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Purpost. To map the collagen orientation and relative distribu-
tion of collagen fibrillar mass in keratoconus corneal buttons.

METHODS. Structural analysis was performed by obtaining syn-
chrotron x-ray scattering patterns across the samples at
0.25-mm intervals. The patterns were analyzed to produce
two-dimensional maps of the orientation of the lamellae and of
the distribution of total and preferentially aligned lamellae.

Resurts. Compared with normal corneas, in keratoconus the
gross organization of the stromal lamellae was dramatically
changed, and the collagen fibrillar mass was unevenly distrib-
uted, particularly around the presumed apex of the cone.

Concrusions. The development of keratoconus involves a high
degree of inter- and probably intralamellar displacement and
slippage that leads to thinning of the central cornea and asso-
ciated changes in corneal curvature. This slippage may be
promoted by a loss of cohesive forces and mechanical failure in
regions where lamellae bifurcate. (Invest Ophthalmol Vis Sci.
2005;46:1948-1956) DOI:10.1167/i0vs.04-1253

he quality of image formation on the retina depends on the

shape and transparency of the optical media, including the
cornea, the main refractive component of the eye. Corneal
shape and transparency are maintained by the ordered arrange-
ment of its collagen fibrils, which lie parallel to each other and
to the plane of the cornea.' In many animal corneas, these
lamellae are not uniformly disposed?; and, in the human cor-
nea, there is a preferred orientation in the inferior-superior
and nasal-temporal directions,>* mainly in the posterior
stroma.® This preferred orientation occurs at the center of the
cornea and is maintained to within 2 mm of the limbus, where
a gradual change to a circular or tangential disposition oc-
curs.>® This may preserve the precise optics of the cornea by
imparting stability at the limbus, a zone of abrupt curvature
change between the sclera and cornea. Because the organiza-
tion of corneal collagen is critical to the maintenance of the
shape of the cornea, some modification is to be expected in
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disorders such as keratoconus, in which the shape is compro-
mised.

Keratoconus is the commonest dystrophy of the cornea,
with an incidence of approximately 50 to 230 per 100,000 of
the population.”® It is a frequent indication for keratoplasty in
the United Kingdom (20% compared with 38% for endothelial
failure®). Keratoconus is characterized by a progressive thin-
ning and ectasia of the central cornea that causes myopia and
irregular astigmatism. A rigid contact lens can restore useful
vision in many patients, but in advanced disease a corneal graft
may be necessary.

X-ray scattering (diffraction) is a powerful technique in
which an intense beam of x-rays is passed through the tissue to
produce a scattering pattern consisting of one or more reflec-
tions where constructive interference of the scattered beam
occurs. The distribution of the scattered x-rays can then be
used to determine quantitatively the gross orientation of all the
collagen fibrils in the path of the x-ray beam—that is, in the full
thickness of the tissue. Figure 1 shows how a beam of x-rays is
scattered by an array of identical collagen fibrils with a distri-
bution of angular orientations in the plane at right angles to the
beam’s direction. The scattered x-rays from fibrils oriented in a
given direction produce a so-called equatorial reflection at
right angles to the collagen fibril axes. The intensity of the
reflection is proportional to the mass of fibrils oriented in that
direction and falling in the path of the x-ray beam. Thus, if
fibrils were arranged equally at all angles in the plane perpen-
dicular to the x-ray beam, the reflection would be a ring of
uniform intensity. If there were a distribution of fibrils around
a single preferred orientation, the reflection would be two
symmetrical arcs—the degree of arcing being quantitatively
related to the angular spread in the fibril direction.

Using x-ray scattering, Daxer and Fratzl* demonstrated that
in advanced keratoconus the angle between the preferred
collagen orientations at the center of the cone were altered
from 90° and 180° to 60° and 120°— evidence that the struc-
tural change in these corneas is related to large-scale changes
in the directions of the collagen lamellae. Improvements in
high-intensity synchrotron x-ray sources have resulted in faster
data collection times and have now made it feasible to map in
great detail the preferred directions of the collagen lamellae in
corneal buttons, as well as the relative distribution of collagen
fibril mass. We used these techniques to compare collagen
orientation and the distribution of fibrillar mass in normal and
keratoconus corneas.

METHODS

Tissues

Two corneal buttons were obtained after penetrating keratoplasty for
keratoconus and were marked for purposes of orientation. Neither
patient had a history of acute corneal hydrops or other significant eye
disease. Cornea A was a 7.75-mm button from a 49-year-old man with
advanced keratoconus of the left eye, with an apical scar and irregular
keratometry (<6.0 mm). The apex of the cone was displaced slightly
inferiorly relative to the center of the cornea, but there was no
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equatorial diffraction reflections
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FIGURE 1. A beam of parallel x-rays scattered by an array of collagen
fibrils with different orientations within a plane perpendicular to the
direction of the incident x-ray beam. At small angles, as shown, the
equatorial x-ray scattering arises from the distribution of collagen
fibrils, and at wide angles it arises from the distribution of collagen
molecules within the fibrils®; but, because the constituent collagen
molecules are arranged approximately parallel to the fibril axis, for the
present purposes, molecular orientation is a good approximation of
fibril orientation.

collagen detector

peripheral thinning. Cornea B was a 7.5-mm button from a 28-year-old
man who had a 13-year history of keratoconus. There was an apical
cone with a small apical corneal scar. There was high astigmatism with
right eye keratometry of 5.8 mm at 10° and <5.5 mm at 110° (normal,
~7.6 mm). Unfortunately, no videokeratography was available. A nor-
mal left human cornea with scleral rim attached was obtained from the
CTS Eye Bank (Bristol, UK) and was equilibrated to physiological
hydration, as described previously.” The central, 7.75-mm button was
trephined for comparison with the pathologic corneal buttons. The
keratoconus buttons and normal cornea used in the present study were

FIGURE 2. (@) Wide-angle x-ray pat-
tern from near the cone of a kerato-
conus cornea. The white spot at the
center is the shadow of a lead beam-
stop used to suppress the intense un-
scattered x-ray beam. (b) Integrated
intensity as a function of angle
around the reflection. The scatter
intensity can be divided into two
components. Nonaligned scattering
(shaded area) comes from a popula-
tion of fibrils equally distributed in at
all angles within the plane of the cor-
nea. Aligned scattering (clear area)
comes from a population of fibrils
that have a preferential orientation
within the plane of the cornea. After
removal of the nonaligned compo-
nent and the application of a 90°
phase shift to account for the fact
that x-ray equatorial reflections oc-
cur at right angles to the fibril or
molecular axis, the data in (b) are
plotted as a polar plot (c). Asymme-
try in this plot shows the preferred
orientation of the collagen averaged
throughout the tissue thickness at
the position through which the x-
rays pass.
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treated similarly, by being tightly wrapped in clinging film to prevent
evaporation and stored at —80°C until x-ray examination. All donors
had given permission to use their tissues for research. Tissue procure-
ment and use was in accordance with the Declaration of Helsinki and
local regulations.

X-ray Data Collection

Each cornea was mounted in an air-tight Perspex cell, in which the
humidity was maintained during the lengthy exposure to the x-ray
beam (approximately 20 hours). Tissue hydration was measured before
and after the experiment and was found to have decreased by <1%.
Irradiation was performed at the synchrotron radiation source (SRS;
Daresbury, UK). The specimens were examined at Station 7.2 by a
beam with a 0.1-mm diameter cross section, a camera length of 12 cm,
and an xray wavelength of 0.1488 nm. The specimen cell was
mounted on a translation stage that could be moved both horizontally
and vertically, either manually or by means of a stepper motor. With
exposures of 30 seconds, scattering patterns were collected on an
image plate detector (Mar Research, Hamburg, Germany) at each point
across a 0.25 X 0.25-mm grid, to give nearly 800 x-ray patterns per
specimen. Scattering from noncollagenous components of the tissue
was subtracted, and the patterns were normalized to take account of
fluctuations in x-ray beam intensity.’

Analysis of X-ray Data

Figure 2a shows a wide-angle x-ray pattern from a region of a kerato-
conus cornea where collagen fibrils were preferentially aligned mainly
in one direction. The pattern consists of an x-ray reflection that takes
the form of equatorial arcs, indicating in this case a spread of fibril axis
orientations about the vertical direction. Starting at 0° at the left of the
reflection, the intensity of the scattered x-rays was measured as a
function of angle. The result is the intensity distribution shown in
Figure 2b. This distribution contains three types of information about
the fibril orientations. The total area under the graph (the total scat-
tered intensity) is proportional to the total mass of fibrillar collagen in
the path of the x-ray beam. This has two components, represented by

Aligned fibril scattering

Non-aligned fibril scattering
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Angle of orientation (degrees)

0 180

270



1950 Meek et al.

the shaded and unshaded areas. The shaded area represents the part of
the scattering arising from the nonaligned (isotropic) fibrils—that is,
fibrils that occur in equal numbers in all directions within the plane of
the cornea. The unshaded area represents the contribution from the
additional population of fibrils that take up a preferred orientation in
the tissue (preferentially aligned fibrils). It is thus possible to use these
areas as relative measures of the total aligned and nonaligned collagen
in the x-ray beam path. Each pattern was analyzed to produce a value
for total scattering, aligned scattering, and isotropic scattering at that
point. These values were used to produce two-dimensional contour
plots that demonstrated how each of the parameters varied across the
corneas. It should be noted that, in practice, the x-ray beam traverses
the slightly curved corneal buttons in a direction parallel to the optical
axis, so that the measurements obtained represent a projection of the
tissue onto a two-dimensional plane at right angles to the direction of
the x-ray beam.

The x-ray pattern in Figure 2a also contains information about the
distribution in the spread of the axes of the preferentially aligned
fibrils. To represent this angular distribution of fibrils, the following
procedure was performed. First, the nonaligned fibril scatter was
removed (i.e., the shaded part of the graph in Fig. 2b was subtracted,
leaving only the unshaded area). This left the distribution of x-ray
intensity as a function of angle for only the preferentially aligned fibrils.
This distribution was then converted into a polar (vector) plot (Fig.
20), taking into account the fact that the x-ray intensity appears at right
angles to the fibril axis.'®'' The radial length of the polar plot at a
given angle is directly proportional to the mass of collagen fibrils
aligned at that angle. The overall size of the plot is therefore related to
the total mass of aligned collagen, and the asymmetry gives an indica-
tion of the preferential direction(s) of this collagen. Thus, in this
example, most preferentially aligned fibrils run vertically and none run
horizontally. Polar plots were produced from the scattering patterns
obtained from each point on the grid, and these plots were then
assembled as a montage to show how the preferred collagen orienta-
tion varies across the normal and the keratoconus corneal buttons.

RESULTS

We used the techniques described herein to examine normal
corneas between 25 and 86 years of age, and the results (not
shown) were essentially the same as that presented for the
button chosen as the control for the study. Figure 3a is the
collagen orientation map for this control button. Each constit-
uent polar plot shows the preferred directions of the collagen
fibrils at that point in the tissue. The control cornea shows the
two preferred, orthogonal orientations of lamellae throughout
most of the button. This arrangement is shown by the cross-
shaped polar plots, indicating collagen preferentially aligned in
the vertical and horizontal directions. The plots are smaller in
the central part where the cornea is thinner, as there are fewer
collagen fibrils in the path of the x-ray beam. Note the lack of
an orthogonal arrangement toward the edge of the figure.
Although the possibility of some edge effects produced by the
trephining process cannot be excluded, it is known that out-
side the central 7 mm (i.e., toward the edge of the excised
button), additional fibrils cross the cornea and swamp the
contribution from the orthogonal lamellae.'?

Figure 3b shows the map of preferred collagen orientations
in keratoconus button A. The inferior-superior and nasal-
temporal preferred orientations in the normal cornea are ab-
sent in the tissue, except at the temporal side, indicating
rearrangement of lamellar orientations across much of the
corneal button. The region of the cone is clearly visible just
below the center of the montage. Figure 4 shows the map of
preferred collagen orientation from keratoconus sample B.
Again, many lamellae appear to have been displaced from the
normal orthogonal arrangement into other directions leading
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to severe disruption of the collagen orientation throughout the
button. In Figures 3b and 4, there is evidence that the lamellae
tend to curve around or are tangential to the edge of the cone.

Contour plots of total and preferentially aligned collagen
from the two keratoconus buttons and the normal button are
presented in Figure 5. The normal cornea shows a fairly regular
increase in collagen mass from the center outward (Fig. 5a).
This reflects the increasing thickness as one moves outward
from the central cornea (compounded by the slight curvature
of the cornea). Figures 5b and 5c show the positions of the
keratoconus cones, where the amount of collagen is greatly
reduced. Figures 5d, 5e, and 5f show the distribution of pref-
erentially aligned collagen in the three corneas. In the normal
cornea, the preferentially aligned collagen did not follow the
same distribution pattern as the total collagen and, in particu-
lar, preferentially aligned collagen increased at the edge of the
button in the four quadrants, to form a diamond shape in the
center. This pattern is characteristic of normal human corneas
and is likely to be due to the presence of additional anchoring
lamellae that traverse and hence contribute to the increased
thickness of the peripheral cornea.'? Nevertheless, the amount
of preferentially aligned collagen is relatively uniform through-
out the central (prepupillary) cornea. The preferentially
aligned collagen in keratoconus (Figs. 5e, 5f), in contrast,
showed much more variation than normal. The uniformity
across the central cornea was lost, with regions of more highly
aligned collagen intermixed with regions in which there was
little aligned collagen. There appeared to be a gross distortion
of the normal diamond-shaped distribution of peripherally ori-
ented fibrils.

It would be of interest to compare the total and aligned
scatter summed across each of the corneas. However, because
scattering increases away from the central cornea and because
of the unknown edge effects of the trephining process, it is
safer to consider just the central parts of the buttons. Table 1
shows the relative scatter from the central 20 mm?. It is
striking that, despite the considerable thinning that occurred in
part of the keratoconus corneas, the total scatter was reduced
by only a few percentage points and, across the button as a
whole, the proportion of aligned scatter remained fairly con-
stant at approximately 30%. These data support the view that
much of the thinning that occurs in keratoconus is due to
redistribution of fibrillar collagen.

DISCUSSION

For technical reasons, it was not possible to perform the
experiments in this study by keeping the x-ray beam normal to
the surface of the cornea during the whole mapping proce-
dure, and so the beam and cornea are only at right angles at the
center of the cornea. Elsewhere the cornea is effectively tilted
by a variable angle, 6. The relationship is

Vi = V,(t, cos0,/t, cosb,),

where V is the sampled volume, ¢ the tissue thickness, 0 the
angle of tilt, and the subscripts n and k are keratoconus and
normal, respectively. Maintaining the beam parallel to the op-
tical axis thus has the effect of increasing the volume of tissue
sampled by the beam as one moves farther from the center of
the cornea. This, in turn, means that corneal thickness and
mass will be overestimated in the steeper regions of the but-
tons. We have estimated the effect of this curvature for normal
and moderate/severe keratoconus (55 D), both geometrically
and from photographic images, and both methods showed that
the ratio cos6,/cosf, has a maximum value of approximately



IOVS, June 2005, Vol. 46, No. 6 Biophysical Changes in Keratoconus 1951
a) Control
Superior
B o e am w . ———— -
A A T T T  —— ., T e
. i e L o
P AP S S AR A e e e we e e e e e e e
PR o il e i I T T
I P I o e e e e b L S o e SR o S
PR L e s e o e s i e o S T S S T
FE B e e b e o e IR e e M o
I o o e b e e S A S o
P PP PP I PP r b rrpardrdrrdpodea o dpddeh
tidtdtdtrrrrrrrrrrrrrrrrd ittt
L4 PP 4P 4P P s brrrrrrb bbbttt
I I I O e R L L L o i bk & L L
ltitdtdttttrscarrrcvbrraddrrartatdd
Nasal 1t444+44+4rssscsssstrrtsrrr+r+++4++ lTemporal
I I IR R T T e e T
[ tlltt ettt rsstrosstradbdretdddd
Tt dedterssvssrdbrctrbtodbbrpradtdddsd
EEEE RN ¢+a+o¢-w+d-+-p-l-++.p‘h¢*+**
BRI E LR R L R R o o o o O R S G Sy S Sy o S S S
R R T R E R E R R otk T r o e g S e e g e S S Y
IR R R R R Rk ko o o R R o S S e g g g e e
DI 2 I B o e o o o T S S R g S v B
LI R A A I o Sl b 2 b P
S e e et e R o e Y
AR K R S ok o o el R R R R L I R
AR TR R R L e b L R R o
e B T T e el e o ol R e
Inferior - +1
B s
b) Keratoconus A - +25
Superior — Py
FIGURE 3. The preferred fibril direc- - -
tion across (a) the normal corneal g S Ol s b
button and (b) keratoconus button P : :: :::”:j i :TTT;... -
A. The scale of the individual polar L o o T ep——— e oo o o e i e e e e
plots was chosen so that the shape of P WA e A il S Wy My e B
. - R e b b L R R R b b ok L R
those in the thinnest part of the cor- B B i ol e g sl i g e Al Ay i ol oy
nea could just be discerned. As a con- e e ot Sh b E S S R o o b Bl o T
i i EEAEEE LRl L i A Al Lt A R R LRl L o b bt
Seque?ce’l plOtts gi.mglermregions D T e e o B e o o e e o
were too large to fit in the montage R o b o S o o A
and so were scaled down by the fac- I O O O o A A e . o
{11 reieaas: (tstiaadssanaataiiy
&> = -
cross-shaped symbols across most of EERES L R A N LT o EQ LB BRR S B
the normal button indicate vertical Nasal EEFEEES NN Y. YETERY ¢ 00w GRe-n i Temporal
and horizontal preferred orienta- ERES 2R 2 53 LE M ERER AR i
tiot}s.InthekeratOC(.)nu.sbutton,the : 1' ' } ; : ; { : : 3 ‘E : : : : ',: \I T : ::I::II:
region of greatest thinning was elon- EEREEE T B e ETBAURA N6 bt
gated vertically, and contained the BEEEBEERERE N BB BEESEE RS S 2 L 2 R
least aligne.d collagen. There is also \ }‘ : t: t 1 : 1; \ _ ; : - }i;:;::i::i::
the suggestion that the cone was sub- LR & N e AR R R T P L
divided into two more circular re- v S ::::'I-::'» et 1::::::::$¢:I+
. . L L L s +
gions. There were large, local varia- S e O BRI B Ay B B Uy A T s
tions in the sizes of the plots, N N N NP RISy S S S S S S S SO SO
probably arising from thinning and a .
focal increase in area (i.e., ectasia). Inferior

1.06, indicating an oversampling of the keratoconus button of
~6% at its steepest position.

Two chief mechanisms for the development of keratoconus
have been put forward. One proposes that ectasia is closely
associated with tissue degradation or reduced maintenance, >
whereas the other suggests that it is due to slippage between
collagen fibrils,’* with no overall tissue loss. These concepts
are not mutually exclusive, since enzymatic degradation could
permit slippage between collagen fibrils.

The x-ray data presented herein, extend the findings of
Daxer and Fratzl,* indicating a gross rearrangement of ver-
tical and horizontal collagen lamellae in keratoconus. We
have provided evidence that many of the posterior lamellae

are displaced, particularly near the presumed apex of the
cone and that changes can occur at least to the edge of the
excised buttons. The total scattering contour maps in Fig-
ures 5a, 5b, and 5c¢ show that, in keratoconus, there is a very
uneven distribution of collagen, with no circular symmetry
in the center of the cornea. Similarly, a distortion of the
peripheral diamond-shaped pattern of anchoring lamellae,
suggests a redistribution of preferentially aligned collagen at
the periphery of the button (Figs. 5d, 5e, 5f). This change in
fibril orientation is difficult to explain on the basis of tissue
degradation alone, since collagen loss would be unlikely to
give rise to a systematic realignment of fibrils. In our opin-
ion, it is more readily explained in terms of collagen fibril
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slippage, perhaps in conjunction with a process of remod-
eling.

Any explanation for the mechanism of keratoconus must
account for the altered profile of the keratoconus cornea, in
the apparent absence of breaks in the collagen bundles. To
understand how the ordered lamellar arrangement of the cor-
neal stroma may give rise to the disrupted pattern found in
keratoconus, it is necessary to review normal corneal structure.
In the posterior two thirds of the human cornea, lamellae lie in
the plane of the cornea and run without interruption from
limbus to limbus with a limited anteroposterior inter-
weave. > '8 At the limbus, the collagen fibrils pursue a circular
or pseudocircular course. The term pseudocircular implies
that, although fibrils enter the limbus tangentially, their precise
origins are unknown. Although the preferred direction of the
posterior lamellae is in the inferior-superior and nasal-tempo-
ral directions, the lamellae of the anterior stroma have little
preferred meridional arrangement.® In the anterior stroma,
there is an extensive anteroposterior interweave, and a pro-
portion of the lamellae that arise in the limbus insert into the
region of Bowman'’s layer.'®~° This arrangement is thought to
be essential for the maintenance of corneal shape.®'>?

The anterior lamellae often split in both a lateral and an
anterior-posterior direction.?*3>3% Studies from our labora-
tory®'? and elsewhere?*># indicate that many corneal lamellae
do not course straight across the cornea from limbus to limbus,
but rather follow a less direct route. Scanning electron micros-
copy of normal corneas revealed frequent instances when
lamellae split into two narrower lamellae (Fig. 6a), which may
subsequently fuse with lamellae running in a different direc-
tion.?® The constituent collagen fibrils within these lamellae
are therefore somewhat longer than they would have to be if
they were to follow a more direct route. The points at which
lamellae split>> are potentially weak, and rely on interfibrillar
forces to maintain cohesion (Fig. 6b). Surgical dissection of the
corneal stroma is not resistance free, even posteriorly where
there is less anteroposterior interweave, suggesting that there
are other elements that bind the collagen lamellae together.>®
Part of this resistance is due to interactions between the col-
lagen fibrils (e.g., type III and heteromeric type I and V colla-
gens) and other matrix proteins, such as the proteogly-
cans,>”*® dermatopontin,® and type VI collagen.*® Type VI
collagen acts as a bridge between type I collagen fibrils*' and
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also interacts with keratan sulfate proteoglycans (lumican, ker-
atocan, and mimecan), decorin (the dermatan sulfate proteo-
glycan),*>** hyaluronan,*> and keratoepithelin, or TGF-in-
duced protein.*® Keratocytes may also play some role in
stabilizing adjacent lamellae. Most of the stromal keratocytes
lie between the lamellae and interact with each other via long
processes and with the collagen on either side. In this respect,
it is interesting that differences in keratocyte surface compo-
nents, cell morphology and cell-matrix interactions have all
been reported in keratoconus.*”**

If this “interfibrillar glue” were weakened, then lamellae (or
collagen bundles) would have the potential to tear apart,'* just
as a nick, cut into the edge of a piece of material propagates
into a tear when a certain tension is exceeded. This would
result in a displacement of lamellae and a redistribution of
collagen locally, as we have reported herein. The central and
inferior regions of the cornea are likely to be affected prefer-
entially (the main region of cone formation), since interlamel-
lar cohesive strength is at a minimum in that area in normal
cornea.**>°

Many of the clinical features of keratoconus can be ex-
plained by a biomechanical hypothesis, which proposes that
corneal thinning and ectasia is the result of an interlamellar and
an interfibrillar slippage of collagen within the stroma, due to
a loss of cohesion between collagen fibrils and the noncollag-
enous matrix.*!'*4°->% Tamellar slippage in the posterior
stroma would require a release of lamellae from their periph-
eral location at the limbus, as well as a loss of cohesion along
the length of the lamellae. Unraveling of corneal lamellae (or of
individual fibrils) from the limbus, and/or throughout the cor-
nea would account for the lateral rearrangement of lamellae.
This unraveling would also increase the effective length of
lamellae, thus releasing tension on the fibrils and allowing
deformation. For the anterior lamellae, unraveling could imply,
in addition, the disinsertion of lamellae from their anchoring
sites in Bowman’s layer.

Thinning is a presenting finding in keratoconus®* and Ed-
mund’®? demonstrated that, except in advanced keratoconus,
the cross-sectional area of corneas in optical section did not
differ from that of normal corneas. This implies that ectasia
occurs by a redistribution of stromal mass, rather than by a loss
from extensive tissue degradation. While Edmund found no
direct evidence that lamellae are released from their limbal
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aligned scatter (same arbitrary units). The superior (S) inferior (I), nasal (N) and temporal (T) sides of each button are indicated.

location,>®> Owens and Watters®® showed that thickness was
reduced outside the cone. Measuring 4 mm from the center,
they found a significant reduction of (5.8%) superiorly, (6.9%)
superotemporally, (13.8%) inferotemporally, (9.4%) inferona-
sally, and (8.2%) nasally. There was a 7.6% reduction in thick-
ness inferiorly, 5.6 mm from the corneal center.>®

Processes that lead to a lengthening of stromal collagen
lamellae without rupture must be assumed to occur physiolog-
ically in the developing eye with prenatal corneal growth. This
could come about in different ways. Birk et al.>” established
that in chick tendon and cornea, collagen fibrils grow by a
process of interstitial extension, due to fusion of fibril “seg-
ments” which increase in length over time (e.g., 10-30 um in
the 14-day-old tendon and >60 um in the 18-day-old ten-
don).>”~>° For the cornea, it cannot be excluded too, that

remodeling includes fibril end-lengthening and fibril slippage
before cessation of growth. We hypothesize that one mecha-
nism for keratoconus could be that the physiological events

TaBLE 1. Relative X-Ray Scatter from the Central 20 mm? of the
Corneal Buttons

Ratio of Aligned

Total Aligned to Total Scatter
Specimen Scatter* Scatter* (%)
Normal 100 100 30
Keratoconus A 96 108 34
Keratoconus B 93 88 29

* Data are expressed as a percentage of normal.
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FIGURE 6. Collagen fibrils in a re-
gion where a lamella splits into two
separate lamellae. In the scanning
electron micrograph (a) (courtesy
Wolfgang Radner, Dept. of Ophthal-
mology, University of Vienna), a la-
mella splits (near the arrowhbead)

and, in this case, interweaves with a

Cll-

lamella running in a different direc-

fibrilsin a

2 Lamella 1l

LA

tion. (b) A simplified (two-dimen-

sional) representation of the stress

lamella

pattern near the split. The stress is

Direction of
stress

equal in all directions within the
plane of the diagram (which actually
represents the curved plane of the
cornea), but it is only the component
at right angles to the lamellae that is
indicated, as this is the force that
tends to tease apart the fibril bun-
dles. In the normal cornea, this stress
must be withstood by the interfibril-

lar matrix. Strain is relieved only in the region immediately around the split (A). This means that the stress trajectories (the black lines in the
diagram that may be thought of as the paths along which stress is “handed on” from fibril to fibril in the tissue) are concentrated in the
neighborhood of the apex of the split. Any reduction in the cohesive forces exerted by the interfibrillar matrix will initially have an effect on points

such as (A), possibly causing the lamellae to separate.

that would normally “lock” the corneal and limbal lamellae in
place during childhood, fail to switch in. This is likely to be
under genetic control and could explain the slow evolution of
keratoconus from childhood and the early teens.

In addition to these biomechanical events, there is an ex-
tensive body of literature supporting the occurrence of bio-
chemical changes within keratoconus corneas. The concept of
tissue degradation, based on the study of keratoplasty buttons,
depends on the demonstration of collagen loss and proteogly-
can changes in affected corneas and on the upregulation of
degradative enzymes.®®~¢3

Zhou et al.°* reported increased cathepsin-B and -G and
gelatinase and caseinase activity in keratoconus corneas, and
Sawagamuchi et al.®> found focal alterations in enzyme activity
in relation to breaks in Bowman’s layer that would favor tissue
breakdown. A defect in glycoprotein synthesis was reported in
earlier studies®® and numerous workers have reported an ab-
normal electron-dense material in the stroma.>>®”~73 Various
investigators have variously found an increase,”> a reduction,”?
or no change®"”” in proteoglycans. The proteoglycans decorin
and keratocan have been reported to be upregulated in kera-
toconus,’®”” whereas the glycosaminoglycan keratan sulfate is
reduced in amount and possibly downregulated.”®~3°

In summary, we have shown that in keratoconus, formation
of the cone is associated with displacement of the axes of the
collagen fibrils and distortion of the orthogonal matrix. This
implies a degree of lamellar fluidity and slippage. We propose
that the displacement and redistribution are primarily caused
by an unraveling of lamellae, along their length and from their
limbal anchors, and a teasing apart at points where lamellae
bifurcate and from Bowman'’s layer. This alteration could result
from the failure of a “locking mechanism” normally established
in infancy and childhood, or from the effects of enzymatic
digestion. We contend that in keratoconus, an as yet uniden-
tified primary event,"> which may be under genetic control,
triggers a breakdown of the “glue” that stabilizes collagen
fibrils and facilitates the process of lamellar or fibrillar slippage
that we describe herein. This hypothesis has therapeutic im-
plications, and it is relevant that attempts are being made to
slow down the progression of keratoconus by enhancing stro-
mal cross-linking. Some success has been claimed recently for
a photosensitizing regimen in which cross-linking is enhanced
by exposing the eye to UVA after the application of topical

riboflavin drops (Sandner D, et al. IOVS 2002;43:ARVO E-Ab-
stract 2887).%"
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