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Summary 
Evidence is presented which supports the centripetal movement of epithelial cells in 

the normal corneal epithelium. This movement is not, however, uniform and is 

influenced by various factors including corneal topography, surface disease states 

and lid shearing forces. We have studied epithelial morphology with corneal specular 

microscopy and have demonstrated altered morphology in keratoconjunctivitis 

sicca, neurotrophic keratitis, and contact lens wearing. Following penetrating ker

atoplasty, we found a vortex keratopathy in 70 per cent of patients up to two years 

after surgery. We also found pallisading of epithelial cells around sutures which 

indicated centripetal movement of epithelial cells around islands of stability created 

by obstructions. The eyelid also alters epithelial migration and turnover by increas

ing exfoliation from shearing forces. We advance a new hypothesis that the driving 

force in the central epithelial cell movement is the preferential loss of surface cells by 

exfoliation from the central apex secondary to the shearing forces of the upper lid. 

The subject of epithelial cell movement in the 
cornea has been of interest for many years. In 
the late nineteenth century, Peters' described 
the rapid sliding of epithelial cells after cor
neal injury; subsequent studies have demon
strated a sliding of adjacent epithelial cells 
with a pseudopodal extension of their pro
cesses into the defect shortly after injury.2 It 
has also been noted that there is a 'lag period' 
of approximately one day in which there is a 
cessation of DNA synthesis and basal cell 
mitoses in an area surrounding the wound. 3 
Approximately 24 hours after injury, DNA 
synthesis begins in the underlying stromal 
cells and a wave of epithelial cell mitosis 
moves towards the wound crater finally invol
ving the basal cells which cover the wound. 
Eventually this activity results in a new epi
thelium of normal thickness. Epithelial sliding 
is dependent upon the presence of intracellu
lar glycogen and can be retarded by glycogen 
depletion with certain metabolic poisons. 3 

Epithelial healing, therefore, in response to 
injury, consists of at least two stages; an initial 
sliding process which covers the defect rapidly 
and then a second phase of mitotic activity 
resulting in a thickening of the epithelium. It 
has been further observed in the healing of 
epithelial defects that re-epithelialisation pro
ceeds first downward, subsequently horizon
tally and only finally from below. 5 

Dua and Forrester6 followed the pattern of 
closure of epithelial abrasions in humans 
employing fluorescein stain and planimetry. 
They noted that all abrasions involving the 
central cornea and in which the limbus was 
intact healed in a similar manner. There was a 
non-uniform advancement of two, three or 
more foci of epithelial sheets producing mul
tiple convex fronts which ultimately met 
giving rise to 'y' or double 'y' shaped patterns 
from which epithelial cells form a whorl 
pattern. 

In other studies of the repair of epithelial 
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defects of the cornea, it has been noted that 
the conjunctiva can play a significant role as a 
source for epithelial cell renewal in the cor
nea. Thoft, et al. 7 ,8 ,9 have detailed the move
ment of epithelial cells to recover corneal 
epithelial defects. Recently, Danjo, et aI, JO 

studied the mitotic rate and goblet cell density 
of conjunctival epithelium following total or 
central corneal epithelial removal one day fol
lowing injury (total removal of corneal and 
limbal epithelium). The mitotic rate of the 
surrounding perilimbal conjunctiva was 
found to be ten times the normaL When 
central five or ten millimeter epithelial abra
sions were created, an increase in the mitotic 
rate of the perilimbal epithelium was noted to 
be three to four times normaL Goblet cell 
density in this area also decreased. These 
studies present strong evidence that con
junctival epithelium can play a major role in 
the resurfacing of large and even limited cor
nal epithelial injuries, These studies also point 
out that there can be a substantial movement 
of cells from the periphery to the centre of the 
cornea, Recent studies employing electron
microscopy present morphological evidence 
that such conjunctivally-derived 'corneal epi
thelium' can remain morphologically con
junctiva for many months,'11 

These studies of corneal injury however, 
create a set of circumstances different from 
that which occurs in the normal renewal of 
corneal epithelium. It has been thought for 
many years that the basal cells of the corneal 
epithelium account for the major regenerative 
activity of the corneal epithelium under 
normal circumstances. Employing tritiated 
thymidine and autoradiography in the rabbit 
model, Hanna and O'Brienl2 found that one 
in seventy-five central basal epithelial cells 
was in a pre-mitotic synthetic state over a two 
hour period. From this they calculated the 
average life cycle for a new epithelial cell to 
range between three and a half to seven days 
in the rabbit. They further reckoned, how
ever, that a mitotic rate based on the above 
data was insufficient to account for the 
replenishment of epithelial cells lost from the 
surface. In 1971, Davanger and Evensen,13 
two ophthalmic researchers working in 
Uganda, focused attention on the limbus as a 
probable source of major epithelial regenera-

tion. They noted that this area is characterised 
by deep involutions of epithelium which are 
surrounded by richly vascularised papillae 
(the palisades of Vogt). This area covered by 
the basal cells is large due to increased inter
facial area and these basal cells are adjacent to 
a well-developed capillary net. These authors 
have suggested that the limbus is the major 
source of epithelial cell regeneration and that 
epithelial cells produced in the limbus are 
carried centripetally towards the central cor
nea. Furthermore, melanocytes are not 
normally present in the cornea but exist in 
abundance in the neighbourhood of blood 
vessels at the limbus, particularly in heavily 
pigmented individuals. IS (Recent evidence 
supporting the concept of centripetal move
ment of epithelial cells lies in the observation 
that there is a radial arrangement of hemi
desmosomal alignment along the basement 
membrane in normal murine eyes).14 It is a 
common clinical observation that in heavily 
pigmented patients there are often radially 
distributed pigment lines extending from the 
corneal limbus, variable distances along the 
surface of the cornea suggesting that this pig
ment is pulled along as epithelial cells move 
towards the centre of the cornea. 

Based on these observations and other 
experimental data, Thoft and Friend pro
posed the 'x, y, z hypothesis' which states that 
corneal epithelial cell maintenance is depen
dent upon a continuous, centripetal migration 
of epithelial cells as well as proliferation and 
subsequent exfoliation from the corneal sur
face. 16 In a recent experiment, Buck17 marked 
the peripheral cornea with a rotating needle 
containing a mixture of India ink and thorium 
dioxide. After seven days, the marker was 
visible in the underlying corneal stroma; the 
marker contained in epithelium had moved 
away from the stromal marks some distance 
centrally. This migration was seen in the 
superficial and wing cells of the corneal epi
thelium but was not present in basal cells. The 
notion of greater regenerative power in the 
peripheral cornea was given further credence 
by the recent observation of Ebato, et al.18 
who found that explants of peripheral cornea 
showed greater outgrowth and a higher mito
tic rate than those from the central cornea. 

In the last decade, it has been found that all 
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epithelial cells contain keratin. There are over 
twenty different types of keratin within epi
thelial cells. 19 The introduction of mono
clonally-produced keratin specific antibodies 
has provided a powerful investigative tool in 
the study of epithelial cell behaviour. Investi
gators have used this technology to study the 
'keratin profiles' of different types of epi
thelial cells. Attention has been focused on 
'stem cells'. 20 These are believed to represent 
a stable population of primitive cells under
going regular cell division, in turn giving rise 
to a population of intermediately differen
tiated cells called transient amplifying (TA) 
cells. These T A cells are thought to divide 
subsequently, several times, amplifying the 
number of stem cell derived cells before sub
sequent terminal differentiation into tissue 
specific epithelial cells, e. g. corneal epithelial 
cells. Recent data employing anti-keratin 
antibodies have demonstrated that corneal 
basal cells are more differentiated in their 
keratin expression than are limbal basal 
cells. 21 The schema of 'stem cells' giving rise to 
TA cells which then subsequently give rise to 
fully differentiated cells is established as a 
working hypothesis buttressed by a substan
tial body of experimental data. 

In an extensive, descriptive clinical study in 

Fig. 1. Diagram of the vortex pattern in the human 
corneal epithelium. 

1973, Bron22 noted a variety of clinical condi
tions in which swirled, radiating lines (vortex 
patterns) in the corneal epithelium were seen 
to be a common feature (Fig. 1). Conditions 
listed included Fabry's disease, toxic ker
atopathies, such as those seen with chloro
quine and amiodarone, striate melanocytosis, 
healing corneal abrasions and conditions asso
ciated with iron lines in the cornea, band kera
topathy, corneal oedema and the periphery of 
penetrating keratoplasties. Bron advanced 
the hypothesis that the resemblance in pat
terns in these diverse clinical conditions was 
dependent upon the growth and movement 
properties of the epithelium rather than any 
specific stimulus. He postulated a centripetal 
'pigment slide' observed in corneas of highly 
pigmented individuals. Such pigment would, 
therefore, form a 'marker' for epithelial cell 
movement. In lightly pigmented individuals, 
alternative markers might be accumulated 
intracellular metabolic products such as those 
seen in Fabry's disease, chloroquine or 
amiodarone keratopathy. The inferiorly 
decentred apical vortex pattern is consistent 
with a predominantly downward cellular 
movement. The constant feature noted is a 
radial, centripetal slide from the limbus to the 
corneal centre. 

From the preceding, it is clear that there is 
accumulating evidence that epithelial cell 
regeneration is largely centred in the periph
eral cornea and limbus, that there is a general, 
centripetal movement from the periphery to 
the centre of the cornea and that this pattern is 
operative in the normal renewal of epithelial 
cells in the cornea. This general notion implies 
a continuous uniform process across the cor
neal surface. The uniformity of cell movement 
in the cornea is, however, called into question 
by a number of clinical situations in which 
there appear to be areas of corneal epithelium 
which remain stable over long periods of time. 
Such areas can be detected by noting visible 
intracellular markers such as iron, melanin or 
accumulated metabolic products. Iron lines of 
the cornea have been noted for many years; 
both Hudson23 and Stahlj24 described a brown 
line, inferior to the corneal centre, appearing 
in normal subjects. Gass25 has noted that this 
curvilinear line extends along the line of lid 
closure in more than three-quarters of 
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patients over the age of 50. This line is formed 
by the intraepithelial accumulation of iron. 
Similar iron lines have been noted at the base 
of keratoconus,24 in advance of the head of a 
pterygium,27 adjacent to filtering blebs,28 in a 
trough central to sutures in a penetrating ker
atoplasty,29 in encircling corneal scars,30 sur-

rounding a Salzman's nodule,3! and in 
irregularly scarred corneas30 (Fig. 2). 

More recently, similar iron lines have 
appeared around the edge of lenticules in epi
keratoplasty, in keratophakia and hyperopic 
keratomileusis32 and in a stellate form 
between incision scars in radial keratotomy.33 

Fig. 2. Patterns of iron lines seen with various clinical entities. 
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A feature common to all these areas (except
ing the Hudson-Stahli line) is their location in 
areas of depression on the corneal surface. 

A line similar in appearance to the Hudson
Stahli line but originating at the limbus and 
radiating towards the central cornea has been 
observed in many darkly pigmented patients 
with chronic inflammation and after injury. 
This so-called striate melanosis can also be 
seen extending onto the surface of a corneal 
graft in some darkly pigmented patients. 

The postoperative corneal graft presents 
further interesting evidence of areas of 'epi
thelial stability' evident over extended 
periods of time. Kaye observed the serial 
development of epithelial dots in the periph
eral donor cornea after penetrating ker
atoplasty in humans. 34 These dots were seen in 
47% of grafts studied prospectively. They 
occurred in a peripheral area of the graft 
corresponding to an annular depression just 
central to the sutures. The mean time of onset 
for these dots was six and half weeks after 
surgery. By the eleventh week after surgery, 
most of the dots had acquired a grey appear
ance and by week 20, a fine epithelial pigment 
line was observed. These dots generally per
sisted until the sutures were removed. Sub
sequent to suture removal, a centripetal 
movement of the dots was seen over a thirty 
day period before they completely disap
peared. Histopathologic examination of epi
thelium removed from these areas revealed 
degenerated cells lying at the level of the wing 
and superficial epithelial cells. Recently, fif
teen cases of a distinctive 'hurricane' shaped 
epitheliopathy occurring postoperatively in 
corneal grafts, have been reported.35 These 
changes were seen as early as several weeks 
after surgery and were thought to be the result 
of a medication toxicity, giving rise to a heal
ing vortex pattern such as described by Bron 
earlier. 22 

Over the past six years, we have employed 
colour specular microscopy of the corneal epi
thelium to study surface cell morphology in 
the human cornea.36.37 This technique while 
difficult to perform, can provide significant 
morphological information in a relatively 
non-invasive manner. The technique of per
forming this test is described elsewhere. We 
have studied the normal, central corneal sur-

face, that of patients with keratoconjunctivitis 
sicca,38 neurotrophic keratitis, the corneal sur
face of patients with extended-wear contact 
lenses39 and, more recently, the surface of the 
healing corneal graft. 40 We have demon
strated that there is a statistically significant 
shift in epithelial size in patients with kerato
conjunctivitis sicca, demonstrating smaller, 
central cells. In contrast, in patients with 
extended-wear contact lenses, there is a statis
tically significant shift to large cells suggesting 
a prolonged residence time and decreased 
exfoliation from the epithelial surface. In a 
recent prospective study on the surface of the 
healing corneal graft, we have studied 31 eyes 
of 28 patients undergoing penetrating kerato
plasty for a variety of diseases. These patients 
were examined at approximately 3 monthly 
intervals, for fifteen months, beginning at 1-3 
months after surgery. At least three separate 
examinations were performed on all patients 
in this group. These studies demonstrated that 
in 22 of 31 grafts (71 %) there was a central 
vortex pattern observed with CSM in one or 
more examinations. In less than one-third of 
these patients, was this vortex pattern of cor
neal epithelial cells seen at the slit lamp. Nine 
eyes (30 per cent) showed this vortex kera
topathy at every examination extending from 
one month to eighteen months after surgery; 
another group of nine eyes revealed no vortex 
pattern at any examination during this time. It 
was interesting to note, however, that sub
sequent to suture removal, the vortex pattern 
disappeared in all subjects. The picture of the 
vortex pattern is striking in that it reveals a 
pattern of epithelial cell movement in which 
epithelial cells are elongated and pointed 
towards a central vortex. This central point is 
usually located inferior to the centre of the 
cornea. This suggests a non-uniform move
ment of cells with alternating streams of more 
rapidly moving cells between those pathways 
which are relatively stable. Why this pattern 
should be evident in such a high percentage of 
corneal grafts is not immediately obvious. 
What is clear, however, is that just central to 
the sutures in many corneal grafts, there is an 
annular depression. This, in the same area 
where Kaye's dots are frequently seen. If one 
studies epithelium around sutures, postgraft
ing, one sees a radial arrangement of cells 
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Fig. 3. Healing epithelial defect shows epithelium 
advancing between the sutures of a corneal graft. 

around sutures, suggesting a cellular move
ment in between sutures but not immediately 
surrounding the sutures. This in effect creates 
a series of 'gates' for epithelial movement 
from the periphery to the centre, separated by 
areas of relative epithelial stability. Further 
supporting evidence for the 'gate' concept in 
corneal graft is seen in Figure 3 in which heal
i.ng ot an epi.the\i.a\ detect i.n a corneal grab. 
shows the advancing epithelial edge between 
the sutures. The one feature common to all 
elements of epithelial stability noted are areas 
of relative depression on the corneal surface. 

Recent evidence has pointed to the fact that 
the lid exerts considerable force on the cor
neal surface, both with normal blinking and 
with forced blinking. Doane,41 employing 
high speed cinematography has demonstrated 
a 1-6 mm retromovement of the globe with 
each blink. More recently, Frueh42 placed a 
pressure-sensitive device within a contact lens 
and measured the force of the upper lid on the 
cornea. A forced blink registered values of up 
to 200 g. As the upper lid moves downward, 
the area of maximum applied force would be 
expected to be towards the central cornea 
near the corneal apex. Lesser forces would be 
expected toward the limbus, inferiorly and 
superiorly. It is known that the lower lid does 
not move upward significantly during a blink. 
A differential gradient in the lid pressure 
would then be expected (Fig. 4). Such a gra
dient in shearing forces from the lid could set 
up differences in surface cell exfoliation. Such 
exfoliation would be expected to be greatest 
at the corneal centre. 

In situations with abnormal corneal 
topography, e.g. the healing corneal graft, 
with areas of epithelial depression in situ
ations in which an iron line has been noted in 
corneal depressions, one would expect the lid 
forces to be lesser in these depressed areas 
than in the surrounding areas. It seems likely, 
therefore, that this could account for the non
uniform movement of cells becasue of a 
decrease in exfoliation from the corneal sur
face in these areas of depression. The one 
exception to this woud be that of the Hudson
Stahli line. This occurs, however, at the point 
of the extreme excursion of the upper lid and 
the lower lid, an area which would also be 
expected to have little in the way of a shearing 
force from the upper lid. The effect of such 
shearing forces on the normal corneal surface 
would be expected to be exaggerated in condi
tions in which the lubricity between the lid and 
corneal surface is decreased, such as kerato
conjunctivitis sicca. Indeed, our CSM studies 
have demonstrated a statistically significant 

Fig. 4. Pressure differential generated by the eyelid 
over the corneal surface graded from plus one to plus 

four. 
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decrease in cell size, suggesting newly emer
ged cells predominate the central cornea in 
patients with KCS.38 This further suggests an 
increased exfoliative rate from the surface of 
the cornea in KCS. We advance a new hypoth
esis in which epithelial cell movement on the 
cornea results from a differential sliding of 
epithelium from the periphery to the centre; 
that the driving force in this central epithelial 
cell movement in the preferential loss of sur
face cells by exfoliation from the corneal apex 
secondary to the shearing forces of the upper 
lid. 

It is generally thought that newly emerged 
corneal surface cells are smaller than cells that 
are resident for longer periods of time on the 
corneal surface.43 If our hypothesis is correct, 
one would expect to see a difference in epi
thelial cell size from the central cornea to 
more peripheral locations. Preliminary data 
employing CSM in normal subjects in which 
specular photomicrographs were taken in the 
central cornea, the superior peripheral cornea 
and the inferior peripheral cornea have 
demonstrated a statistically significant differ
ence in cell area and perimeter. This differen
tial in epithelial cell area and perimeter in the 
central cornea vs. the more peripheral cornea 
is further supporting evidence for the hypoth
esis advanced here. 

Evidence then has been presented to 
demonstrate that epithelial cell movement 
from the periphery to the centre of the cornea 
is non-uniform, seems to proceed towards a 
point inferior to the corneal apex, that there 
are areas of epithelial stability within the cor
neal epithelial cell population and the dif
ferential in epithelial cell size suggests an 
accelerated exfoliation from the corneal sur
face centrally which is probably the driving 
force for centripetal movement of cells from 
the limbus in the renewal of the corneal 
epithelium. 

Material presented in this paper was included in a 
Thesis presented to the American Ophthalmological 
Society in partial fulfilment of the requirements for 
membership. 
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