Mapping Collagen Organization in the Human Cornea:
Left and Right Eyes Are Structurally Distinct
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PurpOsE. Aspects of the biomechanics and surface topography
of fellow human corneas are known to exhibit midline sym-
metry, but the structural basis of these observations is poorly
understood. The mechanical performance of the cornea is
strongly influenced by the organization of stromal collagen
fibrils. The present study was designed to examine and com-
pare the organization of collagen fibrils in the corneal stroma of
left and right eyes.

MEeTHODS. Wide-angle x-ray scattering was used to map in detail
the orientation and distribution of fibrillar collagen across the
cornea, limbus, and adjacent sclera of three normal human
eyes, including a fellow pair, and the central 9-mm corneal
region of a further four eyes.

Resurrs. Fibrillar collagen in the human cornea and limbus is
arranged anisotropically, and in a highly specific manner. Left
and right corneas are structurally distinct. In general, the mass
distribution of preferentially aligned fibrils in the cornea ap-
pears to exhibit a degree of midline symmetry between left and
right eyes.

Concrusions. Structural information, such as that presented
herein, will enable a better understanding of corneal biome-
chanics and shape. Midline symmetry in the distribution of
aligned, mechanically reinforcing collagen fibrils between left
and right eyes may relate to the biomechanical and topograph-
ical enantiomorphism reported in the literature. (Invest Opb-
thalmol Vis Sci. 2006;47:901-908) DOI:10.1167/iovs.05-0893

he cornea, together with the surrounding sclera, forms the

protective outer tunic of the eye, maintaining the eyeball’s
shape under the action of the intraocular pressure and external
physical trauma. In terrestrial vertebrates, the cornea also acts
as the main refracting component, providing ~70% of the total
light focusing. Correct corneal curvature and transparency
depend on the unique architecture of the corneal stroma,
which accounts for the bulk of the tissue’s thickness. In hu-
mans the stroma is composed, centrally, of ~200 stacked
lamellae that lie parallel to the corneal surface." Each lamella
contains uniformly narrow, regularly spaced collagen fibrils
embedded in a hydrated matrix rich in proteoglycans, glyco-
proteins, other soluble proteins, inorganic salts, and keratocyte
cells. Fibrils within a lamella run approximately parallel, but
subtend large angles with those in adjacent lamellae.?
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Although corneal shape varies between individuals, it is
well established that the surface topography of fellow normal
human corneas exhibits a degree of nonsuperimposable mid-
line symmetry.>~> The structural origin of this is unknown, but
it is suspected that the precise organization of stromal collagen
has a role to play in determining corneal shape through a direct
impact on tissue biomechanics.®” It has been well docu-
mented that the mechanical properties of the cornea vary
across the tissue.®~'" Interlamellar cohesive strength profiles
have been shown to vary anisotropically in a similar manner
across fellow normal corneas,® indicating that corresponding
anisotropic reinforcing structures might exist between left and
right eyes. It has been suggested® that such an intrinsic struc-
tural feature may predispose fellow corneas to the kind of
enantiomorphic ectasia reported in keratoconus.'> Moreover,
certain regional differences in the cornea’s mechanical prop-
erties®'! can be understood in terms of collagen fibril orienta-
tion models published in the literature.'>'# In general, a
compelling argument may be made for the anisotropic biome-
chanical performance of the cornea being related to regional
variations in stromal collagen organization. Computational
models of corneal biomechanics are now beginning to incor-
porate fibril orientation data,'> with the purpose being to
simulate more effectively the tissue’s response to surgery.
However any variational trends in collagen organization be-
tween left and right eyes, as might be expected from topo-
graphical and biomechanical considerations, remain uncharac-
terized, despite the potential importance of this information to
our understanding of corneal mechanics and shape.

X-ray scattering has become established as a powerful re-
search tool for examining corneal microstructure (for a review,
see Ref. 16). Scattering methods have revealed a preferential
orientation of collagen fibrils in the central cornea in the
superior-inferior and nasal-temporal directions.®'>'7 It has
been suggested that these exist to take up the stress exerted on
the cornea by the ocular motor muscles, thereby helping to
preserve corneal shape.®'” Similar methods have also deter-
mined that, toward the corneal periphery, this arrangement
alters to coalesce with an annulus of fibrils that circumscribe
the cornea.'®'® This annulus may help to maintain corneal
curvature by mechanically reinforcing the limbus, the corneo-
scleral interface where the differing curvatures of the two
tissues creates heightened circumferential tension.?° Recently,
the technique has been used to map for the first time collagen
organization across a whole cornea.'? The present study ex-
tends our knowledge by comparing the collagen organization
between left and right eyes and includes structural maps of
fellow corneas from a single individual.

METHODS

Tissue Preparation

A pair of eyeballs (donor 1) was obtained from Manchester Eye Hos-
pital Manchester, UK). The eyes were removed from the donor within
2 to 3 hours of death, snap frozen using liquid nitrogen and stored
frozen at —80°C until the time of the experiment. On removal, a scleral
suture was added to mark the superior globe position. Immediately
before data collection the eyes were thawed and the corneas excised,

901



902 Boote et al.

leaving 2 to 3 mm of scleral rim attached. In addition, two right
eyeballs (donors 2 and 3) were provided by the Great Wall Hospital
(Beijing, China). These eyes were removed (again retaining 2 to 3 mm
of scleral rim) within 2 to 3 hours of death, sutured and stored in 10%
formalin solution until the time of data collection. (Previous x-ray
experiments have revealed no significant difference between the two
storage methods, in terms of the resultant wide-angle scattering data;
Hayes S, personal communication, 2004.) One further right eye (donor
4) and two left eyes (donors 5 and 6) were obtained from the Bristol
Eye Bank (Bristol, UK) and were harvested and prepared in an identical
fashion with the eyes of donor 1. None of the six donors had any
history of ocular surgery. The tenets of the Declaration of Helsinki
were adhered to throughout.

Data Collection

Wide-angle x-ray-scattering data were collected on station 14.1 at the
UK Synchrotron Radiation Source (Daresbury, UK), by using a
0.1488-nm wavelength x-ray beam with a square 0.2 X 0.2 mm cross-
section at the specimen. Specimens were wrapped in cling film and
mounted inside airtight Perspex (Databank, UK) cells, to prevent tissue
dehydration. X-rays were passed through the anterior face of the
cornea-sclera parallel to the cornea’s optical axis, and the resultant
scattering data collected on a charge-coupled (CCD) x-ray detector
(ADSC, Poway, CA) placed 15 cm behind the specimen (Fig. 1A).
Scattering patterns were collected at 0.5 X 0.5-mm (donor 1) and
0.4 X 0.4-mm (donor 2) intervals across the whole tissue, with the
x-ray exposure times per data point being 45 (donor 1) and 75 (donor
2) seconds. The specimens were moved horizontally and vertically
within the sample plane between exposures by means of a motorized
translation stage (Newport, Newbury, UK) interfaced with the x-ray
camera shutter. In addition, the central 9-mm corneal region of the four
remaining eyes was examined at a resolution of 0.4 (donors 3 and 5),
0.3 (donor 4), and 0.25 (donor 6) mm. Exposure times were 75 (donor
3), 45 (donors 4 and 5), and 30 (donor 6) seconds.

Data Analysis

Wide-angle scattering patterns from cornea and sclera arise from inter-
ference between x-rays scattered by the regularly spaced collagen
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molecules making up the fibrils.'® Collagen molecules scatter x-rays in
a plane normal to their long axis and, because these molecules lie
nearly parallel to the fibril axis, the distribution of scattered intensity
may be analyzed to yield information about the orientation of the
collagen fibrils. A typical scattering pattern from the central cornea is
shown in Figure 1A. It is characterized by four lobes of heightened
intensity (red) arising from the predominantly orthogonal arrangement
of fibrils in this part of the tissue. For each pattern the angular
distribution of normalized x-ray scatter intensity was obtained (Fig. 1B)
using methods described previously.'® The scatter was divided into
two components: (1) isotropic scatter from fibrils distributed equally in
all directions and (2) aligned scatter from only those fibrils that are
preferentially aligned (Fig. 1B). The aligned scatter was then plotted as
polar vectors, introducing a 90° phase shift to account for the fact that
collagen molecules scatter x-rays normally to their long axis. In the
resultant graph (Fig. 1C), the radial extent of the plot in any direction
is proportional to the relative number of fibrils preferentially aligned in
that direction. The polar plots were combined to produce a map
showing the preferred orientation of fibrils over the tissue.

From the scattering patterns we were also able to compute for each
sampled point in the tissue a single-intensity value giving a measure of
the relative scatter from fibrillar collagen at that point. Total scatter
from all fibrillar collagen was computed for each pattern by integrating
the area under the angular distribution graphs (Fig. 1B). The data were
then assimilated into a contour plot, as described previously,'* pro-
ducing for each specimen a map showing the distribution of fibrillar
collagen over the tissue. Corresponding maps were produced for only
preferentially aligned fibrils by integrating the area under the aligned
scatter component of the distribution graph (Fig. 1B).

RESULTS

Collagen Fibril Orientation

By using high-intensity Synchrotron x-rays we obtained maps
of collagen fibril orientation across a fellow pair of corneas
(donor 1) with approximately 2 mm of surrounding scleral
tissue. Wide-angle x-ray-scattering patterns were collected at

incident X-rays

FIGURE 1. Wide-angle x-ray scatter-
ing from the cornea-sclera. (A) X-rays
scattered by fibrillar collagen form a
scattering pattern on a detector be-
hind the specimen. (B) The angular
distribution of scattered x-ray inten-
sity is measured. (C) Scatter from
preferentially aligned fibrils is con-
verted into polar vectors. The radial
extent of the resulting plot in a par-
ticular direction represents the rela-
tive number of collagen fibrils pref-
erentially aligned in that direction.
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FIGURE 2. Preferred orientation of
collagen fibrils in human cornea and
sclera. (A) Left eye of donor 1, sam-
pled at 0.5-mm intervals. Dotted cir-
cle: the limbus. Each sampled point is
represented by a polar plot, in which
the radial extent of the plot in any
direction is proportional to the rela-
tive number of fibrils preferentially
aligned in that direction. It was nec-
essary to scale down the larger pe-
ripheral plots. Scale factors: orange
(D), red (1.5), dark red (2), black (3),
green (4), blue (5). (B) Equivalent
map of donor’s right eye. Arrows:
localized regions in both eyes where
the normal orthogonal arrangement
of fibrils was altered.

0.5-mm intervals across the whole of the cornea, limbus, and
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Reference to the fibril orientation map for the right eye of

adjacent sclera. A further specimen from a right eye (donor 2) donor 2 (Fig. 3) revealed an interesting feature of collagen
was mapped at 0.4-mm resolution. From the scattering pat- organization in the sclera. The polar plots toward the pe-
terns, we were able to determine the preferred orientation of riphery of the tissue clearly showed localized scleral fibrils
collagen fibrils, averaged through the specimen thickness, at with a preferred orientation directed radially toward the
every sampled point in the tissue. Data from donors 1 and 2 are four cardinal points (designated superior, inferior, nasal, and
shown in Figures 2 and 3, respectively.

temporal) of the globe. This feature was also noticeable to a
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lesser degree in the nasal and superior sclera of the left eye
of donor 1 (Fig. 2A) and in the nasal and inferior sclera of the
right eye (Fig. 2B). We believe it likely that these fibrils are
used to anchor the sclera to the rectus muscles of the ocular
motor system, which are situated at the cardinal points of
the globe.*!

The polar plots in Figures 2 and 3 indicate that, in general,
the central cornea of donors 1 and 2 demonstrated a preferen-
tially orthogonal arrangement of collagen fibrils, directed along
the superior-inferior and nasal-temporal meridians. This result
is consistent with previous x-ray-scattering work.%!'>1%17
There were, however, areas in both corneas of donor 1 where
the orientation was locally more uniaxial (Fig. 2, arrows), being
biased in favor of superior-inferior fibrils. The two observa-
tions may be reconciled if we consider that a recent study has
shown that, although on average the central cornea is popu-
lated by superior-inferior and nasal-temporal fibrils in equal
proportion, individual corneas may show a significant imbal-
ance.® A further important feature of the maps is the relative
size of the polar plots in the peripheral oblique regions of the
cornea. The left eye of donor 1 (Fig. 2A) clearly featured larger
plots in the peripheral regions of the superior-nasal and infe-
rior-temporal quadrants than in the two remaining quadrants.
These larger plots extended 2 to 3 mm into the cornea relative
to the center of the limbus (dotted circle) and qualitatively
point to proportionally more aligned collagen in these parts of
the tissue. This feature was also present in the donor’s right eye
(Fig. 2B) and in donor 2 (Fig. 3).

The orientation of the central corneal fibrils is clearly
seen to shift toward the corneal periphery gradually (Figs. 2,
3), in favor of a more tangential arrangement. At the limbus
(dotted circle) the plots are consistent with a circumcorneal
annulus of fibrils, similar to that reported previously.'®18:1°
Note also from the color of the plots that there was a much
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FIGURE 3. Map of preferred colla-
gen fibril orientation across the right
cornea-sclera of donor 2. Polar plots
are shown at 0.4-mm intervals.
Scaled-down factors are as follows:
orange (1), red (1.5), dark red (2),
black (3), green (4), blue (5). Dotted
circle: the limbus.

-

higher proportion of aligned collagen in the limbus relative
to the corneal center. In agreement with previous work, '®
the structure of the limbal annulus appeared asymmetrical—
its width and degree of fibril alignment varying with circum-
ferential position.

Collagen Distribution

Figures 4A, 4B, and 5A indicate that the total scatter from
fibrillar collagen remained fairly constant over the cornea
(yellow contours) until approximately 1 to 1.5 mm from the
limbus, whereupon an increase was observed (orange con-
tours). This increase in scattering intensity was most likely
due to the increased tissue thickness in this region, given
that the number of stacked lamellae comprising the
stroma increases more than twofold at the limbus compared
with the corneal center.! In general, scatter in the adjacent
sclera demonstrated far more spatial variability than in the
cornea.

Aligned collagen scatter from donor 1 is shown in Figures
4C and 4D. The contours define a region of minimum scatter
in the central cornea (yellow contours) which was loosely
rhombic in shape, compared with the circular central region
in the corresponding total scatter maps (Figs. 4A, 4B). Con-
sistent with the collagen orientation maps (Fig. 2), the
scatter was clearly elevated (orange contours) in the supe-
rior-nasal and inferior-temporal quadrants of the peripheral
cornea of both eyes, causing the central rhombic region to
appear skewed. This additional scatter has been proposed to
arise from fibrils originating in the sclera and passing
through the oblique peripheral cornea on a curved
path.'*?? These so-called “anchoring” fibrils may help flat-
ten the peripheral cornea.'* Strikingly, the resultant shape
of the central aligned scatter contours in the right (Fig. 4C)
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Right eye
A superior

C superior

FIGURE 4. Contour maps showing
the distribution of collagen in human
cornea and sclera. (A, B) Total fibril-
lar collagen x-ray scatter from right
and left eyes, respectively, of donor
1. (C, D) Scatter from only preferen-
tially aligned collagen fibrils. (E, F)
Ratio of aligned/total scatter. Scatter
in arbitrary units. Dotted circle: the
limbus.

and left (Fig. 4D) eyes exhibited a high degree of midline
mirror symmetry. At the limbus (dotted line) there was a
clear annulus of increased scatter intensity, which was ele-
vated in the oblique regions compared with the cardinal
points. It is further notable that maximum scatter occurred
in the inferior-nasal region of the limbus in both eyes, and
that overall limbal scatter is greater on the nasal side. As in
the cornea, the distribution of aligned scatter around the
limbus appears roughly mirrored in the fellow pair about the
central body axis. Contour maps showing the ratio of
aligned to total scatter are shown in Figures 4E and 4F.
These were obtained by dividing the data in Figures 4C and
4D, point for point, by those in Figures 4A and 4B respec-
tively. The maps confirm that the apparent elevations in
aligned scatter we have discussed do indeed represent gen-
uinely higher levels of preferentially aligned collagen, as
opposed to simply increases in the total amount of collagen
due to, for example, variations in tissue thickness. Figures
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5B and 5C show that all aforementioned features of the
aligned collagen distribution in the right eye of donor 1
were conserved in the right eye of donor 2. The finer
sampling resolution used in the case of donor 2 (0.4 mm
instead of 0.5 mm) was manifest in the improved definition
of the maps in Figure 5.

To explore further the interesting observations pertaining
to the distribution of aligned collagen mass, we examined the
central 9-mm region of four additional corneas (two right and
two left). Figure 6 shows that, although significant variation
was evident between individual eyes, the characteristic dis-
torted rhombic pattern of the aligned scatter contours was
conserved. In this respect, left and right eyes may be consid-
ered structurally distinct, in that it is possible to tell a right
cornea from a left by inspection of the distribution of aligned
collagen alone. Notwithstanding more subtle variations be-
tween individuals, this gross structural feature appears to be an
intrinsic property of the cornea.
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FIGURE 5. Distribution of collagen in the right cornea and sclera of
donor 2. (A) Contour map of total fibrillar collagen x-ray scatter. (B)
Contour map of scatter from only preferentially aligned collagen. (C)
Ratio of aligned to total scatter. Scatter is expressed in arbitrary units.
Dotted circle: the limbus.

DISCcUSSION

A major role of collagen fibrils in connective tissues is to
provide tensile reinforcement, and knowledge of fibril ori-
entation and distribution within a tissue is necessary for a
proper understanding of the tissue’s mechanical proper-
ties.?>?% In the human eye, exactly how the arrangement of
the corneal lamellae is related to mechanical performance
remains to be established. In this article, we have demon-
strated a population of collagen fibrils in the sclera at the
four cardinal points outside the cornea that are directed
toward the extraocular muscles, and it may reasonably be
supposed that this collagen has a mechanical function re-
lated to eye movement. The result is consistent with the

IOVS, March 2006, Vol. 47, No. 3

scheme originally envisioned by Kokott,?> based on lines of
force measurements. Within the cornea, it is suspected that
the precise organization of fibrillar collagen impacts on the
tissue’s shape, and thereby on the eye’s refractive status.®”’
The most striking result of the present study is that the mass
of preferentially aligned collagen in the corneal stroma ap-
pears to be distributed differently between left and right
eyes. The characteristic rhombus-shaped contour pattern is
present in every eye we have studied, and this pattern
exhibited a high degree of symmetry about the midline in
the fellow pair (Figs. 4C, 4D), and showed a similar left-
right trend in all other specimens (Figs. 5B, 6). Of interest,
variations in birefringence data across human corneas have
been reported®® that demonstrate a broadly similar pattern
to the observed aligned collagen distribution, although the
authors were not able to comment on symmetry properties,
as the specimens were not oriented. Figure 7 shows an
idealized theoretical model of preferentially aligned, rein-
forcing fibrils in left and right human eyes based on the
current data. It is possible that such an anisotropic arrange-
ment of collagen relates to the differential flattening of
the normal cornea along its various meridians. Moreover, a
scheme of inherent structural symmetry such as that
shown in Figure 7 may in theory help to explain the
topographical enantiomorphism exhibited by fellow cor-
neas. With this in mind, however, it is relevant to note that
corneal shape is known to vary significantly from individual
to individual.®>?” Further, it is unfortunate that no in vivo
topographic data were available on the corneas we
examined, and no direct comparison between the current
data and corneal shape is therefore possible. Thus, the
definitive establishment of a causal link between corneal
topography and collagen organization awaits further inves-
tigation.

It is instructive to consider potential clinical implications
of the current results. Intrinsic structural anisotropy, such as
in the distribution of reinforcing collagen, could become a
determinant of corneal shape during keratorefractive sur-
gery. The extent of postoperative astigmatism after certain
procedures depends on the size, direction, and location of
the incision,*®*°and this may be related to the inhomoge-
neity of the stroma’s fibril arrangement.?° Indeed, the out-
come of computer-simulated tunnel incisions has demon-
strated the benefit of using empiric data on fibril
orientations to mechanically model corneal anisotropy.'> In
the case of penetrating keratoplasty, the amount of surgi-
cally induced refractive error is determined by many factors,
including trephination technique,®':*? suture type,>>>* and
postoperative management.>>° It is possible that collagen
organization could also have a bearing on the clinical out-
come, particularly given empiric evidence that graft align-
ment appears to affect the magnitude of astigmatism after
transplant (Rapuano CJ, et al. IOVS 1995;36:ARVO Abstract
653). In addition, the results of the present study might also
be relevant to LASIK surgery. Specifically, the data suggest
that, during flap creation, the extent of collagen fibril dis-
ruption may depend on the direction of the microkeratome
pass. However, it must be borne in mind that the current
data represent an average through the full-thickness tissue.
The fibril model as it stands requires extension to include
structural changes with stromal depth before a conclusive
argument could be made. Nevertheless, the present study
may prove an integral step toward providing a fundamental
structural platform on which to interpret the cornea’s me-
chanical response to surgery.
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FiGure 7. Idealized theoretical model showing the directions of preferentially aligned, reinforcing col-
lagen fibrils in the cornea, limbus, and adjacent sclera of human eyes. The fibril arrangements in (A) right
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