
The 2014 Bowman
Lecture—Bowman’s
and Bruch’s: a tale of
two membranes
during the laser
revolution

J Marshall

Abstract

To describe the historical evolution of the

role of lasers in effecting therapeutic

changes in the four acellular membranes of

the eye. Over the past 50 years, iterative

developments have been instituted in lasers

used for various forms of eye surgery

predominately on the basis of data generated

in early experiments in the 1960s to

determine thresholds for damage and their

incorporation in codes of practice for laser

safety. The evolutionary steps are described.

Excimer laser technology resulted in the

generation of the new field of laser refractive

surgery with over 40 million individuals

now having undergone procedures such as

photorefractive keratectomy and LASIK.

Developments in lasers used for various

forms of retinal surgery have undergone

changes involving shorter and shorter pulse

durations together with changes in beam

energy distribution with implications

for potential intervention in AMD

prophylactically. Lasers have made a major

impact on surgical treatment on all four

acellular membranes of the eye but

particularly Bowman’s membrane in refractive

surgery, where it has been demonstrated that

it can be removed without significant

consequences for eye health or vision.
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In February 1840, William Bowman qualified as

a doctor, and 1 year later, at the remarkably

young age of 25 years, he was elected a Fellow

of the Royal Society for his seminal work on

striated muscle; however, he had to wait a

further 6 years (1846) to be appointed assistant

surgeon at the Royal London Ophthalmic

Hospital (Moorfields Eye Hospital) becoming a

surgeon at the institution in 1851. His

contributions to medicine were rewarded with a

Baronetcy in 1884. It should be remembered,

however, that he was an extremely modest and

humble man who throughout his life never used

the eponymous labels associated with his many

discoveries preferring Malpighi capsule for

glomerular capsule (Bowman’s capsule); radial

fibres of the ciliary muscle (Bowman’s muscle);

the glands in the olfactory mucosa (Bowman’s

glands); and anterior elastic membrane for

Bowman’s membrane. In 1883, the Council of

the Ophthalmic Society of the United Kingdom

honoured its founder Sir William Bowman by

inaugurating the Bowman lectures in

recognition of his distinguished scientific

position in Ophthalmology and other branches

of medicine and in commemoration of his

valuable services to the Ophthalmological

Society, of which he was the first President. The

Bowman lecturers were charged with delivering

a lecture, which should consist of a critical

review of recent advances in a given field of

Ophthalmology. My predecessors have

expounded in detail on the many and varied

contributions made to our understanding of

tissues by William Bowman and also his role in

developing Ophthalmology in the United

Kingdom.1,2 I was therefore particularly

honoured and somewhat intimidated on being

asked to deliver the 65th lecture in this series as

I am not an ophthalmologist. Like almost all of

the previous lecturers, I decided to look

backwards before going forwards. Bowman

interacted with the elite of Victorian society; he

was a contemporary of Dickens, corresponded

with Darwin over organisational matters

concerning the 1851 great exhibition, and with
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Florence Nightingale over the passage of nurses to

Scutari in the Crimea. It should be remembered,

however, that the vast majority of people within the

United Kingdom lived a very different life in a very

different environment. The plight of the poor is amply

described by Dickens in his many novels,3 and the

seminal works of Mayhew such as ‘London Labour and

London Poor’.4 These moving descriptions are supported

by the graphical if depressing and threatening

illustrations of Gustaf Dore in his work ‘London: A

pilgrimage’.5 I claim a tenuous link with history in that

Bowman helped Florence Nightingale at a time when her

endeavours to alleviate the suffering of British soldiers

were not looked upon with favour by the British

Government.6 At the age of 4 years, Sir Harold Ridley sat

upon the lap of Florence Nightingale and presumably

she was kind to him. Sir Harold was certainly kind to me

when I was feeling particularly bruised by peers who

thought that changing the properties of the optical zone

of the cornea was as dangerous, and possibly even more

unpopular, than his own concept of introducing a plastic

lens into the eye subsequent to cataract surgery. At a bar

in Torquay he asked me why I was looking so depressed

and when I told him it was because of peer criticism,

he said ‘I have been through that my boy and the only

way to deal with such ill informed critics is to live

longer than them’. I am forever grateful to him for his

advice and for providing this somewhat tenuous link to

Bowman. As the 65th Bowman lecturer, I would

first like to draw attention to all my predecessors

(Figure 1). This is an incredible group of people,

including 2 peers of the realm, 8 knights, and 28

professors, a truly humbling alumni and certainly one

representing the greats of ophthalmology. In the face of

this array, I felt a little like Sydney Carton on proceeding

to the guillotine in ‘A Tale of Two Cities’ and to amend

his famous statement, ‘It is a far, far better thing that I

HOPE I do, than I have ever done’.7 Hence, the title of

my lecture.

My chosen subject brings together my interest in two

remote structures in the eye together with a technology,

which has had a major impact throughout the globe,

lasers. It would also appear to be the first Bowman’s

lecture to spend a significant amount of time describing

research on Bowman’s membrane, although I have to

confess my contribution has been essentially to destroy it.

In the past, the acellular membranes of the eye, the so-

called ‘glass membranes’,8 have received scant attention

from clinicians but have promulgated lengthy and

heated discussion by anatomists and histopathologists.

Moving from the front of the eye to the back, these four

membrane systems are Bowman’s membrane,

Descemet’s membrane, the capsule of the lens, and

Bruch’s membrane (Figure 2). Bowman’s and Bruch’s

could be considered as the tendons of the eye as they

provide incredibly strong structures deformable only

within certain elastic limits and effectively run around

the circumference of the globe. Together these two

systems provide a biomechanical infrastructure to allow

for the containment of intraocular pressure, pressure

fluctuations due to cardiac cycle, the dissipation of forces

implicit in accommodation, and tensional changes

induced by the contraction and relaxation of extraocular

muscles.

In a review of the literature, it seems that Bowman

remains unchallenged in describing his membrane in a

paper published in 1847.9 By contrast, Descemet’s

membrane has several claimants for discovery and was

first described in a paper by an Englishman, Benedict

Duddell in 172910 some 30 years before the publication of

Jean Descemet in 1759.11 Although Duddell seems to

have been ignored by Descemet, there was a great deal of

controversy as to whose name should be apportioned

to the membrane from another Frenchman, Pierre

Demours, who published in 1767.12 Perhaps, we should

take a typically unBritish stance and rename this

membrane Duddell’s membrane. The lens capsule

remains unburdened by an eponymous label and

various individuals seem to have discovered or alluded

to it over many years. The first is in a manuscript by

Rufus of Ephesus in 100AD,13 followed by Christoforus

Scheiner in the 1500s,14 Anthony van Leeuwenhoek in

the 1600s, and Johann Gottfried Zinn15 in the 1700s.

Bruch was also lucky in having no real contenders

for previously describing his membrane as although

the Polish anatomist Frederick Ruysch described

a system called tunica Reischiana,16 this was a

composite structure almost certainly involving

pigment epithelium, what we now call Bruch’s

membrane17 and a significant portion of the choroidal

vasculature.

All of these membranes have in common the presence

of collagen, which provides their rigidity. In Bowman’s

membrane, the collagen fibrils are extremely small in

diameter (24–27 nm) and highly interwoven before

interacting with the basement membrane of the corneal

epithelium anteriorly and the larger diameter collagen

fibres (32–36 nm) within the lamellae of the stroma

anteriorly.18 By contrast, there are two layers of collagen

within Bruch’s membrane, which are separated by a

layer of elastin (Figure 3).19 The inner collagenous layer is

adjacent to the basement membrane of the retinal

pigment epithelium, whereas the outer collagenous layer

is associated with the basement membrane of the

endothelial cells of the choriocapillaris and runs into the

intercapillary columns. With age most acellular

membranes increase in thickness and this is certainly the

case for all such membranes within the eye,18,19 with the
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Figure 1 Illustrations of all 64 Bowman lecturers between 1885 and 2012 are shown as follows: 1885—Sir Jonathan Hutchinson,
1886—J Hughlings Jackson, 1887—Professor Wilhelm Von Zehender, 1888—Henry Power, 1889—Henry R Swanzy, 1890—Professor
Edmund H Grut, 1891—John W Hulke, 1892—Professor Theodor Leber, 1893—T Pridgin Teale, 1895—WR Gowers, 1896—Professor H
Snellen, 1898—Priestly Smith, 1900—R Marcus Gunn, 1902—Professor Ernst Fuchs, 1905—Sir FW Mott, 1907—Professor Theodor
Sattler, 1909—Edward Nettleship, 1911—Professor Edmund Landolt, 1914—Professor W Uhthoff, 1917—Sir George Berry, 1919—V
Morax, 1921—E Treacher Collins, 1923—GE de Schweinitz, 1925—Sir John Parsons, 1928—G Elliot Smith, 1930—Sir Arthur Keith,
1932—J Van der Hoeve, 1935—CH Usher, 1939—Professor H Weve, 1946—Arnold Knapp, 1948—Professor Marc Amsler, 1951—Sir
Henry Dale, 1953—Sir Geoffrey Jeffeson, 1955—John H Dunnington, 1957—Sir Stewart Duke-Elder, 1959—Professor Louis Paufique,
1961—Professor Ida Mann, 1962—Lord Brain, 1964—Lord Cohen of Birkenhead, 1965—Professor Norman Ashton, 1967—Professor
Michael J Hogan, 1969—Professor Sir George Pickering, 1971—Professor Algernon Reese, 1973—Professor Hans Goldmann, 1975—
Professor Barrie Jones, 1977—Professor D Whitteridge, 1979—Professor Hugh Davson, 1980—Lorenz E. Zimmermann, 1982—Richard
W Young, 1984—Carl Kupfer, 1986—Wallace S Foulds, 1988—Gunter von Noorden, 1990—John L Pearce, 1992—Stephen M Drance,
1994—Professor GOH Naumann, 1996—Michael Sanders, 1999—Professor Desmond Archer, 2000—Professor David Easty, 2002—
Professor Alan Bird, 2004—Professor David Taylor, 2006—Professor Alistair Fielder, 2008—Professor Roger Hitchings, 2010—Professor
Brenda Gallie, and 2012—Professor John Forrester.
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possible exception of a recent report suggesting that

Bowman’s layer thins,20 although the resolution of the

technique is questionable. The underlying causes of age-

related changes in Bruch’s membrane and their

implications for age-related retinal disease will be

discussed later. Each of the four acellular membranes

have become targets for surgical intervention using

lasers.

The laser revolution was really initiated as a theoretical

postulation by Albert Einstein in 1917,21 but he thought it

a trivial component of his theory of relativity.

Interestingly, Einstein had a problem unbeknown to him

initiated by the then chairman of the Nobel Prize

committee an ophthalmologist, Alvar Gulstrand.

Gulstrand considered Einstein’s work on relativity to be

of questionable value and it was not until another

Scandinavian and Nobel laureate, Neils Bohr took up

Einstein’s case and pressurised the committee to award a

Nobel Prize to Einstein. Such however was the power of

Gulstrand that Einstein’s prize was not for relativity but

for creating the photoelectric cell. The obvious moral of

this story is do not upset important ophthalmologists.

Einstein’s theoretical concept was first demonstrated

practically in the microwave region of the

electromagnetic spectrum with the creation of the Maser

(microwave amplification by stimulated emission of

radiation) by Charles Townes in 1955,22 who received his

Nobel Prize in 1964. The first laser was demonstrated in

1960 by Theodore Maiman,23 who also received his

Nobel Prize in 1964 and the first eye exposure occurred

in 1961.24

I was approached in 1965 with the possibility of

pursuing a PhD on laser damage to the retina funded by

the Royal Air Force and located jointly between the

Institute of Ophthalmology in Judd Street and the

Institute of Aviation Medicine in Farnborough, Hants.

You can imagine the excitement of a newly graduated

student who had just watched the film ‘Goldfinger’ being

offered the possibility to work with a totally new

technology funded by the then seemingly bottomless pit

of Defence money. My brief was to determine safety

limits, which would enable aircrew and other members

of the Armed Forces to be protected from a weapon

system that at the time did not exist but which could be

imagined. I was lucky enough to have a wonderful tutor

in Kit Pedler, a unique individual who had qualified in

medicine and pathology before becoming an anatomist.

In any Google search he will be found as an author and

as the person who invented the Cybermen for Doctor

Who. Having got the job Kit said to me ‘if you need any

help in the next three years come and see me’. Such were

PhD’s in the early 1960s and it was a great training with a

really wonderful and creative scientist.

Figure 3 Light microscopy of the human cornea and retina.
(a and b) The locations of Bowman’s (a1) and Bruch’s (a2)
membranes seen in a higher power in (c and d), respectively.
Transmission electron micrographs of Bowman’s (e) and Bruch’s
(f) showing the basement membrane of the corneal epithelium
(b1) overlying a fine matrix of collagen fibrils in (e), while the
basement membranes of retinal pigment epithelium (b2) and the
endothelial cells of the choriocapillaris (b3) are seen in (f). The
inner and outer layers of Bruch’s membrane are labelled 1 and 2,
respectively, and are separated by the elastin layer El in (f).

Figure 2 Illustration of the locations and discoverers of the
acellular membranes of the eye.
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After 3 years of intense research, the project ended

with a very clear understanding of the ways in which

laser beams interacted with biological tissue,

interrelationships between wavelength, pulse duration,

energy and spot size, and the mechanisms by which such

exposures damaged ocular tissues in particular.25–30

These data are incorporated in various codes of practice

throughout the world and resulted in me sitting on most

of the committees of various institutions responsible for

protecting individuals against various forms of non-

ionising radiation.31 At the same time, the understanding

derived from such mechanisms allowed the framework

for the development of various novel laser-based forms

of therapy. One unsatisfactory development was that the

figures generated by my research were also useful in the

development of antipersonnel laser weapons. When I

became aware of these developments, I worked

diligently with the International Committee of the Red

Cross to initiate a Geneva Convention banning the

manufacture, distribution, and use of blinding laser

weapons.32 I addressed the United Nations on the subject

and we were very pleased that the Geneva Convention

was created banning the manufacture, distribution and

deployment of antipersonnel laser weapons.

Unfortunately, such is the importance of lasers and

optical systems on the modern battlefield that

individuals will still be at risk because such devices as

target illuminators and rangefinders operate at energy

levels, which will result in blinding injuries.32 However,

as such devices are not specifically designed to blind,

they are outside the scope of the convention.

In the 1970s and 1980s, much work was carried out

improving lasers for treating retinal vascular diseases

and together with the Moorfields group I was party to

removing the 488 nm line of argon lasers, thereby

removing the potential for collateral damage because of

absorption of the blue radiation in the luteal pigment.33

Work also showed the limited importance of wavelength

in trying to produce specific damage to the retina and to

some extent reduced the need for the then novel Dye

lasers.34 Studies at this time demonstrated that pulse

duration was much more important in terms of limiting

laser damage to a specific retinal layer, and this will be

discussed later.35 Perhaps, one further important advent

was the introduction of Diode lasers, which significantly

reduced the cost and size of clinical devices.36 For the

most part any laser whose wavelength rendered it suitable

for retinal treatment could also be used to irradiate

pigmented tissues in the anterior eye in an attempt to

initiate therapeutic processes. In the late 1960s, work had

been undertaken using Ruby lasers to induce iridotomies

in the treatment of acute closed-angle glaucoma,37 and

some attempts had been made to irradiate the trabecular

meshwork for chronic open-angle glaucoma.38

By the late 1970s and early 1980s, extensive research

had been carried out to determine which wavelengths

were available to target specific areas of the globe.35

In summary, ultraviolet radiation was divided into three

wavebands, A, B, and C, as also was infrared, and

between them fell a single waveband, visible. These

somewhat artificial divisions grouped together

radiations, which induce similar biological reactions

within a given wave band, but which were different from

those in other wavebands (Figure 4). In the ultraviolet,

there was a somewhat simplistic concept that UVA was

all right, UVB burned, and UVC killed. This came about

because UVA grouped together the wavelengths that

were associated with sun tanning and were therefore

deemed to be all right. We now know that UVA should

stand for ageing as the wavelengths in this waveband are

implicit in the ageing of the skin. UVB grouped together

the components of ultraviolent responsible for that which

we describe as sun burning, while UVC, up until this

time, was used predominantly to kill bacteria. Given my

background in laser safety, I was inspecting many

industrial sites including some concerned with high-

resolution lithography using ultraviolet C, Excimer

lasers. I was amazed at the way in which such lasers

could ablate material with amazing precision and

immediately thought of the possibility of using such

systems on the cornea. I filed patents39 while my dear

friend and colleague Stephen Trokel thought of

publication and produced the first paper showing the

effects of Excimer laser radiation on the cornea in 1983.40

There followed several years of active collaboration

between us and many publications, which highlighted

the potential of a laser system emitting at 193 nm for

refractive surgery.41–43

In Excimer lasers, atoms of inert gases are forced to

combine transitorily with halogen atoms under high

pressure and huge electrical voltages. The combination of

argon and fluorine atoms under such circumstances

results in a high-energy particle, which is unstable and

wants to revert to its component parts as quickly as

possible. The photons emitted by this uncoupling have

an energy of 6.4 eV and a wavelength of 193 nm. Most

biological tissues have bonding energies holding carbon

atoms together in the order of 3 eV. If such systems are hit

by photons from an argon fluoride laser, then the

molecular components of the target are uncoupled.

At 193 nm the penetration depth of these high-energy

particles is in the order of 0.2–0.25 mm. Therefore, on

irradiation each laser pulse ablates tissue over the entire

irradiated area to this depth.

Initially my peers thought to use such systems to carry

out radial keratotomy but with infinite control of

incision/ablation depth. However, Excimer lasers were

unique in that they had very large beam profiles,
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typically 10 mm2, and they did not have to be focused to

produce sufficient photon energy to induce a change in

tissue, as every photon in the beam could by itself

produce a change. As a consequence, my own thoughts

and those of Trokel were to use large beams to reprofile

the curvature of the cornea. Initially, this was to be

achieved by firing the laser through a progressively

opening iris diaphragm, thus cutting a stepped ‘Greek

amphitheatre’-like ablation onto the target surface43

(Figure 5). We called this procedure photorefractive

keratectomy (PRK). We presented our initial results at the

‘First International Workshop on Corneal Laser Surgery’

in Berlin in 1980, which we organised with Theo Seiler

(Figure 6). At the time we received huge criticism for

even considering the concept of interfering with the

optical zone of the cornea. At the forefront of these

criticisms was the sanctity of Bowman’s membrane.

We should not interfere with this because ‘it was the

repository of the elastic memory of the cornea; it was the

only way in which a smooth border could be maintained

for the corneal epithelium; it was a barrier to diffusion

and it was a barrier to infection’—touch this at your peril!

Mindful of such criticisms, a first requirement was to

determine the relationship between how much tissue

was required to be removed and over what area for any

given induced dioptric correction. This resulted in a

paper, of which I was an author, referred to as the

Munnerlyn equation, which was turned down by every

major ophthalmology journal for 3 years before being

published and acquiring a very high citation index.44

Using this equation demonstrated that corrections could

be made up to 3 D without totally ablating Bowman’s

membrane, provided a small optical zone was used

(3–4 mm) (Figure 7). This was the reason that the earliest

trials were carried out with small beam diameters, not as

revisionist history states because lasers in the early days

had small beams. Clinical studies demonstrated that

concern about Bowman’s membrane was unnecessary

because the concepts thought to underlie its functions

were erroneous and the surface created by the ablation

procedure was sufficiently smooth that the regrowth of

epithelium was regular (Figure 7). It should also be

remembered that very few species actually possess a

Bowman’s layer.

The early clinical procedure, termed PRK,43 went

through a number of trials and iterations of algorithms

and after 10 years of experience throughout the world

finally received approval from the US Food and Drug

Administration in October 1995. Continuous

improvement in laser design and algorithms

demonstrated that PRK was safe and predictable and

could address both spherical and astimatic errors.

Figure 4 Schematic showing the somewhat arbitrary subdivi-
sion of optical radiation into seven wavebands, which separate
the radiations into wave breaks within which roughly similar
biological effects are elicited, but between the wave breaks
effects differ. Ultraviolet (UV) effects are limited to the cornea
and lens as a result of their transmission, while visible and
infrared (IR) have the potential of reaching the retina and as
such are designated the ‘retinal hazard zone’, which extends
from 400 to 1400 nm.

Figure 5 Light and scanning electron micrographs showing the
principle of controlled ablation to change the curvature of a
substrate. In the light micrograph (a) and the scanning electron
micrograph (b), an Excimer laser was directed through a
progressively opening aperture (an iris diaphragm) and as a
result progressively ablated different areas with the resultant
step structure in the surface. By driving such an aperture with a
motor under control of a computer, smooth curved surfaces
could be produced and are demonstrated in (c).
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The original large beams slowly gave way to systems

using computer-controlled flying spots, thus allowing the

most complex wave or topography-guided profiles to be

ablated. In its earliest iterations, three undesirable

observations were made in association with PRK. First,

the original small beam profiles resulted in some

disturbances, particularly with driving at night, because

of the creation of a myopic blur circle. Such

complications disappeared with the use of larger beams

and blended edge profiles.45,46 Second, some patients

showed a transitory loss of corneal transparency, termed

haze. Trials were carried out using steroids and non-

steroidal anti-inflammatories and more recently

mitomycin C. Extensive studies of the causes of haze

demonstrated that it resulted from simultaneous injury

to the corneal epithelium and underlying stromal

keratocytes.47 Haze was only a problem in a small

percentage of patients and fortunately resolved without

medication in a matter of weeks or months in most cases.

Control trails demonstrated that while steroids had a

marginal effect during the period of application, no

significant differences were observed between treatment

and controls within 3 months of cessation of treatment.48

The third ‘complication’ was patients complaining of

pain because of the removal of the corneal epithelium for

the first 8 to 10 h after cessation of the action of the topical

anaesthetic applied before the procedure.49 Research

demonstrated that if patients were provided with single

drop minims of topical anaesthetic sufficient to suppress

the pain sensation for 8 h, complaints were reduced

significantly.

I have to confess that my concept for PRK was to

minimise the role of the surgeon. I realise that it is not

completely comparable, but it is significant that the vast

majority of accidents involving aircraft are caused by

human error rather than system error. In creating this

new form of refractive surgery, my thought was that the

surgeon’s major role was deciding which patient should

not have the procedure. Once a patient had been

accepted, their refractive information was entered into

the computer controlling the laser, and the surgeon’s

Figure 6 Photograph of the attendees of the First International
Workshop on Corneal Laser Surgery in Berlin organised by Steve
Trokel (1), Theo Seiler (2), and myself (3). This meeting brought
together physicists engineers and a relatively small number of
ophthalmologist’s, but was the beginning of a new era in
refractive surgery as it was here that I first presented large area
ablation and effectively brought an end to the era of radial
incisions.

Figure 7 (a) A graphical illustration of the relationship between
the depth of ablation required for a given ablation diameter to
generate a given dioptric correction. This relationship known as
the Munnerlyn formula demonstrated that for very small beam
diameters corrections up to � 2.5 D could be achieved without
completely ablating through Bowman’s membrane (shown in
yellow). Attempts to preserve Bowman’s membrane in the
earliest studies resulted in the use of small beam diameters, but
these were rapidly abandoned after extensive laboratory studies
showed that the preservation of the membrane was not essential.
The postoperative uniformity of the corneal epithelium is
demonstrated in a human cornea several weeks after surgery
in (c), which compares favourably with an unablated area of the
same cornea shown in (b).
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final role was to position the patient’s eye under the

system and then press the foot pedal. This simplicity

obviously appealed to optometrists and in the United

States at least three states had given permission for

optometrists to carry out PRK. This was obviously of

some concern to US ophthalmologists who had waited 10

years to carry out such refractive surgery. They therefore

welcomed the advent of LASIK pioneered by Lucio

Barrarto50 and Ionis Palikaris,51 which involved cutting

and lifting a flap of corneal stroma, thereby preserving

epithelium on a base of Bowman’s layer. This was

originally conceived as a way of extending the range of

refractive corrections, which it failed to do, but was later

promulgated as a means of avoiding haze and pain,

which it did. LASIK was a surgery and therefore could

not be undertaken by optometrists, and it was primarily

for this reason that LASIK became the procedure of

choice in the United States. Today, both PRK and LASIK

are performed with different groups extolling the

different virtues of these two procedures.52

My major concern about LASIK was not so much that

an element of surgical skill with attendant potential risks

had been introduced into the technique, but that cutting

a flap in essentially normal corneas would alter the

biomechanics of the globe. Any engineer would attest to

the fact that removing substance from a component of

the wall of a pressure vessel, and one exposed to

constant flex, would increase the rate of fatigue and bring

forward the date of ultimate failure. To this end, I worked

with a mechanical engineering colleague, John Tyrer,

Professor of Mechanical Engineering at Loughborough,

to devise systems for measuring corneal strength.

The Loughborough group had a huge experience of

interferometry measuring the strengths of bridges

throughout the United Kingdom. Victorian bridges built

from 1840 onwards were designed for horses and carts,

but today carry 40 ton trucks. By contrast, the bridges of

the motorway building era of the 1960s are suffering

from ‘concrete cancer’ and are in danger of collapse, for

example, the Hammersmith Flyover. The Loughborough

group have used a noninvasive optical technique using

laser interferometry to produce strain maps of the

bridges with and without loads, thereby identifying

potential weaknesses.53 The same techniques have been

used in the assessment of aircraft tyres.54 In radial tyres,

the essential strengthening component is steel wires in a

rubber matrix. This is in many ways analogous to the

corneal stroma whereby collagen fibrils run in a

glycosaminoglycans (GAGs) matrix and the mathematics

required to analyse the strain maps have similarities.

These studies demonstrated that first there was a natural

age-related stiffening of the cornea induced by

progressive crosslinking associated with collagen55

(Figure 8). Second, rigidity in the cornea was

heterogeneous with the outer layers being more rigid

than the inner layers.56 Typically, Bowman’s layer was

the strongest followed by the anterior third of the cornea,

while little strength was implicit in the posterior two-

thirds. Third, the flap created in LASIK weakened the

cornea and the magnitude was related to the depth of the

incision.57 Empirical studies on human cadaver corneas

also demonstrated that the bed of the flap or

delamination of the lamellae alone had little or no effect

on corneal strength. By contrast, the edge cuts alone, that

is, down through the lamellae weaken the cornea as

much as a full LASIK procedure.58 In the early days of

LASIK, flaps were typically created at 140–160 mm depth.

At such depths, between 25 and 30% of the corneal

strength was lost and this was never to be recovered.

Replacement of the flap and subsequent wound healing

Figure 8 Graphs showing the change in elasticity as a function of age in the cornea (a) and Bruch’s membrane (b). In the cornea, the
change is measured in terms of Young’s modulus of elasticity as it is thought to reflect changes in the bond structure of the tissue with
age, particularly the collagen. The reversal of the slope seen in (b) is as a consequence of measuring elastic moduli and not Young’s
modulus (open circles). In the retina, it was possible to use a fluorescent technique to determine quantitatively the decrease in the
number of fluorescent SH bonds, which are flexible and gave a measure of the non-fluorescent rigid SS bonds (closed circles).
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did not result in any fibres crossing the line of the

incision and flaps can be lifted many years after surgery.

These findings led to a movement towards thinner and

thinner flaps.59 At 100 mm, flaps still reduced corneal

strength but only by around 10% and thin flaps are now

the norm.

Increasing concern about weakening corneal strength

has led to two further developments, interstromal

lenticular removal and crosslinking. In the former, for

example, small incision lenticular extraction (SMILE), a

femtosecond laser cuts a predetermined refractive

element in the corneal stroma and this is extracted via an

access channel.60 In this technique, because most of the

anterior stroma and Bowman’s membrane are preserved

and only a small channel is cut down through the

superficial layers to extract the lenticule, biomechanical

disturbances are thought to be minimal, although still

present.

The concept of crosslinking was introduced by Theo

Seiler,61 who showed that soaking the cornea with

riboflavin for 30 min followed by 30 min exposure to

ultraviolet radiation (370 nm) at 3 mJ/cm2 increased

corneal rigidity in patients with Keratoconus. Using

interferometry we were able to verify in human corneas

in vitro that rigidity was increased by three to four

times.62 Biological tissues absorb energy not power and

within a given time domain there is a reprocity, so we

introduced a regime whereby corneas had a brief

exposure to riboflavin, 1–6 min followed by 3 min

exposure to ultraviolet radiation at 30 mW/cm2. This

accelerated exposure technique delivered the same

energy to the cornea as the 3 mW for 30 min and

produced identical biomechanical results, but obviously

significantly reduced treatment times. Given that 100% of

LASIK eyes were weakened by the procedure and that

100% of crosslinked eye are strengthened, a new

technique was proposed termed LASIK Xtra whereby

after lifting the flap and carrying out the laser exposure

the surface of the bed was flushed with riboflavin for

1 min, rinsed, the flap replaced, and then the eye exposed

to UV radiation at 30 mW/cm2 for 1 min.63 To date, this

procedure has resulted in a further reduced scatter of

intended vs achieved corrections and has allowed a

significant increase in range of corrections attempted.

Presumably, these observations relate to increased

rigidity in the postoperative site and a transient increase

in the stability of the flap interface. However, a more

exciting development of crosslinking is the potential to

topographically crosslink corneas using complex

algorithms developed from biomechanical

measurements.64 Such procedures are now being

undertaken with promising results and the advantage

that for the first time a refractive surgical procedure may

be undertaken without any weakening as a result of

cutting tissues.65 Crosslinking actually strengthens the

corrected eye. It also has the potential of being carried

out without endothelial removal and therefore without

pain. It is of interest that 95% of myopes in the United

Kingdom have a correction of � 3.5 D or less, while at

present 95% of refractive surgery is undertaken on those

with a correction of � 4 D or greater. It could be that the

95% of potential candidates not presenting for current

refractive surgery may well reconsider when topographic

crosslinking, termed photorefractive intrastromal

crosslinking (PiXL),66 has passed through current clinical

trial phases.

Crosslinking is a natural process occurring throughout

the body but is particularly reflected in acellular

membrane systems. In the eye loss of elasticity is seen not

only in the cornea but also in Bruch’s membrane,55,67

where increasing stiffness occurs as a function of age

resulting from the progressive conversion of flexible SH

bonds to inflexible SS bonds. The SH bonds or thiols can

be identified using a technique to exploit their

fluorescence, and as a function of age decreasing

fluorescence is a measure of increasing SS bonds. This

process is directly related to the increased stiffening in

the membrane system as can be demonstrated by

quantitative measures of elasticity (Figure 8). Almost all

of this crosslinking is associated with either the collagen

helixes or their matrix of GAGs. Ageing is the highest

risk factor in the onset of age-related macular

degeneration and all of us regardless of genotype will

suffer some form of retinal degenerative changes during

the latter part of our lifetime.

At a cellular level, our bodies may be divided into two,

being composed of those systems whereby cells are

constantly replaced and those where cells are formed

during embryogenesis, and remain with us for our

lifetime. In the former, ageing may be considered as a

process whereby cell death slowly reaches a point where

it exceeds cell renewal. By contrast, in postmitotic cells

ageing has to be considered as a process whereby cell life

is regulated by the underlying genetically determined

ageing curve of a given individual, coupled with lifestyle

and environmental exposure. Normally in cell systems

exposed to high environmental stress such as sunlight

and ultraviolet radiation, for example, the surface of the

skin, cells have a short lifetime and a rapid turnover.

Uniquely the cells of the retina are irradiated throughout

our lives by optical radiation between 400 and 1400 nm

and do not divide. In the outer retina wall, light-

absorbing photoreceptor cells and retinal pigment

epithelium are adjacent to an enormous concentration of

oxygen in the choroid. Light and oxygen are a recipe for

the generation of reactive oxygen species, which are

highly toxic to biological systems. In the 1960s, it was

discovered that while the photoreceptor cells themselves
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do not divide and renew, they do constantly regenerate

their light-sensitive membranes. This work of an earlier

Bowman lecturer Richard Young (1982)68 showed that on

an hourly basis in rods three to five new membranes are

made in the region of the cilium and displace older discs

towards the retinal pigment epithelium. Rod outer

segments are prevented from an exponential growth by

shedding packets of 30 or more discs into the retinal

pigment epithelium on the onset of light every morning.

This exquisite system of disc shedding of our night-time

detectors first thing in the morning is complemented by

disc shedding 4 h into the sleep period by our daytime

photoreceptors. Unfortunately, this huge biomass

presented to the retinal pigment epithelium, which in

this case is acting like a captive macrophage, which

begins to overwhelm the degradative activity of these

cells. In midlife, debris is seen to build up within the

pigment epithelial cells, much of which is seen as the

autofluorescent pigment lipofuscin.69 At the same time

that this buildup of waste products is observed within

the pigment epithelium, waste products are also seen to

be accumulating within the inner collagenous layer of

Bruch’s membrane.70 Healthy retinal pigment epithelium

and Bruch’s membranes are a prerequisite for healthy

photoreceptor cells because all their nutrients must come

from the choroidal circulation via free diffusion across

Bruch’s and then active transport across the pigment

epithelium. At the same time, the water relationships of

the retina are governed by pumps in the retinal pigment

epithelium actively removing water from the neural

retina into the choroidal circulation. In addition to its role

in absorbing stray radiation that has passed through the

photoreceptor cells, the pigment epithelium is acting as a

hugely active macrophage and at the same time as an

‘effective vascular endothelial’ cell. Any process that

compromises either the retinal pigment epithelium or

Bruch’s membrane will compromise nutrients into and

water out of the system.19 The paradox is therefore

presented that in order for the photoreceptor cells to last

a lifetime, they have to generate a constant supply of

membranes, which in turn clog both the retinal pigment

epithelium and Bruch’s membrane with waste products.

A large proportion of the waste material passing into

Bruch’s membrane is lipid rich and as a consequence

hydrophobic. This led to another Bowman lecturer, Alan

Bird (2002) and myself suggesting that it presented a

potential barrier for water passing out of the neural

retina and could therefore be a major component in the

generation of pigment epithelial detachments.71

Subsequent work in our laboratories demonstrated that

there was a progressive decrease of water movement,

termed hydraulic conductivity, through the system as a

function of age.72,73 The rate of loss was greater in the

macular zone than in the peripheral retina. The half-lives

of the exponential decay were 16 and 23 years,

respectively, with a crucial threshold being reached at

just over 100 years, where the system barely managed to

allow sufficient water to exit and was very close to

collapse (Figure 9). In the few specimens examined from

AMD eyes, the system began to crash even earlier. The

laboratory studies were also able to demonstrate that

similar but linear decays occurred in the ability of amino

Figure 9 This figure summarises the anatomical and physiological ageing changes in Bruch’s membrane. (a) Histochemical staining
of Bruch’s membrane using Oil Red O on membranes from tissue derived from individuals 10, 47, and 75 years old, respectively. The
study undertaken with Alan Bird and Daniel Pauleikhoff demonstrated that a progressive increase in lipid deposition in the
membrane is functional age. The functional implications of changes in the tissue are demonstrated in (b) for both the macular and
peripheral regions of the retina. On examining the transport of water through isolated membranes, hydraulic conductivity, an
exponential decay in the ability of water to pass through the system was determined and the rate of loss of transport was faster in the
macular than in the periphery. This work was conducted with Ali Hussein (c) using highly modified Ussing Chambers. (d) The
apparently contradictory evidence of maximum loss of hydraulic transport occurring at a time of negligible deposition of lipids.
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acids and macromolecules to passage through the

membrane. In the case of macromolecules, the diffusion

limit remains constant as a function of age at around 75

to 80 kDa, but the diffusion rate slows down significantly,

again with a faster rate of decline in the macular zone

than in the periphery.74 It was also interesting to note that

the major element of loss in hydraulic conductivity

occurs before the age of 40 years, while the major

buildup of lipid debris occurs from 40 years onwards;

therefore, further investigations of the ageing processes

within Bruch’s membrane were initiated (Figure 9).

Acellular membranes are regulated by balanced

processes involving matrix metalloproteinases (MMPs)

and tissue inhibitors of matrix metalloproteinases

(TIMPs) and both of these systems have been found to be

present within Bruch’s membrane75 (Figure 10). An

excess of the enzymes would result in membranes

becoming progressively thinner while an excess of the

inhibitors would result in the opposite. In Sorsby’s

inherited retinal dystrophy, there is a defect in the TIMP3

gene,76 and this results in a massive increase in the

thickness of Bruch’s membrane, such that 18-year-old

sufferers have a thickness equivalent to normal

individuals in the seventh, eighth, or ninth decade of

life.77 This increase in debris within Bruch’s could be

considered to be premature ageing. The concentrations of

MMPs 2 and 9 were shown to increase with age in the

normal Bruch’s membrane as would be expected as a

counterbalance to ageing and the increase in debris

(Figure 11).75 However, such overall increases were

deceptive as when experiments were undertaken to

discriminate between active and bound forms of the

enzymes, it was shown that over the age of 30 years there

was an exponential increase in the bound form being

sequestered in high-molecular-weight aggregates.78,79

This leads to a feedback reaction whereby increased

polymerisation of pro-MMP 2- and 9-derived aggregates

create a greater disposition of high-molecular-weight

species and a reduction in active MMPs, which in turn

results in further diminished matrix turnover. Ultimately

in the presence of divalent ions, these large

macromolecular complexes become trapped within the

membrane. Thus, crosslinking of the structural elements

are further exacerbated by the progressive deposition of

higher and higher molecular weight aggregates. These

protein-rich deposits may account for some of the early

Figure 10 Throughout life, the components of extracellular matrix are regulated by a balance process with MMPs removing excess
tissue while under the control of TIMPs (a). The presence of these two systems within Bruch’s membrane is demonstrated in the
histochemical preparations (b and c). Examples of disturbance of this regulatory mechanism have been identified particularly in
Sorsby’s fundus dystrophy where a genetic defect in TIMP-3 leads to a rapid increase in membrane thickness (d). By studying the
movement of water through membranes as a function of age using a variety of different methods, it has been possible to derive both a
graphic and mathematical model of resistance in the membrane and to demonstrate that the point of highest resistance occurs at the
junction between the inner collagenous layer and the layer of elastin (RB) (e).
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changes in the hydraulic conductivity of the membrane

by effectively decreasing the available space for the

passage of water through the system. The potential

importance of this underlying process as a factor in the

aetiology of age-related macular degeneration is shown

in Table 1, where it can be seen that there is a significant

increase in total high-molecular-weight elements in AMD

as compared with age-matched normal controls. The

feedback effect on enzyme capacity is seen in the lower

portion of the table where the concentration of active

MMPs 2 and 9 are significantly reduced in AMD eyes

compared with their age-matched controls.

In experiments where hydraulic conductivity in

elderly eyes was measured prior and subsequent to the

collation and removal of divalent ions, hydraulic

conductivity improved significantly.80 This observation

throws some doubt as to the credibility of zinc

supplementation in AMD patients. Bruch’s membrane

has the highest concentration of zinc of any tissue in the

body, and as our empirical data has shown its removal in

the elderly enhances transport mechanisms. Is it really

helpful as an addition in the current AREDS regime?81

In 1982 in a chapter in the book edited by Garner and

Klintworth, we postulated that there were at least 11 sites

where anomalies or failure could result in photoreceptor

cell degeneration (Figure 12).82 Subsequent work

particularly in the field of molecular genetics has shown

gene defects in each of the potential mechanisms that we

postulated and of these at least six manifest in Bruch’s

membrane. To date, the current therapeutic approach to

the retinal dystrophies has been either gene therapy

targeted to address the specific problem in each

condition83 or the promise of stem cell therapy with the

replacement of specific cell systems.84 In AMD it should

Figure 11 Histochemical staining and biomechanical analysis have shown that as expected the total amount of MMPs 2 and 9
increase as a function of age, presumably in an attempt to maintain the thickness of Bruch’s membrane during the ageing process
(a and b), respectively. However, when the active forms of these MMPs were determined, they were clearly shown to decrease as a
function of age as a result of binding or sequestration (c).
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be remembered that the biggest risk factor is ageing and

in the outer retina the most significant ageing relates to

crosslinking and debris accumulation including drusen

in Bruch’s.85 It would seem therefore that introducing

stem cells or gene therapy to a site whose transport

mechanisms are irrevocably compromised would be

doomed to failure. It would be analogous to planting

seedlings in the desert. My thoughts therefore were,

would it be possible to rejuvenate Bruch’s membrane and

to some extent restore its useful transport properties. We

had demonstrated that in vitro exogenously applied

concentrations of MMPs 2 and 9 improved hydraulic

conductivity with the latter showing significant

increases.86 Earlier work had also shown that subsequent

to laser irradiation and associated with the migration of

pigment epithelial cells 4 to 7 days after exposure, there

was a transient increase in both MMPs.87 With

conventional lasers available at the time such irradiations

would have been counter-productive because the heat

flow from the retinal pigment epithelium would cause

primary damage to the photoreceptor cells, thereby

destroying the element that is essential to preserve.35

Commercially companies have been moving towards

reducing the time duration of laser pulses to limit heat

flow and collateral damage to surrounding tissues.

Clinically this concept is seen in the development of

MicroPulse lasers, but unfortunately even with a pulse

duration of 100 ms heat flow still reaches the tips of the

photoreceptor cells. A further reduction in pulse

duration was seen in the work emanating from the

Lübeck Laser Centre with a 1 to 10 ms exposure from an

Table 1 Gelatinase activity in peripheral samples of Bruch’s choroid in control and AMD donors

MMP species Donor group Free Bound Total

HMW2 Control 1435±1520 12 702±3940 14 137±4725 High bad

AMD 6685±5444* 15 195±3018 21 880±8182* Low good
HMW1 Control 1335±2470 5996±2911 7331±4040

AMD 6327±7064** 10 480±5616 16 807±11 950*

Pro-MMP-9 Control 9354±11 895 16 068±7692 25 422±16 553
AMD 33 375±25 579*** 22 572±7274 55 947±30 662*

Pro-MMP-2 Control 1567±1753 1393±964 2960±2071
AMD 379±374* 674±700 1053±854*

Active MMP-9 Control NDet 517±376 517±376 High good
AMD 195±80* 195±80* Low bad

Active MMP-2 Control 357±428 1978±1140 2336±1257
AMD 335±519 614±534*** 949±885*

*Po0.05.

**Po0.01.

***Po0.005.

This table demonstrates the effect of sequestration of MMPs into high-molecular-weight complexes as a function of age and disease. In AMD, the species

of high-molecular-weight are significantly elevated above those of controls. By contrast, active MMPs 2 and 9 are significantly reduced when compared

with controls. Bold highlights good vs bad.

Figure 12 The theoretical locations of potential errors in
photoreceptor cell maintenance that could result in degeneration
were postulated by myself and Alan Bird in 1982 (a). Subse-
quently determined genetic faults in the system and their
locations are shown in (b) and confirm the previous postulations
with a significant number having expression of defect within
Bruch’s membrane.
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Nd YLF laser.88 Clinical studies showed further sparing

of photoreceptor cells, but the laser itself was extremely

large, not very reliable, and its expense probably has

impeded its commercial availability.

Given the specific aim of causing the release of a

sufficient concentration of MMPs to initiate large-scale

rejuvenation of Bruch’s membrane while at the same

time causing no damage to overlying photoreceptor cells,

we designed a novel laser termed 2RT.89 The system had

to initiate as large an area of pigment epithelial migration

as possible while at the same time preserving transport

processes to sustain the overlying photoreceptor cells. To

avoid the problem of thermal relaxation time and heat

conduction, a nanosecond pulse was chosen. In the past

nanosecond systems have been used for disrupting the

lens capsule in the presence of posterior capsular

occlusion (PCO). This process involved bringing the laser

beam to an acute focus whereby so many photons were

compressed into a short space and time that a huge

electric field vector was generated and the target

molecules were literally ionised in a plasma. Previous

work on laser safety had shown that the safety margin

between inducing a retinal lesion and a subretinal

haemorrhage reduced from a factor of about 10 to 1 in the

case of millisecond pulses to 3 to 1 with nanoseconds.32

From these data it was apparent that the beam should not

be brought to a focus because of this potential problem

and therefore the system was designed to have a 400mm

spot size. However, if 400mm diameter of pigment

epithelium were damaged then a large area of

photoreceptor cells will be deprived of nutrients until

such lesions had healed. A second novel feature was

therefore incorporated into the system whereby the beam

energy distribution was made discontinuous with only a

small percentage of the beam capable of raising cells

above the damage threshold. This could be considered as

enhancing the speckle of the laser beam. In the past

manufacturers have tried very hard to reduce noise in

their beams to produce as best they could either a ‘top

hat’ or a Gaussian energy distribution. In this system, the

reverse was required and it was hoped that the system

would have randomly distributed hotspots involving no

more than 15% of the total area irradiated. The hotspots

had to be sufficiently far apart that there was no large

area of cell loss anywhere within the target area. This

configuration would maximise the borders from which

RPE cells could migrate while at the same time maintain

large areas surrounding the spots, which would facilitate

transport to the overlying photoreceptor cells. This

concept is illustrated in (Figure 13). Further therapeutic

advantages for retina would be a mild immune response

facilitated by the transient loss of blood retinal barrier

and a period of cytokine release, particularly 7 to 11 days

after exposure associated with pigment epithelial cell

division.90 A pilot clinical trial using the system in

patients with macular oedema demonstrated the efficacy

of the system with a rapid clearance of fluid from the

neural retina and no loss of photoreceptor cell function

associated with the location of any of the lesions, as

demonstrated by microperimetry.91 A significant number

of patients showed improvement of visual acuity. In two

further trials carried out on patients with early AMD

problems were identified with both the laser system and

the trial design. The Australian trial92 initially only

delivered 12 lesions at clock hours around the macula.

They noted clearance of drusen but no measurable

change in visual acuity. Any calculation of the yield of

MMPs released from such a small number of lesions

Figure 13 The concept of utilising a nanosecond pulse duration
for retinal treatment required the irradiation to be delivered over
a relatively large area to forwarded subretinal haemorrhages
resulting from breakage of Bruch’s membrane. Large areas of
irradiation would have resulted in transport insufficiency for the
overlying photoreceptor cells while the pigment epithelium
healed. This problem would be avoided by rendering the beam
to have a discontinuous distribution of super-threshold hot-
spots, thereby damaging only between 15 and 20% of the
irradiated cells (a). The damage resulting from such discontin-
uous distribution and also short pulses would cause a transient
break in the outer blood retinal barrier with an associated mild
immune response together with release of both MMPs to clean
up Bruch’s membrane and the release of cytokines into the
neural retina (b). These therapeutic elements would not be
confounded by secondary degeneration of photoreceptor cells
because the discontinuous nature of the cells disrupted by
radiation would always allow sufficient cells surrounding them,
which had not been changed in any way and could supply the
photoreceptor cells with required metabolites during the wound
healing period.
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demonstrates that this was potentially gross under

treatment. This trial also demonstrated the problem of

determining a useful measure of success given that

patients entered the trial with a reasonable visual acuity

which most retained but which did not improve posttrial.

In future studies it would be helpful to incorporate

measures of photoreceptor cell function such as fundus

densitometry or focal flash recovery time. The Kings

College/Moorfields Eye Hospital trial using up to 100

lesions was suspended because the laser supplied did

not allow us to reduce energy levels to that which we

required and the beam energy distribution was not

sufficiently discontinuous. Even with such limitations a

significant number of patients showed improved visual

acuity at 6 months but did not sustain it at 12 months.

This work will continue shortly as a suitably modified

laser system has been developed and in future trials the

use of an even greater number of lesions will be

considered as will retreatment at 3 to 6 months. Even

with the disappointing limitations of the lasers

commercially supplied, the clinical results

complemented those obtained in the laboratory and

certainly merit further trials with appropriate laser

design. Clearly, lasers can achieve clearance of the debris

in Bruch’s membrane and this is a fundamental

requirement to minimise the ageing risk factor in outer

degeneration. If debris clearance is managed at an early

stage either with lasers or pharmacological agents, many

patients may be saved from the problems of neovascular

AMD. The current climate using Avastin and Lucentis is

not treating AMD but a late-stage complication and

happens to do better than the natural history of the final

stages of the disease process. It would obviously be far

better to have early intervention with perhaps

rejuvenation of Bruch’s membrane in our early 40s,

thereby delaying the ageing processes sufficiently to

sustain vision throughout life. Even if a genetic defect is

present, delaying the rate constants of the underlying

ageing processes may ensure that the combined effect of

the two components is not manifest during the patient’s

lifetime.

I hope that I have demonstrated that lasers have had

an obvious and significant impact on the two acellular

membranes that I have discussed thus far. For

completeness I should add that lasers are now having a

role in corneal grafting procedures and particularly in

those involving Descemet’s membrane where the

precision of cutting is beginning to revolutionise surgical

techniques. The beginnings of this process were

discussed in Gotfried Naumann’s Bowman lecture

(1994)93 and more recent advances are now in the

literature.94 They have for some time played a role in the

management of PCO with the advent of the YAG laser.95

Changes in intraocular lens materials and lens design,

particularly edge profiles, have significantly reduced the

instance of PCO in adults;96 however, the problem is still

significant in children. The wound healing capacity of the

lens epithelial cells in paediatric cases almost always

leads to multiple procedures. In a recent understanding

of cellular dynamics, a promising new approach has

Figure 14 The proliferation of lens epithelial cells (PCO) subsequent to cataract extraction is of particular importance in paediatric
cases. By differentially controlling the mechanisms responsible for modulating cell volume, such cells may be caused to swell and
rupture, thereby preventing PCO. Work with JinJun Zhang has demonstrated the efficacy of this process in (a and b) showing the
clarity of control and experimental animals 5 months after intraocular lens surgery. The mechanism to induce such cell death is rapid
and will only put a few minutes on conventional cataract surgery (c).
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become apparent. All cells have a requirement to control

the volume within certain limits. Cells do this by

controlling their water content. In essence they have two

systems of pumps whereby water is brought in or

brought out of the cell. These can be considered as those

concerned with regulatory volume increase (RVI), water

in, and those concerned with regulatory volume decrease

(RVD), water out (Figure 14). Our laboratory studies have

now demonstrated that by upregulating water in (RVI)

and simultaneously inhibiting water out (RVD) lens

epithelial cells can be caused to swell until they burst.97

This mechanism results in a completely cell-free capsule.

The dynamics of RVI and of RVD are specific to a given

cell type and therefore the process may be undertaken

without any collateral damage to other cell systems

within the globe. This procedure should add no more

than a few minutes to a conventional cataract extraction.

The four acellular membranes of the eye have been

discussed with specific reference to changes in their

management using lasers and I hope a better

understanding of the implicit mechanisms has been

related. Having worked diligently to present this lecture,

I would like conclude with the second part of the

quotation from Dickens, Sydney Carton on the steps to

the guillotine ‘It is a far, far better rest that I go to than I

have ever known’.7
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