Significant alterations in corneal microstructure were observed at every level of the 

keratoconic cornea. Subjects with keratoconus had significantly lower basal epithelial, 

anterior and posterior keratocyte and endothelial cell density in comparison to control 

subjects 

• Sub-basal nerve fibre bundle density was lower in subjects with keratoconus in 

comparison to control subjects 

• Basal epithelial cell density, sub-basal nerve fibre density and anterior keratocyte density 

correlated with severity of disease 

• Severe disease (maximum keratometry > 52 dioptres) was associated with a younger 

age at diagnosis, positive history of eye rubbing and Maori or Pacific Island ethnicity 

• IVCM offers a potential insight into the pathophysiology of the microstructural changes in 

keratoconus 

 

A cross-sectional study of multi-layer microstructural changes in Fuchs’ 

endothelial corneal dystrophy using laser scanning IVCM (Chapter 11) 

 

Fuchs’ endothelial dystrophy is a slowly progressive corneal dystrophy that tends to present in 

the fourth or fifth decade of life.38 Specular microscopy demonstrates corneal guttae and a 

reduction in endothelial cell density, but is essentially limited to imaging the corneal endothelium. 

This study explored alterations in epithelial, keratocyte, endothelial and sub-basal nerve plexus 

density using laser scanning IVCM. A cross-section of 20 corneas from 20 subjects with an 

established diagnosis of Fuchs’ endothelial dystrophy was compared with 20 normal corneas from 

20 healthy volunteers.  
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Conclusions: 

• Laser scanning IVCM was able to obtain clear images of the corneal endothelium, even in 

the presence of moderate corneal oedema (up to 732 µm) 

• Subjects with Fuchs’ endothelial corneal dystrophy had significantly lower basal epithelial, 

keratocyte and endothelial cell density 

• No significant difference in sub-basal nerve fibre density was observed between subjects 

with Fuchs’ endothelial corneal dystrophy and control subjects 

• Lower sub-basal nerve fibre density was observed in subjects with sub-epithelial fibrosis 

• IVCM may offer new insight into the early disease changes in Fuchs’ endothelial corneal 

dystrophy and may aid in the diagnosis of both early and advanced cases 

 

Conclusions 
 

From the imaging of the ex vivo rabbit cornea in 1985 and the first in vivo images of the human 

cornea in 1990,39, 40 IVCM has developed and flourished over the last two decades, with greatly 

improved image quality and faster acquisition times. In enabling microstructural analysis of every 

level of the cornea, IVCM provides a tangible link between the laboratory and clinical practice, 

allowing researchers an insight into the early stages of corneal disease and providing a useful 

adjunct to standard clinical examination. 

 

Several challenges still remain. The difficulty in imaging the same area of the cornea repeatedly 

over time limits the reliability of longitudinal studies, although mapping of nerve perforation 

points through Bowman’s layer may help to address this problem.41, 42 Furthermore, whilst IVCM 

is non-contact, topical anaesthetic is still necessary for corneal examination. Finally, greater co-

operation between clinicians and scientists is required to validate the observations of IVCM and 

to discern the physiological alterations that result in the images we see before us.  

 

The move from isolated case studies to quantitative research holds great promise for the 

development and increased utilisation of IVCM. I believe this series of related studies further 

validates the role of IVCM both in clinical practice and in research. It also provides extensive 

quantitative data on the normal cornea and the disease-related changes associated with 

penetrating keratoplasty, corneal ectasia and corneal dystrophy.  
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Written consent form for 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 Fai manako au ke fakaaoga e taha tagata 

fakahokohoko kapu 
E Nakai

 
 
 
The Corneal Research Group in the Department of Ophthalmology, University of 
Auckland, is undertaking research to help understand the structure and function 
of the front part of the eye – the cornea.  If you consent, your eyes will be 
examined by in vivo confocal microscopy to provide data to help in this study. 
 
 
I _________________________ give consent for my corneas to be examined by 
in vivo confocal microscopy by the Corneal Research Group at the University of 
Auckland for use in research into understanding the structure and function of the 
cornea. 
 
I wish to receive a copy of the results  YES/NO 
 
 
Signed ___________________________ Date _____________________ 
 
 
Approved by the Northern X Ethics Committee 
On 3rd August 2005 until 3rd August 2008 Reference NTX/05/08/108 
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Written consent form for research use of diseased or damaged 
corneal tissue 
 
 
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 Fai manako au ke fakaaoga e taha tagata 

fakahokohoko kapu 
E Nakai

 
 
 
 
The Corneal Research Group in the Department of Ophthalmology, University of 
Auckland, is undertaking research to help understand the structure and function 
of the front part of the eye – the cornea.  If you consent, the diseased or 
damaged part of your cornea excised during your transplant operation will be 
used in this research project.   
 
 
I _________________________ give consent to pass on part of my cornea for 
use in research under this study to aid understanding of the structure and 
function of the cornea. 
 
I wish to receive a copy of the results  YES/NO 
 
 
Signed ___________________________ Date _____________________ 
 
 
Approved by the Northern X Ethics Committee 
On 3rd August 2005 until 3rd August 2008 Reference NTX/05/08/108 
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Aims: To quantify and establish baseline normative data for age-related differences in cellular and
innervation density in the normal, healthy, human cornea using laser scanning in vivo confocal microscopy.
Methods: Cross-sectional study of 85 normal subjects assessed via corneal topography and laser scanning in
vivo confocal microscopy.
Results: Mean age was 38¡16 years (range 18–87 years) and 60% of subjects were female. Anterior
keratocyte density declined by 0.9% per year (r = 20.423, p,0.001), posterior keratocyte density declined
by 0.3% per year (r = 20.250, p = 0.021) and endothelial cell density declined by 0.5% per year
(r = 20.615, p,0.001). Sub-basal nerve fibre density declined by 0.9% per year (r = 20.423, p,0.001).
No association was observed between age and basal epithelial cell density, or between age and central
corneal thickness, corneal astigmatism or horizontal corneal diameter (p.0.05). No association was
observed between subject gender and corneal cell or innervation density.
Conclusions: Using laser scanning in vivo confocal microscopy this study highlights a significant, and
relatively linear, reduction in keratocyte and endothelial cell density with increasing subject age. Interestingly,
corneal sub-basal nerve fibre density also significantly decreases with increasing age. In vivo laser scanning
confocal microscopy provides a safe, non-invasive method for the establishment of normative data and
assessment of alterations in human corneal microstructure following surgery or disease processes.

A
ging generates structural and functional changes in the
cornea and has been associated with corneal steepening, a
shift from with-the-rule to against-the-rule astigmatism

and increased thickness of Descemet’s membrane.1 Corneal
wound healing has been observed to decline with age and age
affects refractive outcomes and final visual acuity following laser
refractive surgery.2–5 Specular microscopy has demonstrated a
gradual decrease in endothelial cell density with age, accompanied
by an increase in endothelial cell size, increased coefficient of
variation and a decreased proportion of hexagonal cells,6 but, until
relatively recently, visualisation of other cell layers in the living
human cornea has remained elusive. Over the past decade, the
introduction of in vivo confocal microscopy has provided a new
method for corneal examination at high resolution in living
patients through optical sectioning. This technique has enabled
microstructural analysis of the normal human cornea, under more
physiological conditions than previously possible.7

The aim of this study was to use a laser scanning in vivo
confocal microscope to quantitatively analyse the basal
epithelium, stroma, endothelium and sub-basal nerve plexus
in the normal human cornea across a broad age range.

MATERIALS AND METHODS
Subject recruitment and assessment
A total of 85 normal subjects were prospectively recruited from
the Department of Ophthalmology, Auckland City Hospital and
analysed in the Department of Ophthalmology, University of
Auckland. Subjects were invited to participate if they were aged
16 years or over, with the following as criteria for exclusion:
history of ocular surgery, current or long-term prior topical
ocular medication, previous or active ocular pathology (other
than refractive error) and prior contact lens wear. Study
protocol required parental consent for subjects aged under
18 years. Prescription systemic medications were not exclusion
criteria unless they were known to affect the cornea or anterior
segment. All subjects were examined by high-magnification slit

lamp biomicroscopy and their corneas were confirmed to be
clinically normal prior to inclusion in the study. Corneal
topography and central corneal thickness were measured using
the Orbscan II slit-scanning elevation topography system
(Bausch & Lomb Surgical, Rochester, New York, USA).

This study received approval from the Auckland Ethics
Committee and adhered to the tenets of the Declaration of
Helsinki. Written informed consent was obtained from all subjects
following detailed explanation of the nature of the study.

Measurements were performed using a calliper tool (analySIS
V.3.1, Soft Imaging System, Münster, Germany). For all basal
epithelial and endothelial pictures a standard central counting
frame size of 200 mm 6200 mm was used. This counting frame
was applied to the centre of the confocal image and the position
was constant for every image analysed. For all sub-basal nerve
plexus and stromal images the full 400 mm 6400 mm frame was
used. Keratocyte cell density was assessed by counting all bright
images with clear borders within the counting frame. Nerve fibre
density (NFD) was assessed by measuring the total length of all
nerve fibres and branches per square millimetre.

In vivo confocal microscopy
Laser scanning in vivo confocal microscopy was performed on
all subjects with the HRT II corneal module that uses a 670 nm
red wavelength diode laser source (Heidelberg Retina
Tomograph II Rostock Corneal Module (RCM); Heidelberg
Engineering GmbH, Heidelberg, Germany). A 606 objective
water immersion lens with a numerical aperture of 0.9
(Olympus, Tokyo, Japan) and a working distance, relative to
the applanating cap, of 0.0–3.0 mm was used. The images
produced using this lens are 400 mm 6400 mm and the
manufacturer quotes the transverse resolution and optical

Abbreviations: LASIK, laser-assisted in-situ keratomileusis; NFD, nerve
fibre density; PRK, photorefractive keratectomy; RCM, Rostock corneal
module
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section thickness as 2 mm and 4 mm, respectively. The RCM
uses an entirely digital capture system.

The central cornea of the right eye was examined in each
subject. Each eye was anaesthetised with one drop of 0.4%
benoxinate hydrochloride (Chauvin Pharmaceuticals, Surrey,
UK). Viscotears (Carbomer 980, 0.2%; Novartis, North Ryde,
New South Wales, Australia) was used as a coupling agent
between the applanating lens and the cornea. 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 total duration of
in vivo confocal examination was approximately 2 min/eye. None
of the subjects experienced any visual symptoms or corneal
complications as a result of the examination.

Image analysis
For each cornea, three images were taken from each of the
following levels; basal epithelium, sub-basal nerve plexus,
anterior stroma, mid stroma, posterior stroma and endothe-
lium (fig 1). Anterior stroma was defined as the first three
clear images (without motion blur or compression lines)
immediately posterior to Bowman’s layer, posterior stroma
was defined as the first three clear images immediately
anterior to Descemet’s membrane and mid stroma was
defined as three images equidistant from Bowman’s layer
and Descemet’s membrane in the full thickness section. The z
distance between images was 2 mm. All images were subse-
quently randomised and encoded by a single independent
observer (DP).

Figure 1 Laser scanning in vivo confocal
microscopy of the normal human cornea
demonstrating characteristic features.
Images cropped to 250 mm 6250 mm.
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Statistical analysis
All values were entered into a Microsoft Excel database and
subsequently imported into statistical software for analysis.
Statistical analysis was performed in SPSS V.12 for Windows
(Chicago, Illinois, USA). Basic descriptive statistics were
calculated on all data gathered and values are reported as
mean ¡ standard deviation. Normal distribution of cell and
innervation density was determined using the Kolmogorov–
Smirnov test.8 Correlations between continuous variables were
examined by calculating Pearson’s correlation coefficient (r).
Student’s independent t-test was used to compare values
between two groups and comparison between cell layers was
calculated with a paired t-test. All tests were two-tailed and a P
value of less than 0.05 was considered statistically significant.

RESULTS
Results from in vivo confocal microscopy of 85 normal corneas
were included for analysis. The mean age of subjects was
37.8 years¡16.4 (range 18–87 years). Mean CCT was
555¡31.0 mm. Subject characteristics are reported in table 1.
Mean cell densities were; basal epithelium 6000¡1080 cells/
mm2, anterior stroma 765¡262 cells/mm2, mid stroma
347¡64.4 cells/mm2, posterior stroma 315¡57.2 cells/mm2

and endothelium 2720¡367 cells/mm2. Mean sub-basal nerve
fibre density (NFD) was 20.3¡6.50 mm/mm2.

No association was observed between subject gender and cell
density at the level of the basal epithelium (p = 0.549), anterior
stroma (p = 0.583), mid stroma (p = 0.398), posterior stroma
(p = 0.288) or endothelium (p = 0.691). No association was
observed between subject gender and sub-basal nerve fibre
density (p = 0.722), CCT (p = 0.448), corneal astigmatism
(p = 0.973) or horizontal corneal diameter (p = 0.544).

Anterior stromal, mid stromal and posterior stromal kerato-
cyte density and endothelial cell density declined with subject
age (table 2). Sub-basal nerve fibre density also declined with
age, however, no association was observed between basal
epithelial cell density and age (table 2). No association was
observed between subject age and CCT (r = 0.148, p = 0.176),

corneal astigmatism (r = 0.149, p = 0.172) or horizontal corneal
diameter (r = 20.020, p = 0.857).

Sub-basal NFD reduced by approximately 0.9% per year
(fig 2). The three oldest subjects (aged .70 years) had low sub-
basal nerve densities. However, when these cases were
excluded a significant correlation was still observed between
age and sub-basal nerve plexus density (r = 20.367, p = 0.001)
but the regression line was slightly less steep, with nerve fibre
density reducing by 0.7% per year. A significant, but modest,
association was observed between NFD and anterior stromal
(r = 0.227, p = 0.037), mid stromal (r = 0.271, p = 0.012) and
posterior stromal (r = 0.237, p = 0.029) keratocyte density and
between NFD and endothelial cell density (r = 0.331,
p = 0.002). No association was observed between NFD and
epithelial cell density (r = 20.080, p = 0.467).

Keratocyte density declined by 0.9% per year in the anterior
stroma, 0.3% per year in the mid stroma and 0.3% per year in the
posterior stroma. Keratocyte cell density was highest in the
anterior stroma and lowest in the posterior stroma (765¡262
cells/mm2 versus 315¡57.2 cells/mm2, p,0.001) (fig 3). The in
vivo confocal microscopy appearance of the keratocytes differed
between anterior and posterior stroma (fig 1C and E, respectively)
with keratocyte nuclei appearing smaller in the anterior stroma
than in the posterior stroma. A fine network of nerves, comprising
the subepithelial nerve plexus, was frequently imaged in the

Figure 2 Sub-basal nerve fibre density plotted against increasing age
(n = 85 subjects, age range 18–87 years). Sub-basal nerve fibre density
measured with in vivo confocal microscopy declines with age of subject
(r = 20.488, p,0.001 Pearson’s correlation). Linear regression line with
95% mean prediction interval.

Table 1 Subject characteristics (n = 85)

Characteristic Value

Age (years) 37.8¡16.4
Sex:

Male 34 (40%)
Female 51 (60%)

Ethnicity:
Caucasian 62 (73%)
Asian 17 (20%)
Other 6 (7%)

Central corneal thickness (mm) 555¡31.0
Horizontal corneal diameter (mm) 11.8¡0.40

Age, central corneal thickness and horizontal corneal diameter are
expressed as mean ¡ standard deviation

Table 2 Correlations between epithelial, keratocyte, and endothelial cell densities and sub-
basal nerve fibre innervation density with increasing age (Pearson’s correlation)

Correlation* p Value*

Basal epithelial density (cells/mm2) 0.200 0.067
Sub-basal nerve fibre density (mm/mm2) 20.488 ,0.001
Anterior keratocyte density (cells/mm2) 20.423 ,0.001
Mid keratocyte density (cells/mm2) 20.237 0.029
Posterior keratocyte density (cells/mm2) 20.250 0.021
Endothelial density (cells/mm2) 20.615 ,0.001

(n = 85 corneas)
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anterior stroma. Nuclei were elliptical in the anterior stroma and
became more elongated towards the periphery. Significant
correlation was observed between anterior stromal and mid
stromal keratocyte density (r = 0.376, p,0.001 paired t-test) and
between anterior stromal and posterior stromal keratocyte density
(r = 0.311, p = 0.004 paired t-test).

Endothelial cell density reduced by 0.5% per year (fig 4).
Endothelial cell density correlated with CCT (r = 20.280,
p = 0.009 Pearson’s correlation). Endothelial guttata were
detected by in vivo confocal microscopy in the central cornea
of three patients (3.5%) with no associated stromal or epithelial
oedema. The subjects were aged 44, 56 and 61 years and all
were female. Corneal guttata appeared as a round central mass
surrounded by a darker ring at the level of the endothelium
(fig 5). No statistically significant difference was observed in
keratocyte density in subjects with corneal guttata.

DISCUSSION
The cornea is the most densely innervated of all human tissues,
with nerve densities 300–600 times that of skin and 20–40 times
that of tooth pulp.9 Previous studies of changes in corneal
innervation density and morphology with age have been limited
by poor availability of healthy corneal tissue for ex vivo analysis,
and the rapidity of corneal nerve degeneration after death.10 In
vivo confocal microscopy has enabled images of corneal nerve
fibre bundles to be obtained by optical sectioning and the en face
images are ideally suited to analysis of sub-basal nerve fibre
architecture.7 11 Corneal sensation decreases with age,12 13 how-
ever, there is disagreement between studies as to whether sub-
basal nerve fibre density (NFD) declines with age.11 14 In the
current study, utilising a laser scanning in vivo confocal
microscope, we observed a statistically significant reduction in
NFD with age. Corneal innervation provides important protective
and trophic functions for the cornea and a reduction in corneal
innervation could result in delayed wound healing.15 16 Whilst we
observed no significant alterations in epithelial cell density with
age, the reduction in sub-basal nerve fibre density might explain
slower closure of epithelial defects with age.5

Keratocyte density has been reported to reduce with age in an
ex vivo study and this reduction in keratocyte density with age
has subsequently been confirmed by in vivo confocal micro-
scopy studies.17 18 The current study identified significantly
higher keratocyte density in the anterior than posterior stroma
and a significant reduction in anterior keratocyte density with
increasing age. Studies in humans and rabbits illustrate higher
cell density in the anterior stroma and electron microscopy
reveals that in the anterior stroma keratocytes contain twice as

Figure 3 Anterior and posterior keratocyte density. Subregional
keratocyte density measured by in vivo confocal microscopy. Anterior
keratocyte density was significantly higher than posterior keratocyte density
(p,0.001).

Figure 4 Endothelial cell density plotted against increasing age (n = 85
subjects, age range 18–87 years). Endothelial cell density measured with
in vivo confocal microscopy declines with age of subject (r = 20.615,
p,0.001 Pearson’s correlation). Linear regression line with 95% mean
prediction interval.

Figure 5 Endothelial guttata. In vivo confocal microscopy of human
endothelium. Image cropped to 250 mm 6250 mm. Endothelial guttata
marked with white arrow.
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many mitochondria as in the mid or posterior stroma.19 The
dense keratocyte cell layer, approximately 100 mm thick,
observed immediately posterior to Bowman’s membrane, has
been identified to contain a morphologically distinct sub-
population of keratocytes with a granular appearance and
extensive cytoplasmic cell processes.20 The significance of the
faster reduction in anterior stromal keratocyte density is
unclear, but it might represent a reduction in stromal metabolic
activity with age, or, alternatively, a change in the composition
of keratocyte subpopulations. It is also possible that the
apparent reduction in cell density with age might represent
true loss of keratocytes or might represent an optical artefact
due to decreased image contrast in older subjects. As CCT was
not associated with age in this study, the apparent reduction in
keratocyte density is unlikely to represent binomial expansion.

Two-dimensional keratocyte density calculated from laser
scanning in vivo confocal microscopy (RCM) images of the
corneal stroma demonstrate a slightly lower cell density in the
anterior and posterior stroma than reported with slit scanning
confocal microscopy.21 22 This difference could be due to the
decreased thickness of the optical section taken with the RCM
compared to other devices.23

Alterations in keratocyte density with age might be asso-
ciated with reported changes in corneal thickness, keratometry
and light scattering properties with age.1 Recent studies have
led to the realisation that keratocytes are highly active cells and
could play an important role in better understanding myopic
shift, corneal wound healing and post-surgical haze.24 25 A
reduction in keratocyte cell density has been observed in long-
term follow-up of subjects following photorefractive keratect-
omy (PRK)26 and laser-assisted in-situ keratomileusis (LASIK)27

and following penetrating keratoplasty.28 Corneal wound
healing response is of particular interest when contemplating
surgery in an older age group, as age has been identified as an
important factor affecting stromal wound healing following
refractive surgery.4 Further studies investigating the association
of keratocyte density in corneal wound healing are warranted.

The reduction in endothelial cell density with age has been well
documented in specular microscopy studies6 and Bourne et al
quote a linear reduction of 0.6% per year, very similar to the
reduction of 0.5% per year observed in this study utilising in vivo
confocal microscopy. Central corneal guttata were observed in
3.5% of subjects in this study, occurring in subjects aged 40 years
or over. The incidence of corneal guttata in healthy corneas varies
between studies and with method of examination. Ex vivo
microscopy revealed an incidence of 15% in 182 corneal donors,
although this represented an older age group and the incidence of
corneal guttata was 0% in the 29 corneas examined from subjects
aged less than 50 years.29 Slit lamp examination of 1,016 subjects
observed central corneal guttata in 32% of subjects aged 10–39
and in 70.4% of subjects aged 40–9930 and, more recently, an in
vivo confocal microscopy study observed central corneal guttata in
6–29% of patients aged 60 years or over, but in no patients aged
under 60 years.18 Corneal guttata can be associated with Fuchs’
endothelial dystrophy, interstitial keratitis, macular dystrophy,
posterior polymorphous dystrophy, trauma, toxins or infection.31

Identification of central corneal guttata might be important in
patients undergoing refractive surgery, as mild corneal guttata has
been associated with increased risk of transient corneal oedema,
loss of best corrected visual acuity, endothelial cell loss and
myopic regression after routine LASIK surgery.32

In conclusion, in the current study, in vivo confocal microscopy
reveals a reduction in cell density and corneal innervation in the
aging cornea. Such alterations might have important implications
for corneal structure and function and further studies are
necessary to investigate the role of these changes in corneal
wound healing and clinical outcomes following corneal surgery.
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Corneal Innervation and Cellular Changes after Corneal
Transplantation: An In Vivo Confocal Microscopy Study

Rachael L. Niederer, Divya Perumal, Trevor Sherwin, and Charles N. J. McGhee

PURPOSE. Although penetrating keratoplasty is generally consid-
ered a successful procedure, transplanted corneal tissue may
exhibit abnormal epithelium, decreased sensation, and declin-
ing endothelial cell counts after surgery. This study aimed to
use in vivo confocal microscopy to correlate corneal micro-
structure and recovery of the subbasal nerve plexus of the
transplanted cornea with indications for, and time from, sur-
gery.

METHODS. This was a cross-sectional study comparing corneas
from 42 patients after penetrating keratoplasty with those of 30
controls. Subjects were assessed by ophthalmic history and
clinical examination, computerized corneal topography, and
laser scanning in vivo confocal microscopy.

RESULTS. Time from surgery ranged from 1 month to 40 years
(mean, 85 � 105 months). Significant reductions in epithelial
(P � 0.001), keratocyte (P � 0.001), and endothelial (P �
0.001) cell densities were noted in comparison with control
corneas. Significant reductions in subbasal nerve fiber density
(P � 0.001) and nerve branching (P � 0.001) were also noted.
Endothelial cell density decreased with time after surgery (r �
–0.472; P � 0.003), and nerve fiber density (r � .328; P �
0.034) increased. Keratoconus as an indication for transplan-
tation was associated with higher subbasal nerve fiber densities
(P � 0.003) than other indications for corneal transplantation.
Neither nerve fiber nor cell density was correlated with best-
corrected visual acuity.

CONCLUSIONS. Laser scanning in vivo confocal microscopy high-
lights profound reductions in cell density at every level of the
transplanted cornea and alterations to the subbasal plexus that
are still apparent up to 40 years after penetrating keratoplasty.
(Invest Ophthalmol Vis Sci. 2007;48:621–626) DOI:10.1167/
iovs.06-0538

Corneal transplantation represents the oldest, most com-
mon, and most successful form of tissue transplantation

worldwide.1 In New Zealand, approximately 200 corneal trans-
plantations are performed each year for a wide range of indi-
cations, with a 1-year survival rate of 87%.2 Despite these high
survival rates, the posttransplantation cornea appears to ex-
hibit changes in cellular structure and function for many years
after surgery. Corneal epithelium shows altered morphology
and function,3,4 and endothelial cell density progressively de-

creases at an accelerated rate for up to 20 years after corneal
transplantation, with associated changes in endothelial mor-
phology and function.5,6 Penetrating keratoplasty requires a
full-thickness 360° corneal incision that cuts corneal nerves
and results in complete denervation of the transplanted cor-
nea. Unsurprisingly, several studies have observed a marked
reduction in corneal sensation after corneal transplanta-
tion.7–11 The return of sensation to the donor tissue is highly
variable, and in many cases hypoesthesia persists for many
years after initial surgery.

Specular microscopy has enabled prospective longitudinal
studies of endothelial cell counts to be conducted on the
transplanted cornea in vivo,5,6 but, until recently, studies of
other cell layers and innervation have been limited to animal
studies12 and a small number of human ex vivo histologic
studies, in the form of examination of failed corneal buttons
and postmortem investigations.13,14 In the past decade, the
development of in vivo confocal microscopy has provided a
new method for corneal examination, allowing high-resolution
images to be obtained in living eyes. With this technique, it is
possible to assess the cornea under more physiological condi-
tions than previously possible, enabling the possibility of lon-
gitudinal studies of corneal reinnervation and cellular changes
after surgery.15

The purpose of this study was to elucidate alterations in
epithelial, keratocyte, and endothelial cell density and corneal
innervation after corneal transplantation with the use of in vivo
confocal microscopy.

MATERIALS AND METHODS

Subject Recruitment

Thirty-two patients who had undergone penetrating keratoplasty (42
corneas) were recruited from subspecialist corneal clinics in the De-
partment of Ophthalmology, Auckland City Hospital. Patients who
wore contact lenses in the preceding year, had a history systemic
disease or prescription medication use with known ocular associa-
tions, or underwent corneal transplantation less than 1 month earlier
were excluded from the study.

Thirty volunteers were recruited as a control group. Subjects in the
control group had no ocular abnormality, did not wear contact lenses,
were free of systemic disease, and did not take medication known to
affect the eye. All control subjects were examined by slit lamp biomi-
croscopy, and their corneas were confirmed to be clinically normal.

This study received approval from the Auckland Ethics Committee
and adhered to the tenets of the Declaration of Helsinki. Written
informed consent was obtained from all participants after detailed
explanation of the nature of the study.

Subject Assessment

All subjects were assessed through clinical history and slit lamp biomi-
croscopy. Central corneal thickness was measured with a slit-scanning
elevation topography system (Orbscan II; Bausch & Lomb Surgical,
Rochester, NY). Patient clinical notes were reviewed to determine
indications for corneal graft, date of operation, current medication, and
postoperative complications. For the purpose of this study, graft rejec-
tion was defined as the development of a rejection line (epithelial or
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endothelial) or spreading corneal edema in a previously thin, clear graft
with either corneal infiltrates or a unilateral anterior chamber reac-
tion.16 Increased intraocular pressure (IOP) was defined as a single IOP
reading � 22 mm Hg after penetrating keratoplasty.

In Vivo Confocal Microscopy

Laser scanning in vivo confocal microscopy was performed on all
subjects with a corneal module (HRT II; Heidelberg Retina Tomograph
II Rostock Corneal Module [RCM]; Heidelberg Engineering GmbH,
Heidelberg, Germany). This microscope uses a 670-nm red wavelength
diode laser source. 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.
Images produced with this lens measure 400 �m � 400 �m, and the
manufacturer quotes the transverse resolution and the optical section
thickness as 2 �m and 4 �m, respectively. The module used (RCM;
Heidelberg Engineering GmbH) uses an entirely digital capture system.

The central cornea of the eye that had undergone penetrating
keratoplasty was examined in each patient. In the control subjects, one
eye was selected at random for examination. Each eye was anesthe-
tized with one drop of 0.4% benoxinate hydrochloride (Chauvin Phar-
maceuticals, Surrey, UK), and a coupling agent (Viscotears; Carbomer
980, 0.2%; Novartis, North Ryde, NSW, Australia) was used between
the applanating lens and the cornea. 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. Total duration of in vivo confocal examina-
tion was approximately 2 minutes per eye. None of the subjects
experienced any visual symptoms or corneal complications as a result
of the examination.

Image Analysis

For each cornea, three images were taken from each of the following
levels: basal epithelium, subbasal nerve plexus, anterior stroma, mid
stroma, posterior stroma, and endothelium. Anterior stroma was de-
fined as the first three clear images (without motion blur or compres-
sion lines) immediately posterior to Bowman layer, posterior stroma
was defined as the first three clear images immediately anterior to
Descemet membrane, and mid stroma was defined as three images
equidistant from Bowman layer and Descemet membrane in the full-
thickness section. All images were subsequently randomized and en-
coded by a single independent observer (DP).

Measurements were performed using a caliper tool (analySIS 3.1;
Soft Imaging System, Münster, Germany). For all epithelial and endo-
thelial pictures, a standard central counting frame measuring 200 �
200 �m was used. For all subbasal nerve plexus and stromal images,
the full 400 � 400-�m frame was used. Nerve fiber density (NFD) was
assessed by measuring the total length of all nerve fibers and branches
per square millimeter. Nerve branch density (NBD) was calculated as
the number of nerve branches or anastomoses per square millimeter,
and nerve branches per millimeter nerve (NBN) was calculated as the
number of nerve branches or anastomoses per millimeter nerve. Inter-
observer error was estimated by reassessing 10% of the images cap-
tured by an independent, blinded, second investigator (DP).

Statistical Analysis

All values were entered into a database (Excel; Microsoft, Redmond,
WA) and were subsequently imported into statistical software for
analysis. Snellen visual acuities were converted to equivalent LogMAR
values for analysis, and statistical analysis was performed (SPSS Version
12 for Windows; SPSS, Chicago, IL). Basic descriptive statistics were
calculated on all data gathered, and values are reported as mean � SD.
Correlations between continuous variables were examined by calcu-
lating Pearson correlation coefficient (r). Student independent t test
was used to compare values between two groups. The 95% limits of
agreement (LOA) for interobserver repeatability were calculated using

the method of Bland and Altman.17 All tests were two-tailed, and P �
0.05 was considered statistically significant.

RESULTS

Results from in vivo confocal microscopy of 42 eyes that had
undergone penetrating keratoplasty in 32 subjects were in-
cluded in the study and compared with a control group of 30
eyes from 30 volunteers. Mean ages were 45.3 � 17.3 years in
the posttransplantation group and were slightly younger,
40.9 � 10.5 years, in the control group, though this was not
statistically significant (P � 0.225). No significant difference
based on sex was observed between the posttransplantation
and the control groups (38% male in the posttransplantation
group; 33% male in the control group; P � 0.682).

The most common indication for penetrating keratoplasty
in the posttransplantation group was keratoconus in 32 cor-
neas (76%), followed by Fuchs’ endothelial dystrophy (7%),
pseudophakic bullous keratopathy (5%), and infectious kerati-
tis (5%). Posttransplantation patient characteristics are re-
ported in Table 1. Mean time from surgery was 7.1 years (85 �
105 months; range, 1–480 months). Mean best-corrected visual
acuity (BCVA) was 20/50, mean corneal astigmatism was 5.7 �
3.7 D, and mean keratometry was 45.7 � 4.8 D.

The 95% limits of agreement for interobserver repeatability
were epithelium (�7%), NFD (�16%), anterior stroma (�10%),
mid stroma (�7%), posterior stroma (�12%), and endothelium
(�11%).

Significant reductions in cell density were observed at all
levels of the posttransplantation cornea compared with con-
trols. Significant reductions in subbasal NFD, NBD, and NBN
were observed in the transplanted corneas (Table 2). Reduc-
tion in endothelial cell density was associated with an increase
in central corneal thickness in the posttransplantation cornea
(r � –0.569; P � 0.001). No correlation was observed between
NFD and epithelial (P � 0.05), endothelial (P � 0.05), or
keratocyte (P � 0.05) cell density in the posttransplantation
cornea. No association was observed between age or sex and
cell density or nerve fiber parameters at any level of the
posttransplantation cornea (P � 0.05).

No statistical association was observed between BCVA and
endothelial, keratocyte, or epithelial cell density, or innerva-
tion density at the time of examination. In addition, no statis-
tical associations were observed between mean keratometry or
corneal astigmatism and cell or innervation density. A modest
correlation was observed between BCVA and corneal astigma-
tism (r � .380; P � 0.038), and corneal astigmatism increased
with time after surgery (r � .564; P � 0.001).

Endothelial cell density in the posttransplantation group
decreased with time after penetrating keratoplasty (r �

TABLE 1. Posttransplantation Complications and Topical Medication

Posttransplantation
Corneas

No. Percentage

Postoperative complications
Previous rejection episode 15 35.7
Previous high IOP 3 7.1

Topical medication
No topical medication 27 64.3
Topical corticosteroid 15 35.7
Topical chloramphenicol 4 9.5
Topical ocular antihypertensive 3 7.1

n � 42.
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–0.472; P � 0.003). NFD (r � .328; P � 0.034) and NBN (r �
.322; P � 0.038) increased with increasing time from surgery.
No correlation was observed between epithelial and kerato-
cyte cell density in the posttransplantation patients and the
time after keratoplasty (P � 0.05).

Endothelial density was reduced in posttransplantation pa-
tients with a history of previous graft rejection (1396 � 697
cells/mm2 vs. 902 � 539 cells/mm2; P � 0.023) and in patients
with a history of elevated IOP (1260 � 697 cells/mm2 vs.
786 � 192 cells/mm2; P � 0.018). However, no significant
difference in epithelial or keratocyte cell density or nerve fiber
parameters was observed in posttransplantation patients with a
history of previous graft rejection or high IOP (P � 0.05). No
significant association was observed between use of topical
medication and any of the corneal parameters measured (P �
0.05).

Patients who underwent the initial surgery for keratoconus
had higher NFD (2.36 � 3.77 mm/mm2 vs. 0.16 � 0.39 mm/
mm2; P � 0.003), higher NBD (6.12 � 11.48 branches/mm2 vs.
0 � 0 branches/mm2; P � 0.005), and greater NBN (0.63 �
1.25 branches/mm vs. 0.00 � 0 branches/mm; P � 0.008) than
patients who underwent penetrating keratoplasty for other
indications. No association was observed between epithelial,
keratocyte, or endothelial cell density and the indication for
corneal transplantation (P � 0.05).

Qualitatively, subbasal nerve fibers appeared shorter and
more tortuous in the posttransplantation corneas than in con-
trol corneas (Fig. 1). Particularly abnormal regeneration of the
stromal nerves was noted in one patient (Fig. 2), a 37-year-old
woman with keratoconus who had undergone bilateral pene-
trating keratoplasty. Transplantation was performed in the left
eye 14 years earlier, and the stromal nerves showed prolific
regeneration after a coiled course with an abnormal branching
pattern. Stromal nerves in the opposite eye, 17 years after
corneal transplantation, were normal.

DISCUSSION

Penetrating keratoplasty is the most frequently performed
transplantation procedure, and, though success rates are high,
long-term graft survival remains limited by graft rejection, late
endothelial failure, and recurrence of the original disease.1,18,19

This study used in vivo confocal microscopy examination of a
cross-section of eyes 1 month to 40 years after corneal trans-
plantation to assess cell density and innervation in the post-
keratoplasty cornea.

Corneal nerves provide important protective and trophic
functions, and interruption of corneal innervation may result in
altered epithelial morphology and function, poor tear film, and
delayed wound healing.20–23 Penetrating keratoplasty causes
complete sensory denervation of the donor cornea; the nerves
of the donor cornea undergo rapid degeneration after trans-
plantation, though Schwann cell sheaths remain empty and
intact.12 In the present study, reduced subbasal NFD was
observed in the cornea up to 40 years after penetrating kera-
toplasty. To our knowledge, this represents the first quantita-
tive study of corneal NFD after corneal transplantation and is
consistent with previous observations of highly variable cor-
neal sensation after transplantation, with abnormal sensation
observed up to 32 years after corneal surgery.7–11

Regeneration of the subbasal nerve plexus occurs at a far
slower rate after penetrating keratoplasty than after cataract or
refractive surgery.24,25 The rate of nerve fiber regeneration
after surgery is dependent on depth and circumference of
incision. An incision smaller than approximately 50% corneal
thickness or smaller than 360° circumference spares some of
the stromal nerves, allowing neural regeneration from adjacent
stromal nerves.26 Impaired sensory innervation after penetrat-
ing keratoplasty may contribute to the relatively high fre-
quency of epithelial complications observed after the proce-
dure.4

No correlation between recipient age and reinnervation
was observed in this study. A similar lack of correlation be-

TABLE 2. Comparison between Control and Posttransplantation
Corneal Parameters

Density Control Posttransplantation P*

Basal epithelial
cell 6397 � 1107 5379 � 1142 �0.001

Subbasal nerve
fiber 21.6 � 5.98 1.83 � 3.42 �0.001

Nerve branch 86.3 � 56.2 4.66 � 10.3 �0.001
Nerve branch/

mm nerve 3.68 � 1.44 0.48 � 1.12 �0.001
Anterior

keratocyte 715 � 271 372 � 193 �0.001
Mid stroma

keratocyte 340 � 49.3 194 � 69.5 �0.001
Posterior

keratocyte 297 � 60.4 198 � 62.5 �0.001
Endothelial cell 2699 � 313 1222 � 682 �0.001
Central corneal

thickness 547 � 27.9 595 � 47.8 �0.001

n � 30 controls; n � 42 patients. All values reported as mean �
SD (to 3 s.f.).

* Student independent t test.

FIGURE 1. Subbasal nerve fibers af-
ter penetrating keratoplasty. (A) Nor-
mal subbasal nerve fibers in a control
subject. (B) Decreased subbasal
nerve fiber density after penetrating
keratoplasty.
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tween return of sensation and recipient age after penetrating
keratoplasty was noted in an earlier study of 71 corneas.11

Others, however, have observed a correlation between age and
return of sensation up to 3 years after surgery. Faster return of
sensation and nerve regeneration is reported in young rabbits
after corneal transplantation,12,27 and studies have demon-
strated quicker peripheral reinnervation and better nerve mor-
phology in younger animals,28 possibly because of age-related
impairment in Schwann cell–axon interactions. No regenera-
tion of the Schwann cells has been observed in transplanted
corneas, and regenerating nerves occupy the empty Schwann
cells of the donor cornea.10,12 Theoretically, therefore, donor
age may influence reinnervation.

If the subbasal plexus was regenerated, nerve fiber mor-
phology was markedly altered, resulting in increased nerve
tortuosity, reduced branching pattern, and shorter nerve
length. Qualitative changes in corneal innervation after corneal
transplantation, with slow reinnervation and increased nerve
tortuosity, have been reported and have also been noted in
regenerated corneal nerve fibers after refractive surgery and in
the diabetic cornea.29,30

Patients who underwent penetrating keratoplasty for kera-
toconus experienced greater regeneration of the subbasal
nerve plexus than patients who underwent surgery for other
indications. Although a faster return of corneal sensation after
corneal transplantation in patients with preoperative diagnoses
of keratoconus has been reported,27 other studies have ob-
served no significant difference in recovery of sensation.7,9,11

After corneal transplantation, corneal nerve regeneration pro-
ceeds from the peripheral recipient cornea, through the scar
tissue, and into the donor cornea.10,12 Hence, it may be that
corneal nerve regeneration is dependent on peripheral corneal
innervation. Many diseases requiring corneal transplantation,
including keratoconus, are associated with abnormal corneal
innervation and reduced corneal sensation.31–35 However, un-
like other indications for corneal transplantation in this study,
keratoconus is a disease primarily of the central cornea, with
relative sparing of the peripheral cornea.35 In a recent study by
Patel and McGhee,36 in vivo confocal microscopy mapping of
the subbasal nerve plexus in keratoconus revealed that though
the corneal nerves at the keratoconus cone were markedly
disrupted, peripheral innervation remained intact. Perhaps re-
tention of healthy peripheral innervation in keratoconus is
responsible for greater regeneration of corneal nerves, as dem-
onstrated in this study. Alternatively, the keratoconus group
might have been younger than patients who underwent pen-
etrating keratoplasty for other indications and might have ex-
perienced faster corneal nerve regeneration. This study failed,

however, to observe an association between recipient age and
nerve regeneration in the transplanted cornea.

The density of the basal corneal epithelium in postkerato-
plasty corneas was reduced compared with those in the con-
trol group in the present study. Changes in the basal epithelial
cell morphology and increased cell area have previously been
noted by specular microscopy with the use of a contact lens to
view the epithelium.37 The high frequency of epithelial com-
plications, particularly in the first year after keratoplasty, sug-
gests abnormal epithelial function, and studies have identified
altered epithelial metabolism and barrier function for several
years after corneal transplantation.3,4 No correlation was ob-
served in the present study between time after penetrating
keratoplasty and basal epithelial cell density, in contrast to the
results of Imre et al.38 who found a reduction in epithelial cell
density between 15 months and 66 months after keratoplasty.

In the present study, keratocyte density was observed to be
significantly lower in the posttransplantation corneas than in
corneas in the control group. In vivo confocal microscopy has
enabled the imaging of keratocytes in living patients, but to
date only three published studies have examined keratocyte
density after penetrating keratoplasty, with conflicting re-
sults.5,38,39 Bourne et al.5 showed a reduction in keratocyte
density after transplantation at every level of the stroma. Ker-
atocyte density was not reduced with duration of time after
transplantation. Conversely, Mikek et al.39 found no difference
in keratocyte density between normal corneas and posttrans-
plantation corneas. Why keratocyte density is reduced in the
posttransplantation cornea is unclear. Increased apoptosis has
been noted in transplanted corneas, particularly at the wound
edge.40 Donor cells initially persist in the donor cornea but are
gradually replaced by host cells, though small subpopulations
of donor keratocytes may persist in the cornea up to 5 years
after transplantation.41–43 It is also possible that reduced ker-
atocyte density in the post keratoplasty cornea does not rep-
resent true loss of keratocytes but is instead the consequence
of either binomial expansion caused by edema (keratocytes are
conserved but are distributed in a larger volume) or optical
artifact (image quality degraded by edema).

Reduced endothelial cell density in the posttransplantation
cornea was identified in this study in correlation with time
after keratoplasty, previous rejection episodes, and previous
high IOP. In vivo confocal microscopy allows noninvasive
imaging of changes in endothelial morphology after transplan-
tation and may confer an advantage over specular microscopy
in the imaging of patients with significant corneal edema.44

The present study tends to support the observations of Bourne
et al.,5,45–47 who illustrated accelerated endothelial cell loss

FIGURE 2. Abnormal stromal nerve
regeneration after keratoplasty. (A)
Prolific regeneration of corneal stro-
mal nerves in the left eye 14 years
after corneal transplantation. (B)
Normal appearance of a stromal
nerve in right eye 17 years after trans-
plantation.
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over time in postgraft corneas (4.2% per year compared with
0.6% in healthy subjects and 2.5% in patients after cataract
surgery). The cause of accelerated endothelial cell loss after
penetrating keratoplasty was uncertain. An immunologic
mechanism has been suggested, and a study of endothelial cell
loss in autologous keratoplasty compared with homologous
keratoplasty showed lower endothelial cell loss in the autolo-
gous transplants.48 Furthermore, long-term increases in aque-
ous flare have been noted after keratoplasty, suggesting
chronic, subclinical inflammation.49 However, light and elec-
tron microscopy study of late endothelial failure provides no
evidence of immunologic reaction,50 and immunologic reac-
tion alone does not explain why accelerated loss of endothelial
cells is also observed, albeit to a lesser extent, in eyes after
cataract surgery.5

This study noted a correlation between endothelial cell
density and central corneal thickness. Despite this association,
however, many grafts with profoundly reduced endothelial cell
densities retain graft clarity and function, possibly because of
the concurrent reduction in intercellular spaces associated
with larger cell areas.6 Patients who experienced previous
corneal graft rejection had lower endothelial counts than those
with no history of graft rejection. Corneal graft rejection has
been associated with loss of endothelial cells,43,51 but the
degree of endothelial cell loss after graft rejection may be
increased in older recipients and with delay in diagnosis.51

BCVA was associated with astigmatism, but no correlation
was observed between BCVA and cell or innervation density.
However, this was a cross-sectional study representing a wide
range of visual acuity and time after penetrating keratoplasty.
The role, if any, of cell density and cell reflectivity on BCVA
might be further explored in a longitudinal study of corneal
transplantation.

In conclusion, in vivo confocal microscopy offers exciting
insight into microstructural changes in the posttransplantation
cornea. This study highlights a profound reduction in cell
density at every level of the transplanted cornea and alterations
to the subbasal plexus that are still apparent up to 40 years
after penetrating keratoplasty, which may have important im-
plications for corneal wound healing and the health of the
transplanted cornea. Further longitudinal studies are necessary
to investigate the role of these alterations in graft survival,
visual acuity, and postoperative complications.
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CASE REPORT

In Vivo Confocal Microscopy of Subepithelial Infiltrates
in Human Corneal Transplant Rejection

Rachael L. Niederer, BHB, MBChB, Trevor Sherwin, PhD, and

Charles N.J. McGhee, PhD, FRCS, FRCOphth

Purpose: Corneal allograft rejection is the leading cause of pene-

trating keratoplasty failure in the first year after surgery. We report

2 cases of subepithelial infiltrates in corneal transplant rejection

imaged by in vivo confocal microscopy.

Methods: Case report and review of relevant literature.

Results: Two subjects with subepithelial infiltrates in previously

clear penetrating corneal transplants were assessed. In vivo confocal

microscopy revealed focal accumulations of hyperreflective dendritic-

like particles, postulated to represent Langerhans cells, at the level of

the basal epithelium and Bowman membrane. Altered keratocytes with

visible cytoplasmic processes were observed posterior to these foci.

Conclusions: To our knowledge, these are the first reported cases of

in vivo confocal microscopy appearance of corneal allograft rejection in

humans. In vivo confocal microscopy may provide a valuable clinical

tool to aid in the diagnosis of early corneal transplant rejection and in the

differential diagnosis of other inflammatory conditions of the cornea.

Key Words: in vivo confocal microscopy, penetrating keratoplasty,

allograft rejection, subepithelial infiltrates, dendritic cells, Langer-

hans cells

(Cornea 2007;26:501–504)

Despite the relative success of corneal transplantation,
coupled with radical improvements in our understanding

of corneal biology and immunology over the last century,
corneal allograft rejection remains the leading cause of
penetrating keratoplasty failure in the first year after surgery.1

Until recently, studies of the cellular changes in corneal
graft rejection have been limited to animal models and
examination of corneal buttons from patients with a history of
graft rejection,2 and knowledge of the acute rejection response
in humans has yet to be fully elucidated. In vivo confocal
microscopy provides a new method for corneal examination
at high resolution3; however, to our knowledge, using a
MEDLINE search, there have been no published studies

reporting in vivo confocal microscopy appearance of corneal
graft rejection in humans. We report 2 cases of subepithelial
infiltrates with corneal transplant rejection that were imaged by
in vivo confocal microscopy.

MATERIALS AND METHODS
Both subjects were assessed through clinical history and

slit-lamp biomicroscopy. Central corneal thickness was mea-
sured using the Orbscan II slit-scanning elevation topography
system (Bausch & Lomb Surgical, Rochester, NY). Patients’
clinical notes were reviewed to determine indication for
corneal transplantation, date of operation, current medication,
and other postoperative complications.

After a detailed explanation of the procedure and written
informed consent, in vivo confocal microscopy was per-
formed using a laser scanning in vivo confocal microscope
[Heidelberg Retina Tomograph II Rostock Corneal Module
(RCM); Heidelberg Engineering, Heidelberg, Germany]. This
microscope uses a 670-nm red wavelength diode laser source.
A 603 objective water immersion lens with a numerical
aperture of 0.9 (Olympus, Tokyo, Japan) and a working
distance, relative to the applanating cap, of 0.0–3.0 mm was
used. The images produced using this lens are 400 3 400 mm,
and the manufacturer quotes the transverse resolution and
optical section thickness as 2 and 4 mm, respectively. The
RCM uses an entirely digital capture system.

The central cornea was examined in each subject. The
eye was anesthetized with 1 drop of 0.4% benoxinate hydro-
chloride (Chauvin Pharmaceutical, Surrey, UK). Viscotears
(Carbomer 980, 0.2%; Novartis, North Ryde, New South
Wales, Australia) was used as a coupling agent between the
applanating lens and the cornea. The patients 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 total duration
of in vivo confocal examination was ;2 minutes per eye. No
visual symptoms or corneal complications were experienced
as a result of the examination.

Qualitative and quantitative analysis was performed
using a caliper tool (analySIS 3.1; Soft Imaging System,
Münster, Germany).

RESULTS

Case 1
A 64-year-old white woman presented for routine outpatient

appointment 9 months after right penetrating keratoplasty for
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keratoconus. The patient had noted redness of the right eye, mild
discomfort, and blurred vision over the past week. On examination,
best-corrected visual acuity was 20/40 OD and 20/25 OS.

Case 2
A 56-year-old Fijian Indian man presented for a routine

outpatient appointment 9 months after right penetrating keratoplasty
for keratoconus. At presentation, he described a reduction in his
vision OD over the last 10 days, associated with moderate discomfort.
On examination, best-corrected visual acuity was count fingers at 1 m
OD, improving to 10/200 with pinhole, and 20/20 OS.

Slit-lamp Examination
Slit-lamp examination in both subjects revealed multiple sub-

epithelial infiltrates scattered throughout the donor cornea accom-
panied by mild perilimbal injection (Fig. 1). No such subepithelial
infiltrates were observed in the recipients’ cornea. There was mild
anterior chamber reaction with 1+ cells, but no vitreitis, and fundal
examinations were normal. Neither patient had a history of recent
upper respiratory tract infection or tender preauricular lymphade-
nopathy. Central corneal thickness was 642 mm in case 1 and 668 mm
in case 2 (increased from 572 mm 2 months before).

In Vivo Confocal Microscopy Examination
Both subjects exhibited an accumulation of hyperreflective

dendritic-like structures in the basal epithelium and at the level of
Bowman membrane (Figs. 2E, F). The density of these dendritic-like
structures was 338/mm2 in case 1 and 663/mm2 in case 2.

Anterior keratocytes appeared altered, with visible cytoplasmic
processes and hyperreflective intracellular granules (Figs. 2H, I).
Keratocytes in the posterior stroma appeared normal.

Small hyperreflective deposits (30–80 mm in diameter) were
observed on the posterior surface of the endothelium (Figs. 2N, O).
Because of the lack of cellular detail, these were presumed to
represent either pigment deposition or small groups of (degenerating)
lymphocytes on the basis of their size and the clinical examination.
Endothelial cell density was 1025 cells/mm2 in case 1 and 1517
cells/mm2 in case 2 (Figs. 2K, L, respectively).

Coincidentally, case 2 had also been scanned by in vivo confocal
microscopy 2 months before the reported rejection episode. At that time,
his endothelial cell density was 2233 cells/mm2, and he exhibited only
13 dendritic-like structures/mm2 at the level of Bowman membrane.

DISCUSSION
Subepithelial infiltrates (SEIs) were identified as a sign

of corneal graft rejection by Alldredge and Krachmer4 in 1978
and have been identified in 14%–51% of corneal allograft

rejections, occurring either in isolation or as part of an
endothelial or epithelial rejection.5 SEIs appear as white
infiltrates located in the anterior stroma, 0.2–0.5 mm in
diameter in the donor cornea, sparing the host cornea (unlike
adenoviral keratoconjunctivitis), and typically resolving
rapidly with topical corticosteroid treatment.4

In vivo confocal microscopy examination of the SEIs
showed a marked accumulation of hyperreflective dendritic-
like structures at the level of the basal epithelium and Bowman
membrane, postulated to represent Langerhans (dendritic-like)
cells. Langerhans cells are professional antigen-presenting
cells that play a pivotal role in the initiation of immune
response and in the induction of tolerance.6 Their presence in
the central cornea has been evidenced by Hamrah et al7 using
ex vivo confocal microscopy of immunohistochemically
labeled dendritic cells in the murine cornea. More recently,
Zhivov et al8 have used in vivo confocal microscopy (HRT II
Rostock Corneal Module) to document the presence of
dendritic-like structures at the level of the basal epithelium
and Bowman membrane in 31.3% of healthy volunteers with
a mean density of 34 6 3 cells/mm2 in the central cornea.8 An
increase in these dendritic-like structures has been observed in
patients with adenoviral SEIs and in SEIs occurring after laser
in situ keratomileusis (LASIK) surgery.9–11 From an immu-
nologic and clinical perspective, SEIs have long been thought
to be composed of white blood cells/lymphocytes; however,
despite careful confocal microscopy analysis, no such cells
were identified in these 2 cases. This might be caused by
obscuration of these cells secondary to keratocyte and stromal
changes or SEIs may largely be composed of dendritic cells.

Keratocytes posterior to the SEIs were altered in
appearance with increased visibility of the cytoplasm. These
keratocyte changes seem to be a nonspecific manifestation of
stromal inflammation, and similar changes have been observed
in corneal wound healing and inflammation.12 These cells have
been interpreted to represent ‘‘activated’’ keratocytes associ-
ated with the wound healing response.13

Case 2 was noted to have a significant reduction in
endothelial cell density in the 2 months between the first scan
and the rejection episode, despite lack of evidence of an active
endothelial rejection phenomenon. Bourne14 showed an
accelerated rate of endothelial cell loss in patients after
corneal transplant surgery (4.2% per year compared with
0.6% in normal subjects and 2.5% in patients after cataract

FIGURE 1. Subepithelial infiltrates in
the donor cornea of case 1 (arrows),
sparing the host cornea.
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surgery).14 Previous studies have observed an even greater
endothelial cell loss in patients with corneal graft rejection.15

The apparent decrease in endothelial cell density we report
might reflect a sampling artifact because truly identical areas
cannot be sampled, but it may also reflect ongoing, subclinical,
low-grade endothelial rejection.

In summary, these case reports represent the first
description of in vivo confocal microscopy appearance of
corneal graft rejection in humans. In vivo confocal microscopy
may aid in the fuller elucidation of the allograft rejection
mechanism and in the diagnosis of more difficult cases of
allograft rejection through visualization of cell changes in all

FIGURE 2. Slit-lamp photography of
normal cornea (A) and subepithelial
infiltrates in case 1 (B) and case 2 (C).
Confocal microscopy images crop-
ped to 250 3 250 mm showing the
appearance of the subbasal nerve
plexus (D–F), keratocytes (G–I),
endothelium (J–L), and hyperreflec-
tive deposits (M–O). Normal sub-
basal nerve plexus appearance (D)
shows healthy nerve fiber bundles.
E and F, Absence of nerve fibers and
accumulation of dendritic-like struc-
tures, thought to be Langerhans
cells, at the level of Bowman mem-
brane. Confocal microscopy of normal
keratocytes (G) shows prominent
keratocyte nuclei. In case 1 (H) and
case 2 (I), keratocytes are altered in
appearance with increased visibility
of the cytoplasm. Normal endothe-
lium (J) shows high cell density and
regular cell arrangement. Case 1 (K)
and case 2 (L) have lower endothelial
cell densities and a higher coeffi-
cient of variation. No hyperreflective
deposits are viewed in the normal
examination (M), whereas hyperre-
flective deposits 30–80 mm in diam-
eter are viewed in case 1 (N) and
case 2 (O), possibly representing
pigment deposition or small groups
of degenerating lymphocytes.
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corneal layers. In this study, the SEIs appeared to be composed
largely of dendritic-type cells.
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Laser Scanning In Vivo Confocal Analysis
of Keratocyte Density in Keratoconus

Judy Y. F. Ku, MBChB, Rachael L. Niederer, MBChB, Dipika V. Patel, PhD, MRCOphth,
Trevor Sherwin, PhD, Charles N. J. McGhee, PhD, FRCOphth

Purpose: Keratoconus is a form of progressive noninflammatory corneal ectasia. Although abnormalities
have been documented at every level of the keratoconic cornea, the exact underlying pathophysiologic process
remains unknown. This study aimed to determine the keratocyte density in human corneas with keratoconus
imaged by laser scanning in vivo confocal microscopy.

Design: Prospective cross-sectional study.
Participants: Thirty-six eyes of 26 subjects with keratoconus compared with 33 eyes of 33 control subjects.
Methods: Subjects were assessed via ophthalmic examination, computed topography, and laser scanning

in vivo confocal microscopy.
Main Outcome Measures: Anterior and posterior stromal keratocyte density.
Results: Mean age was 34.7�12.1 years in the control group, 38.4�11.0 years in the keratoconic with no

contact lens wear group, and 38.5�10.3 years in the keratoconic with contact lens wear group. No significant
difference was noted in age or gender between the groups. Mean keratocyte density in the control group was
786�244 cells/mm2 in the anterior stroma and 293�35 cells/mm2 in the posterior stroma. Anterior keratocyte
density was higher than posterior keratocyte density (P�0.001). Anterior keratocyte density was significantly
lower in contact lens-wearing keratoconic subjects in comparison with controls (463 vs. 786 cells/mm2;
P�0.001). Posterior keratocyte density was significantly lower in keratoconic subjects with no contact lens wear
(236 vs. 293 cells/mm2; P�0.001) and in keratoconic subjects with contact lens wear (208 vs. 293 cells/mm2;
P�0.001). In subjects with keratoconus, anterior keratocyte density correlated with central corneal thickness
(r � 0.426, P � 0.012) and inversely with steepest keratometry values (r � �0.383, P � 0.028).

Conclusions: Keratocyte density is significantly lower in subjects with keratoconus, and the decline in
keratocyte density correlates with indices of disease severity. In vivo confocal microscopy offers the opportunity
to study early microstructural changes in the keratoconic cornea. Ophthalmology 2007;xx:xxx © 2007 by the

ARTICLE  IN  PRESS
American Academy of Ophthalmology.
Keratoconus is a noninflammatory corneal ectasia in which
the cornea assumes a conical shape resulting from thinning
and protrusion.1 Abnormalities have been documented at
every level of the keratoconic cornea; however, despite
extensive investigation, the exact pathophysiologic pro-
cesses underlying keratoconus remain elusive.2 Keratoco-
nus is characterized by stromal thinning, most marked at the
apex of the cone.1 This loss of stromal thickness may be the
result of a loss of keratocytes, extracellular matrix, or both,
and investigators have noted an increase in keratocyte ap-
optosis in keratoconus, as well as an imbalance between
synthesis and activity of proteolytic enzymes in the corneal
stroma and their corresponding inhibitors.3,4
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Ex vivo studies of the progression of keratoconus are
rendered difficult because the primary source of keratoconic
tissue is corneal buttons removed for penetrating kerato-
plasty in subjects with advanced disease. A satisfactory
animal model of keratoconus has also yet to be identified. A
greater understanding of the microstructural changes in the
keratoconic cornea, particularly in the early stages, therefore
may aid in the elucidation of the underlying pathogenesis.

In vivo confocal microscopy has provided a new method
for corneal examination, allowing images to be obtained
through optical sectioning, with visualization of corneal
microstructure under more physiologic conditions than pre-
viously possible.5 Recently, the use of coherent light has
enabled production of a laser scanning in vivo confocal
microscope with improved contrast and higher image qual-
ity for the corneal stroma.6 The authors recently demon-
strated good repeatability and reproducibility for keratocyte
cell counts using a laser scanning in vivo confocal micro-
scope (repeatability 95% confidence intervals�9.87%; Hei-
delberg Retina Tomograph II Rostock Corneal Module
[RCM]; Heidelberg Engineering, GmBH, Heidelberg, Ger-
many),7 and the RCM has been used to observe changes in

keratocyte density after penetrating keratoplasty.8 The pri-

1ISSN 0161-6420/07/$–see front matter
doi:10.1016/j.ophtha.2007.04.067
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mary purpose of this study was to use laser scanning in vivo
confocal microscopy to examine keratocyte density in hu-
man corneas with keratoconus and to determine if this is
associated with severity of disease.

Patients and Methods

Subject Recruitment

Twenty-six subjects (36 eyes) with an established diagnosis of
keratoconus were recruited from subspecialist corneal clinics in
the Department of Ophthalmology, Auckland City Hospital. Slit-
lamp biomicroscopy was performed on all eyes, and each subject
exhibited one or more of the following clinical signs: central corneal
stromal thinning, Fleischer’s ring, Vogt’s striae, or Munson’s sign.1

No eyes had signs of corneal hydrops or scarring. Subjects with a
history of ocular trauma, ocular surgery, ocular disease (other than
keratoconus), or systemic diseases that may affect the cornea were
excluded from the study.

Thirty-three volunteers were recruited as a control group. Sub-
jects in the control group had no ocular pathologic features, no
contact lens wear, and no systemic disease that may affect the
cornea. All control subjects were examined by slit-lamp biomi-
croscopy, and their corneas were confirmed to be clinically nor-
mal. Only the left eye was included for analysis, except in 2
subjects with a history of ocular pathologic features in the left eye
whose right eyes were included in the analysis.

Written informed consent was obtained from all subjects after
a detailed explanation of the nature of the study. The protocol used
in this study received approval from the Auckland Ethics Com-
mittee and adhered to the tenets of the Declaration of Helsinki.

Subject Assessment

Subjects who routinely wore contact lenses were requested to
cease contact lens wear for 12 hours before examination. Orbscan
II slit-scanning elevation topography (Bausch & Lomb Surgical,
Rochester, NY) was performed to confirm the clinical diagnosis
and to classify further the severity of keratoconus. The modified
Rabinowitz-McDonnell test was used to confirm the diagnosis of
keratoconus, and the severity of keratoconus was classified accord-
ing to the steepest simulated keratometry reading on the keratometric
map (mild, �45 diopters [D]; moderate, 45–52 D; severe, �52 D).9

Laser scanning in vivo confocal microscopy subsequently was
performed on all subjects using the Heidelberg Retina Tomograph
II RCM. This microscope uses a 670-nm red wavelength diode
laser source. This is a class 1 laser system and thus, by definition,
does not pose any ocular safety hazard. However, to guarantee the
safety of the operator and subjects, the manufacturers imposed a
limit on the maximum period of exposure for subject and operator
of 3000 seconds (50 minutes) 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 the
images produced using this lens are 400�400 �m, and the man-
ufacturer quotes the transverse resolution and optical section thick-
ness as 2 �m and 4 �m, respectively. The RCM uses an entirely
digital capture system.

Each eye was anesthetised with 1 drop of 0.4% benoxinate
hydrochloride (Chauvin Pharmaceuticals, Surrey, United King-
dom). Viscotears (Carbomer 980, 0.2%; Novartis, North Ryde,
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

2

of the central cornea. The full thickness of the central cornea was
scanned using the device’s section mode. This mode enables
instantaneous imaging of a single area of the cornea at a desired
depth. The total duration of in vivo confocal examination was
approximately 2 minutes per eye, and none of the subjects expe-
rienced any visual symptoms or corneal complications as a result
of the examination.

Image Analysis
Anterior stroma was defined as the first 3 clear images (without
motion blur or compression lines) immediately posterior to Bow-
man’s membrane, and posterior stroma was defined as the first 3
clear images immediately anterior to Descemet’s membrane. An
experienced observer (JYFK) reviewed all scans, and a total of 6
frames per subject were selected for analysis. All frames were
randomized subsequently and were encoded by an independent
observer (DP).

Measurements were performed using a calliper tool (analySIS
3.1; Soft Imaging System, Münster, Germany). For all keratocyte
images, a standard frame size of 300�300 �m was selected. To
increase reliability, 2 masked examiners (JYFK and TS) manually
counted all distinct particles with clear cell borders (keratocytes or
keratocyte nuclei) within the predetermined area (0.06 mm2) to
calculate the keratocyte density (cells per square millimeter), and
the results for the 2 examiners were averaged. By convention,
particles crossing the boundary of the counting area were counted
only if they crossed the left or inferior boundaries. The interex-
aminer coefficient of variation was determined, and 20% of the
samples were recounted by 1 of the examiners (JYFK) to deter-
mine the intraexaminer variability.

Statistical Analysis
All values were entered into a Microsoft Excel database (Mi-
crosoft, Redmond, WA) and subsequently were imported into
statistical software for analysis. The GENMOD procedure of SAS
version 9.2 (SAS Institute, Inc., Cary, NC) was used for these
analyses. The subjects were divided into 3 groups for analysis:
controls, subjects with keratoconus and contact lens wear, and
subjects with keratoconus and no contact lens wear. The charac-
teristics of the 3 groups were compared with an analysis of
variance (with significant main effects investigated with Tukey’s
procedure) or the chi-square test and are presented as
mean�standard deviation or n (%), as appropriate. A general
estimating equations approach to observations nested within the
same individual was used to test for differences between groups.
Significant main effects were explored further using the post hoc
Tukey test. All tests were 2 tailed, and a P value �0.05 was
considered statistically significant.

Results

Twenty-six subjects (36 eyes) with keratoconus were included for
analysis and were compared with 33 normal volunteers (33 eyes).
Subjects with keratoconus were divided further into subjects with-
out contact lens wear (9 subjects, 12 eyes) and subjects with
contact lens wear (17 subjects, 24 eyes). In keratoconus subjects
with contact lens wear, 14 subjects (21 eyes) wore rigid gas
permeable lenses, 2 wore semiscleral lenses, and 1 wore soft
contact lenses. None of the control subjects wore contact lenses.
No significant difference was observed in subject age or gender
between the 3 groups (Table 1).

Central corneal thickness was highest in the control group and

lowest in the contact lens-wearing keratoconic subjects. The post



Ku et al � Keratocyte Density in Keratoconus
ARTICLE  IN  PRESS
hoc Tukey test showed that central corneal thickness was signifi-
cantly lower in keratoconic subjects with or without contact lens
wear in comparison with the controls (P�0.001). The steepest
simulated keratometry readings were lowest in the control group
and highest in the contact lens-wearing keratoconic subjects. The
post hoc Tukey test showed that keratometry was significantly
higher in the keratoconic subjects with no contact lens wear (P �
0.002) and in the contact lens-wearing keratoconic subjects
(P�0.001) in comparison with the controls.

In keratoconic subjects without contact lens wear, severity of
keratoconus, classified by the steepest simulated keratometry read-
ing on the keratometric map, was mild in 4 subjects (33%),
moderate in 6 subjects (50%), and severe in 2 subjects (17%). In
keratoconic subjects with contact lens wear, severity of keratoco-
nus was classified as mild in 1 subject (4%), moderate in 9 subjects
(38%), and severe in 14 subjects (58%). The chi-square test
showed a significant difference in the severity of keratoconus
between the 2 groups (P � 0.016). Central corneal thickness
correlated with the steepest keratometry reading in subjects with
keratoconus, with steeper corneas being thinner (r � �0.640;
P�0.001).

The quality of the in vivo confocal microscopy images was
good, and anterior and posterior stromal keratocyte density were
able to be calculated in all subjects (Fig 1). The intraexaminer
coefficient of variation was 5.2% and the interexaminer coefficient
of variation was 2.9%.

Mean cell densities in the anterior and posterior stroma are
reported in Table 2. There was a significant difference between
anterior and posterior stromal keratocyte density in the control
group (786 vs. 293 cells/mm2; P�0.001) and in the keratoconus
group without contact lens wear (662 vs. 236 cells/mm2; P�0.001)
and with contact lens wear (463 vs. 208 cells/mm2; P�0.001).
Anterior keratocyte density was observed to decline with age in the
control group (r � �0.364, P � 0.037, Pearson’s correlation). No
significant correlation was observed between age and posterior
keratocyte density in the control group. No association was ob-
served between anterior or posterior keratocyte density and subject
gender (P�0.05).

The post hoc Tukey test revealed no significant difference
between anterior keratocyte density in keratoconus subjects with-
out contact lens wear in comparison with control subjects (P �

Table 1. Descriptive Statistics

Control
Group (33
Subjects,
33 Eyes)

Keratoconus Group

P
Value*

No Contact
Lens Wear
(9 Subjects,

12 Eyes)

Contact
Lens Wear

(17 Subjects,
24 Eyes)

Gender
Male 15 (45%) 4 (44%) 10 (59%)
Female 18 (55%) 5 (56%) 7 (41%) 0.157

Age (yrs) 34.7�12.1 38.4�11.0 38.5�10.3 0.376
Range 19–60 22–52 21–61

CCT (�m) 533�44 462�48 421�62 �0.001
Steepest

keratometry (D)
43.8�1.5 48.4�4.2 52.5�5.6 �0.001

CCT � central corneal thickness.
Values reported as mean � standard deviation (to 3 significant figures) or
n (%) as appropriate.
*Gender compared between groups with the chi-square test. Age, CCT,
and mean keratometry compared between groups with analysis of variance.
0.189). Anterior keratocyte density in keratoconus subjects with
contact lens wear was significantly lower than control subjects
(P�0.001; Fig 2). Posterior stromal keratocyte density was signif-
icantly lower in keratoconus subjects with and without contact lens
wear (P�0.001, post hoc Tukey test) in comparison with control
subjects (Fig 3).

In subjects with keratoconus, anterior keratocyte density cor-
related with central corneal thickness (r � 0.426, P � 0.012) and
inversely correlated with higher keratometry readings (r �
�0.383, P � 0.028). A weak association was observed between
posterior stromal keratocyte density and higher keratometry
readings (r � 0.360, P � 0.040). No association was observed
between posterior keratocyte density and central corneal thick-
ness (P�0.05).

Discussion

This study used laser scanning in vivo confocal microscopy
to examine the keratocyte density in keratoconic corneas
with and without a history of contact lens wear, in compar-
ison with healthy controls. The RCM provided clear images
of the corneal stroma with good interobserver and intraob-
server reproducibility (2.9% and 5.2%, respectively), and
the exclusion of subjects with corneal scarring prevented
confounding of cell density assessment because of hyper-
reflectivity and poor image quality of the stromal layer, as
observed in previous in vivo confocal microscopy studies of
keratoconus.10–12 Comparison with 2-dimensional kerato-
cyte density calculated by other in vivo confocal micro-
scopes shows a slightly lower average cell density in the
anterior and posterior stroma with the RCM than that re-
ported with other machines, possibly because of the thinner
optical sections produced by the RCM.6–8,13,14 A decline
was observed in keratocyte density from anterior to poste-
rior stroma, and we also noted a decline in keratocyte
density with age, as reported in previous studies.15,16

Keratocytes have long been viewed as relatively quies-
cent cells, comprising the principal cells of the corneal
stroma and synthesising collagen fibrils and the extracellu-
lar matrix.17 More recently, advances in corneal refractive
surgery have led to a flourish in research interest in kerato-
cytes in an endeavor to understand better myopic shift,
corneal wound healing, and postsurgical haze. The outcome
of this research has been the realization that keratocytes are
highly active cells, comprising a complex interconnecting
network with an integral role in wound healing and the
maintenance of corneal health and transparency.17,18

Structural and functional changes have been observed in
the stromal keratocytes of subjects with keratoconus, and
several researchers have proposed a potential role for ker-
atocytes in the pathogenesis of keratoconus.1,2 Increased
keratocyte apoptosis has been observed in two thirds of
keratoconic corneas,3,19 possibly resulting in a decrease in
the total number of keratocytes, release of degradative en-
zymes, and loss of corneal stromal thickness over time.3,4

Three-dimensional keratocyte models constructed from se-
rial transmission electron micrographs of the keratoconic
stroma reveal activated keratocytes with an abundance of
rough endoplasmic reticulum in close apposition to breaks
in Bowman’s layer,20 and discrete incursions of anterior

keratocyte cell processes have been observed within breaks
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Figure 1. In vivo confocal microscopy images of the normal and keratoconic human cornea Obtained with the Heidelberg Retina Tomograph II Rostock
Corneal Module. Images 400�400 �m illustrating (A, B) the anterior and posterior stroma in control subjects, (C, D) keratoconus without contact lens
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(CL) wear, and (E, F) keratoconus with CL wear.
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in Bowman’s layer in association with epithelial invagina-
tions.21 Keratocytes in keratoconic corneas have elevated
levels of cathepsin B and G expression, particularly in the
anterior stroma, and keratocyte nuclei have been observed
wrapping around stromal nerve fibres in the vicinity of
breaks in Bowman’s layer.21,22

This study observed a lower keratocyte density in sub-
jects with keratoconus in comparison with age-matched
controls. The reduction in keratocyte density was significant
in the anterior stroma of keratoconic subjects with contact
lens wear and in the posterior stroma of keratoconic subjects
with or without contact lens wear. It is possible that the

Figure 2. Boxplot of anterior stromal keratocyte density measured by in
vivo confocal microscopy showing mean, interquartile range, and range.
Anterior keratocyte density in keratoconus subjects with contact lens
(CL) wear was significantly lower than that in control subjects (463 vs.
786 cells/mm2; P�0.001, post hoc Tukey test). No significant difference
was observed between anterior keratocyte density in keratoconus subjects
without CL wear in comparison with control subjects (662 vs. 786 cells/

Table 2. Anterior and Posterior Stromal Keratocyte Density

Control Group
(33 Subjects,

33 Eyes)

Keratoconus Group

P
Value*

No Contact
Lens Wear
(9 Subjects,

12 Eyes)

Contact
Lens Wear

(17 Subjects,
24 Eyes)

Anterior stromal
keratocyte density
(cells/mm2)

786�244 662�193 463�155 �0.001

Posterior stromal
keratocyte density
(cells/mm2)

293�35.3 236�32.6 208�48.4 �0.001

Values reported as mean � standard deviation (to 3 significant figures).
*Keratocyte density compared between groups with analysis of variance.
mm2; P � 0.189).
reduction in anterior stromal keratocyte density in noncon-
tact lens–wearing keratoconic subjects failed to reach sig-
nificance because of a relatively small sample size and greater
variation in anterior stromal keratocyte density, although larger
studies will be needed to investigate this further. Three previ-
ous studies have examined keratocyte density in keratoconus
with in vivo confocal microscopy.11,12,23 Erie et al23 con-
ducted a study of keratocyte density in 29 eyes of 19
subjects with keratoconus, compared with 29 eyes of 19
control subjects matched for contact lens wear and age.
They observed lower keratocyte density in the anterior and
posterior stroma of keratoconic subjects wearing contact
lenses. However, the subjects were not matched for type of
contact lens wear, with rigid gas permeable lenses more
common in the group with keratoconus. No reduction in
keratocyte density was observed in keratoconic subjects
who did not wear contact lenses. Hollingsworth et al11

examined keratocyte density in 29 eyes of 29 subjects with
keratoconus in comparison with historical control subjects.
Subjects were not matched for contact lens wear. Anterior
and posterior keratocyte density were 19% and 10% lower
than controls, respectively, although many images of the
corneal stroma were hazy and hyperreflective with poor
differentiation of the keratocyte nuclei, possibly associated
with corneal scarring. More recently, Uçakhan et al12 pub-
lished a study examining keratocyte density in 48 eyes of 24
subjects with keratoconus in comparison with 44 eyes of 22
control subjects demonstrating anterior and posterior ker-
atocyte density 19% and 22% lower than controls, respec-
tively. Subjects were not matched for contact lens wear.

Figure 3. Boxplot of posterior stromal keratocyte density measured by in
vivo confocal microscopy showing mean, interquartile range, and range.
Posterior stromal keratocyte density was significantly lower in keratoconus
subjects with (208 vs. 293 cells/mm2; P�0.001, post hoc Tukey test) and
without contact lens (CL) wear (236 vs. 293 cells/mm2; P�0.001, post hoc
Tukey test) in comparison with control subjects.
Images of the stroma were hazy and hyperreflective in
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29.2% of keratoconus subjects, correlating with the degree
of stromal scarring. The results of the current study strongly
support the observation that keratocyte density is reduced in
keratoconus and, importantly, provides the first evidence of a
reduction in keratocyte density in noncontact lens–wearing
subjects with keratoconus.

The effect of contact lenses on keratocyte density re-
mains unclear. Stromal morphologic features are altered
with long-term contact lens wear, with the appearance of
multiple small hyperreflective deposits in the stroma,
termed microdot deposits.24 Overnight soft contact lens
wear has been associated with an apparent reduction in
keratocyte density (21% reduction compared with 10% in
controls) associated with corneal edema (12% compared
with 2% in controls), although these changes have been
postulated to result from a combination of volumetric tissue
expansion and a reduction in image contrast.25 Subsequent
studies of long-term soft contact lens and rigid gas perme-
able contact lens wearers have not revealed any significant
difference in anterior or posterior keratocyte density in
comparison with controls.26,27 The significant difference in
severity of keratoconus as classified by steepest keratometry
and central corneal thickness between keratoconic subjects
with and without contact lens wear raises the possibility that
the differences between the 2 groups may be the result of
the severity of keratoconus, as opposed to contact lens wear
per se.

This study observed a significantly lower anterior and
posterior keratocyte density in subjects with keratoconus,
and the decline in anterior keratocyte density correlated
with indices of disease severity (central corneal thickness
and steepest keratometry values). In vivo confocal micros-
copy offers the exciting opportunity to study early micro-
structural changes in the keratoconic cornea and may aid
researchers in traversing the distance between clinical ob-
servations and laboratory studies.
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