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SUMMARY 

This report documents the first case of X-ray diffraction 
techniques aiding the diagnosis of a corneal dystrophy 

with a clinically ambiguous presentation. Post-oper
atively, a high-angle synchrotron X-ray diffraction pat
tern was obtained from an in vitro portion of a 
pathological cornea. This pattern displayed two X-ray 
reflections which we recently demonstrated to be unique 

to the high-angle X-ray diffraction patterns of both type I 

and type II macular dystrophy corneas; on the basis of 

this evidence we were able to offer a post-operative diag

nosis of macular corneal dystrophy. An electron micro

scopical evaluation of the cornea revealed stromal 
lacunae at all levels and an extensive layer of vacuoles, 
predominantly between Bowman's layer and the anterior 
stroma. These vacuoles were often associated with large 
proteoglycan filaments, as identified by Cuprolinic blue 
staining. Abnormally large collagen fibrils were docu
mented, for the first time, in a macular dystrophy cornea; 
they existed in localised regions, frequently adjacent to 
the vacuoles and abnormal proteoglycans, and could well 
have implications for corneal transparency. We propose 
that the dystrophy is an atypical variant of macular cor

neal dystrophy which is encompassed by the heterogen
eous nature of the condition. 

A 75-year-old adopted man, who 5 years previously was 
reported visually normal by his referring physician, under
went penetrating keratoplasty of the right eye for an 
unusual bilateral corneal disorder. On the basis of the 
clinical findings the disorder appeared dystrophic, and a 
tentative diagnosis of granular or macular corneal dys
trophy was entertained. 

Macular corneal dystrophy is a rare, autosomal reces
sive disorder, classically presenting within the first decade 
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of life and becoming symptomatically advanced by the 
third decade. The corneal stroma becomes progressively 
clouded with central superficial deposits which eventually 
extend posteriorly and towards the limbus. I Central cor
neal thinning is evident,2.3 associated with the compaction 
of normal-diameter stromal collagen fibrils.4 

Until about 5 years ago, the primary defect in macular 
corneal dystrophy was assumed to occur in the synthetic 
pathway of the keratan sulphate proteoglycans,5-7 and was 
thought always to involve an incomplete glycosaminogly
can sulphation process.7 However, in 1988 immunochem
ical studies evaluating the keratan sulphate defect in a 
population of macular dystrophy patients revealed a 
heterogeneity.8.9 Briefly, the cornea and serum of some 
patients (designated as type I) contain no sulphated ker
atan sulphate, as identified by a monoclonal antibody in an 
ELISA,IO.11 whereas other patients (designated as type II) 
demonstrate measurable, though often reduced, keratan 
sulphate levels in either or both of these tissues.8.9 Addi
tional reports of individual cases which defy this classifi
cation systemS emphasise the heterogeneous nature of 
macular corneal dystrophy. Macular dystrophy corneas 
synthesise chondroitin/dermatan sulphate proteoglycans 
that are larger than normal and oversulphated,7 and histo
logical studies employing the proteoglycan-specific stain 
Cuprolinic blue have revealed that these proteoglycans 
accumulate and aggregate in both type I and type II mac
ular dystrophy corneas.4.12 

Corneal stroma produces an X-ray diffraction pattern, 
the high-angle component of which relates to the arrange
ment of atoms and groups of atoms into molecules, and of 
collagen molecules into fibrils. Macular dystrophy cor
neas produce a unique high-angle synchrotron X-ray dif
fraction pattern, 13 possibly due to the abnormal 
ultrastructure of the stromal proteoglycans. This phenom
enon was recently put forward as an alternative to the his
tological approach of post-operatively confirming a 
diagnosis of macular corneal dystrophy.13 

Given the patient's extremely unusual clinical presen
tation, we performed transmission electron microscopy in 
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Fig. 1. The clinical presentation of the cornea just prior to 
penetrating keratoplasty. Small, white opacities with somewhat 
distinct margins are present in the superficial central stroma 
with some intervening stromal clouding. 

conjunction with proteoglycan-specific staining to discern 
the ultrastructural abnormalities of his cornea. Blood 
serum and corneal tissue were analysed for epitopes of 
sulphated keratan sulphate. We also obtained high-angle 
synchrotron X-ray diffraction patterns from the corneal 
stroma. This report represents the first incidence of X -ray 
diffraction data aiding the diagnosis of a corneal pathol
ogy with a clinically ambiguous presentation. 

MATERIAL S AND METHODS 

Immediately upon resection of the 7.5 mm central corneal 
button, three 2 mm diameter punch biopsies were taken 
from the central affected area and processed for transmis
sion electron microscopy as described below. A corneal 
portion and a serum sample were frozen prior to the ker
atan sulphate analysis. The remainder of the button, a por
tion of which was earmarked for use in the X-ray 
diffraction study, was fixed overnight at 4°C in 4% para
formaldehyde in 0.1 M cacodylate buffer (pH 7.4) before 
being stored in the buffer without the fixative. 

Keratan Sulphate Analysis 

The keratan sulphate content of a sample of cornea and 
serum was analysed by a previously described ELISA 
which employs a monoclonal antibody specific for a very 
highly sulphated epitope on the keratan sulphate chain; 
several normal adult human corneas were identically 
treated. I I The results are expressed as equivalents of an 
international standard of keratan sulphate purified from 
human costal cartilage. 

X-ray Diffraction 

X-ray diffraction patterns were recorded on high-speed 
photographic film, using the high-angle ( = 12 cm) 
camera and radiation of wavelength 1.488 A, at the SERC 
synchrotron in Daresbury, UK. The diffraction system was 
calibrated from the 3.04 A lattice reflection in powder dif
fraction patterns of calcite, and analysis of the X-ray pat-
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terns was as previously described. 13 The confidence limits 
are expressed as the precision with which the reflection 
could be measured, converted to real space. As the data are 
converted from reciprocal space, the wider reflections pro
duce Bragg spacings which are associated with a lower 
experimental error. 

Transmission Electron Microscopy 

The three corneal punches were fixed, stained en bloc for 
proteoglycans with Cuprolinic blue in a 'critical electro
lyte concentration' mode (0.1 M MgCI2) and processed for 
electron microscopy as previously described.14 The grids 
were examined on a Jeol IOOS operating at 80 kV, cali
brated with a 2160 lines/mm grating replica. 

RESULTS 

Clinical Presentation 

Slit lamp biomicroscopic examinations revealed multiple, 
dense, white opacities with somewhat distinct margins in 
the superficial central stroma with some intervening stro
mal clouding (Fig. 1). Mid-peripheral stroma was rela
tively unaffected. In the peripheral cornea the superficial 
stroma was clear, and discrete, smooth pre-Descemet's 
lesions were evident. Routine pathology indicated an 
acquired phenotypical mucopolysaccharidosis. 

Keratan Sulphate Analysis 

Serum keratan sulphate was quantified at 390 ng/ml 

Fig. 2. A high-angle synchrotron X-ray diffraction pattern 
from a portion of the cornea. The diffuse inner reflection (arrow) 
arises from the lateral separation of collagen molecules (in this 
case 15.1 ± 0.4 A). Two sharp reflections which are unique to 
macular dystrophy corneas are observed (outer reflection; 
arrowhead), although the inner of the two is extremely fainti 
these reflections correspond to Bragg spacings of4.56 ± 0.05 A 
(outer reflection) and 9.4 ± 0.3 A (inner reflection). The diffuse 
reflection just inside the outer 'extra' reflection is due to the 
mylar window of the experimental cell in which the cornea is 
placed during the exposure. 
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Fig. 3. A low-magnification (x 7800) micrograph of the 
abnormal vacuolated layer interspersed with anterior stroma. 
Bowman's layer is to the far left of the image, and in this region 
there is some stroma anterior to the vacuolated layer. Electron
lucent lacunae are present within the vacuolated layer and the 
stroma. Large, darkly stained proteoglycan filaments are associ
ated with the margins of the vacuoles. Scale bar represents 1.4 flm. 

Fig. 5. A region of mid-depth stroma which displays numer
ous electron-lucent lacunae, both inter-lamellar and intra
lamellar. Stromal proteoglycans appear fairly normal. A 
deposit of vacuoles lies between two lamellae, and the 
abnormally large proteoglycan filaments extend into the adja
cent stromal matrix (x17 300). Scale bar represents 500 nm. 

Fig. 7. A micrograph (x21 000) of the mid-stroma displaying 
normal-diameter collagen fibrils in a lamellar arrangement. 
Electron-lucent lacunae are present in the matrix. Similar-sized, 
diffusely stained stromal inclusions are also evident (arrow
heads), Scale bar represents 250 nm. 
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Fig. 4. A high-magnification (x43 200) micrograph of vacu
oles adjacent to the anterior stroma. Stromal proteoglycans 
appear normal. The vacuoles are seen to have a vaguely discern
ible structure and large proteoglycan filaments are associated 
with the periphery of the vacuoles. Scale bar represents 200 nm. 

Fig. 6. A micrograph (x40 000) of vacuoles in close approxi
mation to a mid-stromal keratocyte. Abnormally large pro-· 
teoglycan filaments are associated with the margins of the 
majority of the vacuoles in this micrograph; these vacuoles do 
not seem to be bound by a membrane. A vacuole which is 
enclosed within a membrane does not have any proteoglycans 
associated with it. Scale bar represents 250 nm. 

Fig. 8. A region of anterior stroma just posterior to a vacuolated 
layer (x53 300). The vacuolated layer lies to the left of the image. 
Matrix proteoglycans appear fairly normal and electron-lucent lac
unae are in evidence. The collagen fibrils, in cross-section and 
long-section, demonstrate an abnormally large variation in their 
diameters. The lamella viewed in cross-section displays the most 
variability in its collagen sizes towards the left, i.e. in the region 
most closely approximated to the vacuolated layer and the 
abnormal proteoglycan filaments. Scale bar represents 200 nm. 
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(normal, 265 ng/mlll). Keratan sulphate constituted 35% 
of the corneal proteoglycans compared with 40-60% in 
normal adult human cornea. 

Synchrotron X-ray Diffraction 

Analysis of the high-angle X-ray diffraction pattern from 
the cornea (Fig. 2) demonstrates that the mean distance 
between the collagen molecules which constitute the stro
mal fibrils is 15. 1 ± 0.4 A. More importantly, two 'extra' 
reflections are observed which correspond to Bragg 
spacings of 4.56 ± 0.05 A and 9.4 ± 0.3 A. 

Transmission Electron Microscopy 

A collagen-free layer is present in the central anterior cor
nea, predominantly between Bowman's layer and the 
anterior stroma, although occasionally it extends beneath 
the anterior stroma (Fig. 3). This layer consists of numer
ous circular and oval vacuoles (Fig. 3) which are filled 
with fibrillogranular material with a vaguely discernible 
ultrastructure (Fig. 4). The dimensions of these vacuoles 
are approximately 1-4 11m. Electron-lucent areas of 
similar proportions are interspersed with the vacuoles 
(Figs. 3-5). The abnormal fibrillogranular layer, which is 
up to 22 11m thick, is observed in all of the samples taken 
from the central cornea. Abnormally large, Cuprolinic
blue-stained proteoglycan filaments (20-40 nm thick and 
50-400 nm long) are present within this layer, predom
inantly associated with the outer edge of the individual 
vacuoles (Figs. 3-5); these proteoglycan filaments often 
extend into the stromal matrix adjacent to the margins of 
the vacuolated layer (Fig. 5). 

Numerous, discrete lacunae occur at all levels of the 
corneal stroma and, occasionally, an undefined diffuse 
substance is observed within this type of lacuna (Fig. 6). 
Similar, smaller structures are present in Bowman's layer. 
Occasionally, mid-stromal keratocytes are closely 
approximated to fibrillogranular vacuoles (Fig. 7). The 
extracellular vacuoles, which lie in close proximity to the 
cell, but do not seem to be bound by a membrane, are fre
quently associated with large proteoglycan filaments. 
Vacuoles which appear to be in the cytoplasm do not dis
play the proteoglycan association (Fig. 7). 

The general size and distribution of the stromal col
lagen and proteoglycans throughout most of the stroma 
appears normal (Figs. 5-7). However, localised regions of 
the stroma occasionally display a large variation in the 
diameter (approximately 25-60 nm) of their collagen 
fibrils (Fig. 8). In the electron microscope normal human 
corneal collagen fibrils have a mean diameter of 26 nm 
(SD ± 2.4 nm).15 The abnormally large collagen fibrils 
seem always to occur adjacent to abnormal vacuolated 
regions containing the large proteoglycan filaments. 

DISCUSSION 

The patient's history, and the clinical appearance of the 
cornea, had some characteristics of macular corneal dys
trophy, although they were atypical of the condition. The 
patient's age at presentation is, to our knowledge, older 
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than any previously reported case of macular corneal dys
trophy,8-11,16 which generally presents earliest of the clas
sic stromal dystrophies. The central opacities are confined 
to the superficial stroma while the peripheral opacities 
exist in the deep, pre-Descemet's stroma. Furthermore, it 
is unusual for the opacities in macular dystrophy corneas 
to have such distinct margins. The patient's serum keratan 
sulphate levels (390 ng/ml) were well above those for type 
I macular corneal dystrophy «3 ng/ml), and normally 
sulphated keratan sulphate constituted 35% of the corneal 
proteoglycans compared with less than 1 % in type I 
macular dystrophy corneas. These immunochemical 
findings preclude diagnosis of type I macular corneal 
dystrophy but allow for type II macular corneal dystrophy. 

We previously noted that a striking feature of X-ray dif
fraction patterns obtained from macular dystrophy cor
neas is the presence of either one or two sharp 'extra' 
X-ray reflections.13 We also discovered these 'extra' 
reflections to be independent of the macular corneal dys
trophy SUbtype and the particular pedigree involved. The 
occurrence and position of the outer reflection from both 
type I and type II macular dystrophy corneas is remark
ably consistent: it is present without exception and arises 
from a regularly repeating structure with a periodicity of 
4.6 1 A (SD 0.03 A). The position of the inner reflection is 
no less consistent, arising as it does from a 9.62 A (SD 
0.04 A) periodic structure, though it is only recorded at 
lower corneal hydrations. In this study the analysis of the 
X-ray diffraction pattern revealed the average separation 
of the stromal collagen molecules to be approximately 
15 A. This intermolecular spacing implies that, at the time 
the X-ray diffraction pattern (Fig. 2) was obtained, the 
hydration of the cornea (defined as the ratio of the weight 
of corneal water to dry corneal tissue) was below 0.5, a 
level at which a macular dystrophy cornea would be 
expected to display the inner (9.62 A) 'extra' reflection. 13 
'Extra' reflections from the present study are observed at 
4.57 ± 0.05 A and 9.4 ± 0.3 A. These reflections are, 
within the experimental resolution of the X-ray diffraction 
system, sufficiently similar to the characteristic macular 
dystrophy reflections to lead us to infer that they arise 
from the same, or similar, phenomenon. We suspect this 
phenomenon to be the abnormal sulphation of the glycos
aminoglycan chains, but this remains to be proven. The 
exact origin of the reflections notwithstanding, they 
remain unique to macular dystrophy corneas. 'Extra' 
reflections were present on every X -ray diffraction pattern 
from six distinct macular dystrophy corneas,13 and were 
not detected on any patterns from 28 normal human cor
neas. Moreover, patterns from a Reis-Biickler's cornea, a 
granular dystrophy cornea (D. W. Leonard, personal com
munication), 2 1  keratoconus corneas (N. J. Fullwood, per
sonal communication), 7 oedematous corneasl7 and a 
Scheie's syndrome cornea IS were devoid of the character
istic 'extra' reflections. Thus, in this case we are able to 
offer the first diagnosis of macular corneal dystrophy 
based on X-ray diffraction evidence. The present X-ray 
diffraction study further demonstrates that chemical fix-
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ation of the tissue does not appreciably modify the 'extra' 
reflections. Currently, detection of the outer (4.6 1 A) 
'extra' reflection has only been performed on a high
intensity synchrotron radiation source (SRS, Daresbury, 
UK). There is, however, no reason why a laboratory-based 
X-ray set could not detect the reflection although the pre
dicted exposure time is in the order of many hours. Never
theless, with the advancement of X-ray technology it 
should be possible to detect the outer 'extra' reflection 
with more convenient exposure times. 

The anterior stromal fibrillogranular-filled vacuoles 
are, as revealed by electron microscopy, ultrastructurally 
similar to previously documented deposits in macular dys
trophy corneas.16,18 However, in this case, the abnormal 
region is much more extensive (up to approximately 4% of 
the total corneal thickness) since the vacuoles, which are 
of a similar size to those previously reported, are more 
numerous. The electron-lucent areas which coexist with 
the fibrillogranular-filled vacuoles are of similar dimen
sions to the vacuoles themselves and may represent vacu
oles whose fibrillogranular material was extracted during 
the tissue processing. That fibrillogranular material is 
present in mid-stromal keratocytes suggests that it forms 
intracellularly, and is somehow extruded into the extracel
lular matrix by the cell, or remains as cellular debris when 
the cell dies. It is not entirely clear why large proteoglycan 
filaments are associated with the margins of the extracel
lular anterior and mid-stromal vacuoles but not the intra
cellular ones. 

The large extent of the anterior vacuolated region is pre
sumably due to the advanced stage of the disease in this 
patient, who was 75 years old at the time of surgery. We 
can postulate that accumulation of the vacuoles began 
early in life and advanced gradually, in which case the late 
onset of the symptoms implies that the contribution of the 
abnormal vacuolated region to corneal opacification is 
limited. However, reasoning suggests that the extensive 
vacuolated region contributes to corneal opacification, 
and thus argues in favour of this particular case repre
senting the late onset and rapid development of a form of 
macular corneal dystrophy. 

A new finding of this study is that the abnormally large 
proteoglycan filaments associate predominantly with the 
periphery of the vacuoles in the anterior cornea. These 
proteoglycan filaments, as detected by Cuprolinic blue 
staining, are similar to those identified in the stroma of 
both type I and type II macular dystrophy patients.4,12 We 
previously identified these abnormally large filaments as 
chondroitin/dermatan sulphate,12 and surmised that they 
represented proteoglycan aggregates rather than individ
ual molecules. The present case further specifies that the 
large proteoglycan filaments are primarily confined to the 
abnormal superficial layer, and, with the exception of 
those proteoglycan filaments associated with the vacuoles 
along the margin of the mid-stromal keratocytes, are not 
diffusely distributed throughout the extracellular stromal 
matrix. 

Numerous, well-defined, convoluted lacunae are pres-
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ent throughout the entire stromal matrix, both within and 
between lamellae. Similar lacunae have been observed in 
previous work4,12 but, unlike the present case, these often 
contained large proteoglycan filaments. In general, the 
lacunae in this case measure up to approximately 1 �m 
across. The transparency theory of Benedek19 proposes 
that when the size of a lacuna approaches half the wave
length of light (approximately 250 nm) it will scatter light. 
Evidently, in this case some of the stromal lacunae should 
theoretically contribute to corneal cloudiness and the 
patient's visual disturbance. 

Evidence exists which implicates corneal proteogly

cans in the modulation of both the regular distribution2o,21 
and the uniform diameter22.23 of corneal collagen fibrils. 
However, some work proposes that the effect of stromal 
proteoglycans on the regulation of the fibril diameter is 
limited, and that the proportion of type V collagen is the 
dominant factor. 20,24,25 Previous ultrastructural studies of 
macular dystrophy corneas4,12 have revealed normal-dia
meter stromal collagen fibrils. This report is the first to 
document localised regions of heterogeneous, abnormally 
large diameter collagen fibrils. The range of fibril dia
meters is similar to the range recently observed in the 
stroma of a patient with Scheie' s syndrome.15 The present 
study shows that the regions of localised large collagen 
often occur adjacent to regions containing large proteo
glycan filaments. Unless some undetermined factors, such 
as low levels of type V collagen, are involved the impli
cation from this work, as from the Scheie's syndrome 
study,15 is of an association between abnormal, in vivo, 
proteoglycan content and localised regions of large-dia
meter collagen fibrils. These localised regions of large
diameter collagen fibrils could well have implications for 
corneal transparency. 

In this study, X-ray diffraction techniques were 
employed, for the first time, in the post-operative diag
nosis of a clinically ambiguous pathological condition. 
We conclude that the condition described in this report is 
an atypical dystrophy which is encompassed by the het
erogeneous nature of the diseases classed as macular cor
neal dystrophies. 
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