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Epithelial-Stromal Interactions in Human
Keratotomy Wound Healing

Gerrit R. J. Melles, MD; Perry S. Binder, MD; Max N. Moore; Janet A. Anderson, PhD

Objective: To cevaluate epithelial-stromal interactions
in the healing of stromal wounds and the relationship ol
such interactions to regional variations in healing through-

out keratotomy wounds.

Methods: Ten radial lkeratotomy autopsy specimens were
studied by using light and transmission electron micros-

copy.

Underneath epithelial plugs, the epithelial-
stromal interface was characterized by three adjacent
morphological zenes: a duplicated basement membrane
complex, a zone that resembled Bowman’s layer, and a

third zone with collagenous fiber orientation parallel to
the plugs. Scar tissue orientation was transverse at the
base of the plug, and sagittal in deeper wound regions.

Conclusions: Basement membrane duplication and a
Bowman’s layer-like region underneath a plug may re-
sult from complicated epithelial-stromal interaction.
Asymmetrical organization ol the scar, with subepithe-
lial transverse and sagittal deeper scar tissue orienta-
tion, may characterize radial keratotomy wound heal-
ing, and may relate to variations in final refractive ellect.

(Arch Ophthalmol. 1995;113:1124-1130)
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NCOMPLETE HEALING of corneal
wounds several years alter raclial
keratotomy may be related to re-
sidual refractive errors and trau-
matic wound rupture.* In the his-
tological evaluation ol human keratotomy
wounds, two healing stages—possibly se-
quential-healing phases—have been docu-
mentecl."** A [ivst stage is characterized by
the presence of an epithelial plug in the
wound, and a second stage is character-
ized by complete stromal wound closure
with scar tissue orientation parallel to the
wound. This organization of the scar may
be inelfective [or the recovery ol tensile
strength across the wound, Scar tissue or-
ganization parallel to the wound has been
hypothesized to persist [rom initial [ibro-
blast orientation and associated collag,
enous [iber deposition parallel to the epi-
thelial plug.'o 7 (Myo)fibroblasts have been
suggested to orient parallel to the wound in
response to stress forces that may have a pre-
clominant direction along the wound eclges.?
In tworecentstudies,”? long-term kera-
totomy wounds in humans and monkeys
showed a regional variation in healing. Col-
lagenous [ibersacross anterior regions were
[ound to be continnous with those in lamel-
lae at the wound edges, resulting in a pseu-
dolamellar, anterior wound repair, Middle
ancl posterior regions cisplayed a scar Llissue
orientation parallel to the wound. However,

ARCH OPHTHALMOL/VOL 113, SEP 1995

1124

because of the partial pseudolamellar repair,
the organization of the scar does not seem
to be explained by the current concept that
scar tissue organization parallel to the wound
results from early cell orientation parallel to
the epithelial plug.

To evaluate how the epithelial plug
is involved in the formation ol the stro-
mal scar, and to determine [actor(s) that
contribute to a regional variation in heal-
ing, we studied the histologic interaction
between the epithelium and stroma in hu-
man keratotomy autopsy specimens.

B RUSULTS

Ol the 20 human keratotomy wouncls eval-
uated, all but one contained an epithelial

4

plug, with a mean=SD stromal depth of
12.5%%£6.5% (Figure 1 and Table 1), The
interlace between the plug and the stromal
tissue arouncl the entire plug most often had
a continuous basement membrane complex
with hemidesmosomes and anchoring fibrils
(Figure 2). Remnants of a previously cle-
posited basement membrane complex were
often seen in the adjacent scar tissue; in be-

See Matertals and Methods
- Onm next page




MATERIALS AND METHODS

Ten individual human radial keratotomy autopsy speci-
mens (Table 1) were received through the San Dicgo (Calif)
Eye Bank. Corneal quadrants intended [or light and trans-
mission clectron microscopy were lixed in 2.5% glutaral-
dehyde or 2% paralormaldehyde in 0.1-pwmol/L. cacodyl-
ate bulfer (pH 7.3, 340 mOsm), postlixed in 2% osmium
letroxide in 0.1-pmol/L cacodylate buller for 1 hour, de-
hydrated in a graded series ol ethanol and intermediate
changes ol propylene oxide, and embedded in epoxy resin
(Poly bed Epon 812, Polysciences, Warrington, Pa).

All incisions were divided into central, micldle, and pe-
ripheral portions (for clavity ol nomenclature throughout the
lext, incision depth was subdivided into anterior, middle, and
posterior “regions,” and incision length was subdivided into
central, middle, and peripheral “portions”); 1-pmsections were
cut transversely to each ol the incision portions. Midcdle por-
tions of three wounds were sectioned parallel to the corneal
surface (en face), lrom the epithelial to the enclothelial surface.
Sections were stained with Mallory's azure ll-methylene blue,
counterstained with basic fuchsin,' and photographed at 150X
magnilication (Vanox light microscope, Olympus Optical Co
Ltd, Tokyo, Japan). Ultrathin sections were stainec with 2%
aqueous uranylacetate, followed by Reynold'slead citrate. Ul-
trathin sections of at least one representative wound of each
specimen were placed on slot grids (0.7% Formvar in ethy-
lene dichloride, Ermest R, Fullam, Lathan, NY).* to allow vi-
sualization of the entire wound area with a transimission elec-
tron microscope at 75 kV (U 11E, Hitachi, Tokyo).

In 20 keratotomy wounds (Table 1), the wound-healing
morphological characteristics were evaluated by using the {ol-
lowing parameters: (1) epithelium—ypresence and dimensions
ol an epithelial plug; (2) epithelial basement membrane—
morphological features, duplication, presence of hemides-
mosomes, and diameter ol anchoring ¢ ibrils and microfibr ils;
(3) Bowman's l,,lyu—wlla;,cnous [iber diameter; and (4)
scat—(ibroblast orientation, presence olmyofibroblastic char-
acteristics (bundles of microfilaments, a cortical microfitament
network, lilaments racliating from the cell membrane, and pres-
ence of extensive rough endoplasmic reticulum, microtubules,
and the Golgi complex),'* presence of cell-cell contacts between
epithelial plug cells and [ibroblasts, collagenous fiber diam-
cter, degree of collagenous liber continuity acress the wound,
and presence of remnant basement membrane, Bowman's layer,
and/or microlibrils in deeper scar regions.

To measure incision depth, epithelial plug depth, and

tween focal duplications of the complex, microfibrils and
anchoring libers were visible (IFigure 2). Accumulation ol
both types of [ibrils was also seen in typical recesses (ante-
riorimpressions in the “basal” epithelial plug cells) (Figure
2). Clusters ol microfibrils (typically 10 to 50) were visible
throughout the scar tissue in the vicinity of the plug (Figure 2),
but such clusters were also found in deeper scar regions
(Figure 2 and Table 5). The basement membrane complex
was absent in arcas where [ibroblasts and epithelial cells
showed direct cell-cell contacts (Figure 2 and Table 5).
The presence ol basement membrane duplication, mi-
crofibrils, and epithelial anchori ing 1 [ibrils directly uncerneath
the epithelial plug cells formed a “layer” of extracellular ma-

thickness of tramsverscly oriented scar tissue underneath
the inferior border of the plug, as a pereentage of corneal
thickness, one line was drawn at the anterior surface of Bow-
man's layer, and a second line was drawn at the posterior
eclge of Descemet’'s mambrane in photomicrographs at 250X
magnilication.' Data [rom the central, midcdle, and periph-
eral incision portions were averaged,

Ultrastructural measurements were performed in three
acjacent zones that bordered the epithelial plug and in acd-
jacent control tissue (Table 2 (through Tahle 4). Zone 1
was delined as asubepithelial plug layer that contained com-
ponents ol the basement membrane and anchoring libril
complex; zone 2 was delined as a layer underneath zoue 1
that contained a rancdom [iber organization that re-
sembled Bowman’s layer; and zone 3 was defined as a layer
underneath zone 2, with [iber bundle orientation parallel
to the plug (ie, sagittal at the lateral plug borders and
transverse or pscudolamellar at the base ol the plug).

Measurements of [iber diameter (ie, the shortest diam-
eter of cross-sectional [iber countours on ultrastructural
micrographs at a {inal magnilication of 113 000X) were
performed with a 7X reticle (Bausch & Lomb, Rochester, NY),
with a 20-mm metric scale at 0.1-mm intervals; these mea-
surements were averaged [or cach wound (Tables 2 through
4).”11 The thickness of zones 1 and 2 was measured in {ive
representative areas at a magnilication ol 20 000X, by using
the 4X4-cm crosshairs ol the eyepiece of the transmission
electron microscope, with a 8-¢cm metric scale at 1-cm inter-
vals (Tables 2 and 3). Ten liber diameter measurements were
taken of microlibrils and anchoring librils underneath the epi-
thelial plug and the surlace epithelium (Table 2). Thirty mea-
surements ol fiber diameter were taken in zone 2 and in the
anatomical Bowman's layer (Table 3). Thirty liber diameter
measurenients were taken in zone 3 and in adjacent control
stroma at the same stromal depth (Table 4).

Cell interaction was delined by direct cell-cell appost-
tion of cell membranes. Fibroblasits were distinguishied from
epithelial cells by the lack of a basement membrane com-
plex along the entire cell surface that faced the scar, their dit-
ferent cell shape and organelies, and their predominantly in-
trastromal ovientation,” Cellular interactions between
[ibroblusts and epithelial plug cells, basement membrane du-
plication, {ibroplasia from the wound edges that extended un-
derneath the surface epithelivum, and basement membrane
remuants and microfibers in deeper scar regions were praded
as absent (minus) or present (plus) (Table 5),

Statistical analysis was performed by using the pairved
Student’s ¢ test.

trix (ECM) (zone 1, Figure 2) with 2 mean S0 thickness
of 0.220.1 um ([dhl(. 2). The mean:£SD diameter of an-
choring [ibrilsundermeath the plug cells (3.80.6 nm) dil-
[ered significantly from that of adjacentmicrofibrils (12.4£0.6
nm) (P<.001), but not from thatof anchoring librils under-
neath the surface epithelivm between keratotomy incistons
(3.7£0.6 nm) (P>.1) (Table 2).

Directly underneath zone 1, scar tissue with arandom
iher organization resembled the normal altrastructure ol
Bowman’s layer, except for the presence of cells and micro-
[ibrils, This layer (zone 2, Figure 2 and Figure 3) inter-
mingled with more regularly organized fiber structures (ie,
preexisting tissue at the wouncd edges and/or newly depos-

——m-—w——
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Tabie 1. Light Microscopical Features in Himan Keratotomy Wounds*
| Average, % of Corneal Thickness

Patient | | | e ——

Age, y/ Surgical Postoperative Cause of Epithelial Thickness Incision

Specimen Sext Procedured Time, mo Death N Pl_!ig Depm Zone 3§ ~ Depth
1 - 44/F 8 RK, R ave | 35 26.3 2.0 81
16.0 40 86
2 27/M 8 RK, both eyes 12 Trauma | 17.5 9.5 75
o | | | | 107 7.5 77
3  M/M  8RK+T, bath eyes 19 - Trauma | | 14.0 ._ 3.0 75
| o | o o | o | 20.7 57 79
4 - 31/M 12 RK, both ayes 27 Trauma | 0 13 83
' | - | B 4.3 | 0 | 73

5 26/F 12 RK, both eyes 62 Drugs | | 173 NM 82
- ': | . | Graves' disease). 253 16 94

6 25/M 8 RK, both eyes Sticide | 143 83 70
L - | | U | A 153 . 60
7 - 38/F - B RK, baoth syes - 4,0 13.7 82
- | I - - | o 118 4.0 | 76
8 - 35/F 8 RK, both syes ~ Drugs 20.0 0.5 65

| | . | | S 9.0 10.3 70
9 36/ 8 RK, both eyes Suicide | 83 | 12.0 77
- - | | 187 100 73
10 55/F .. RK, L eye Breast cancer ‘ 3.5 , 30 66
| | 6.0 0 84

*RK indicates radial keratotomy procedure; T, transverse incisions; and NM, not measurable. The meanxSD,,..,y was 12.5%x6.5% for the epithelial plug

tdepth, 6.7%4.6% for the thickness zone, and 76.4%:7.8% for the incision depth.

TSpecimens were laken from these patients,
tNumbers refer to the number of incisions (eg, elght-incision RK).

§Zone 3 indicates transversely oriented scar lissug directly underneath the epithelial plug.

| Two incisions in each specimen were evaluated.

‘ Table 2. Ultrastructural Characteristics of Zone 1*
- ' . - Control
-~ Zone 1 Tissue
T — ——————1  Samples
- Diameter of Diameter of (Diameter of

| Thick-  Microfibrils, -~ Anchoring Anchoring
§pec!men _ness, pm  nm Fibrils, nm  Fibrils, nm)

1 0.1x0 11.4x1.5 4.6+1.2 3.7+0.6
2 - 0.1x01  11.8+1.6 37x07  3.9+0.8
3  0.2=0 124+£22  80x08 = 4309
4 - 0.1x01 121x17  39:x1.0 4.8£0.9
5 0.2+0 13.0x14  40x09 2.9:0.4
6 0.2+01  12.0+3.3 3307 3.5x0.7
[ 0.2:0 12,7227 3.6::0.8 3.6::0.7
8 02+0.1  13.4=*1.8 2906  2.7x07
9 0,10 127+18  3.6x08 3.8:+0.8

10

03+0.1 NM NM J.5+0.6

T A gy e

*NM indicates not measurable. Data are given as the mean=- 8Dy, The
number of measurements was as follows. thickness, five (zone 1); diameter of
microfibrils, 10 {zone 1); and diameter of anchoring fibrils, 10 (zone 1 and
control tissue samples). For all 10 specimens, the mean:t-S0,,.., was 0.2::0.1
um (thickness [zane 1]), 120.6 nm (diameter of microfibrils [zone 1]), and
3.8+ 0.6 and 3.7%=0.6 nm (diamefer of anchoring fibrifs [zone 1 and control
tissue samples, respectively]). Significance was P<.001 for the diameters of
the microfibrifs and anchoring fibrils (zone 1), it was P> T for the diameters
of anchoring fibrils between zone 1 and the control tissue samples.

ited collagenous [iberbundles). Zone 2 had amean=SD thick-
ness of 1.1£0.7 wm (Table 3). The mean:=SD fiber diam-
eterinzone 2 (22.5+2.1 nm) did notdiffer from that of the
anatomical Bowman's layer within the same specimens
(22.6%1.2 nm) (P>.1) (Table 3).

,um—n—-m__.

. T m— N
Table 3. Ultrastructural Characteristics of Zone 2*
]
Zone 2 -
~ Control Tissue
Diameter of  Samples (Diameter of
~ Thickness,  Collagenous  Collagenous Fibers in
Specimen ~  pm Fibers, nm Bowman’'s Layer, nm)
1 1.2+0,6 20.7+2.3 21.3::2.6
2 0.7+03 23.0%+47 21.1+3.9
3 1.240.5 26.7+6.3 22.9:+3.1
4 0.7+0.6 19.1:4:4.3 23.0:-4.3
5 0.6:0.3 22.9:£7.5 25.2+3.1
6 1.1+0.8 23.9:4:6.0 22.5+3.5
7 - 0.9+0.3 - 22.4£3.2 22.2+3.4
R 1.0+£04 227447 23,7143
9 0.5+0.2 - 21.3+4.3 22.0::4.6
10 2904 - NM 22.9::4.1 .
N L

*NM Indicates not measurable. Data are given as the meanx80,, ,. The
number of measurements was as follows. thickness, five (zone 2);
tdiameter of collagenous fibers, 30 (zone 2); and control tisstie samples,
30. For all 10 specimens, the mean=5D,,..,, was 1.1:0.7 um (thickness
[zone 2]), 22.5=2.17 nm (diameter of collagenous fibers [zone 2]), and
22.64 1.2 nm (controf tissue samples). Significance was at P<.7.

Adjacentto zone 2, the scar tissue was oriented in three
directions: along the depth of the wound (sagittal), along
the length of the wound (longitudinal), ancl across the wound
(transverse) (Figure 4), At the lateral borders of the plug,
libroblasts and collagenous fibers had an orientation in the
sagittal-longituclinal plane (Figure 4). At the base of the plug,
cells and libers showed an orientation in the transversal-
longitudinal plane (Figures 1 and 3). Transverse fibers across
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the wound were found to be continuous with isodirected,
ic, colinear [ibers of one ormore lamellac atboth of the wound
edges (Figure 3). The thickness of the newly [ormed {iber
bundles varied [rom approximately 50% to 100% ol that of
normal lamellae. In en face sections, paratlel to the corneal
surface, these bundles were often found to be organized
obliquely instead ol transversely (ie, at a nonperpendicu-
lar angle to the wound edge [Figure 5]).

Since orientation of libroblasts appeared to be associ-
ated with that of the collagenous libers, the thickness of the
transversely oriented scar tissue (parallel to the base of the
plug) was measured at the light microscopic level. The
mean2:SD stromal thickness ol this “transversely oriented
scar tissue layer” (zone 3, Figures 1 and 3) was 6.7%24.6%
of the comeal thickness (Table 1). The mean=SD collag-
cnous liber diameter in zone 3 (22.7:= 1.1 nm) did not clif-
fer significantly from that in the adjacent control stroma
(22.8+1.2 nm) (P>.1) (Table 4): [iber ciameter variabil-
ily, as determined by the SD, was always higher in zone 3
(range, 3.7 to 9.4 nm) than in the adjacent control stroma
(range, 1.3 to 2.7 nm) (Table 4). Scar regions underneath

zonce 3 (Figures 1 and 3) showed a longitudinal and sagit-
tal collagenous (iber orientationand large accumulations of
amorphous ECM; transverse libers were generally absent.

The ultrastructure of zones 1 through 3, at the inter-
[ace ol the epithelial plugand the stroma, appeared to be simi-
lar underneath plugs at various stromal depths within the
same or among dilferent specimens. Postoperative time did
not correlate with epithelial plug depth or thickness ol pseu-
cdolamellar repair. Only in the specimen that contained in-
cisions at 3.5 months postoperatively did the wounds show
activated! [ibroblasts. The other specimens had varying de-
grees ol hypocellularity ol the scars, with a quiescentappear-
ance ol the libroblasts underneath the epithelial plug.

Underneath the surlace epithelinm, duplication of the
epithelial basement membrane was seen in six specimens
(60%) (Figure 6 and Table 5). Fibroplasia (ic, stromal tis-
sue proliferation through the gap in Bowman’s layer) was
notseen in any of the specimens (Table 5).

 COMMENT o

The process ol epithelial plug elimination in unsutured
wounds has been studied in rabbits."1% Because ol the lack
of Bowman’s layer, the tendency ol the incised stroma 1o
stretch, and an approximation toward anatomical wound
restoration, long-term healing in these animals may not be
representative of that in humans. 0194 Healing in mon-
keys may better compare with that in humans, In two re-
centstudies,™*morphological features of unsutured wouncls
in humans and monkeys were [ound to vary over the entire
wound depth. Anterior regions showed a pseudolameltar res-
loration, whereas the micldle to posterior regions were found
to be disorganized. It was hypothesized that regional varia-
tions in healing may result from ditferences inhealing rates

| Tahle 4. Ultrastructural Characteristics of Zone 3*
P R R
- MeantSD,..,, Diameter of
Collagenous Fihers, nm
" N R
. Controf Tissue
Specimen Zone 3 Samples
1 21.1+4.7 21.7+1.4
2 23.8x3.7 - 204213
3 22,594 232113
4 22.916.5 24.6::2.0
b 23.7+5.2 23.3+24
B 22.0:x5.6 22.9+1.9
7 22.8+57 22427
8 21.6+4.8 23.4:4:2.3
9 24.3::4.3 23.6::2,2
:l 10 j NM 24.6::2.4

" NM indicates not measurable. For both zone 3 and the control tissue
samples, the number of measurements was 30 each. For all 10 specimens,
the meanx S0y, ,, fiber diameters were 22.7-+: 1.1 nm (zone 3) and
22,8+ 1.2 nm (controf tisstie samples). Significance was at P« 1.

A— ST ki vy L S T el

Surface Eplthelium
| Duplication ol

o | o Basement
Specimen Fibroplasia Membrane

1 -~ .

2

3 - -+

4 - -

5 - +

6 - +

7 - -

8 - ok

9 - K

10 ~ s

“Minus sign incicates absent; plus sign, presemt,
tDjrect cell-cell contact between fibroblast and epithelial plug cells.

ko g

Table 5. Ultrastructural Characteristics of Human Keratotomy Wounds*

throughout the wound, frommechanical or biochemical fae-
lors associated with epithelial plug elimination, or {rom dif-
[erent intrinsic healing properties among stromal layers.” In
Lthe present study, the stromal-healing response to an epi-
thelial plug was compared between the anterior (wounds
with superficial plugs) and the midcdle and posterior stroma
(wounds with deep plugs), to analyze the epithelial-stromal
interface and to determine how an asymmetrical organiza-
tion of the scar in unsutured wounds is established.
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Basament Présence of

Membrane Clusters of Gell-Cell
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Figure 1. Human keratotomy wounds containing epithelial plugs at 46%
(left), 18% (center), and 7% (right) stromal depths (specimens b, 1, and 7,
respectively). The area with the transverse scar tissug organization directly
underneath the base of the plug is indicated by an arrowhead, deaper wound
regions show disorganization of cells and extraceliular matrix (Maflory's
azure ll-methylene blue with basic fuchsin counterstain, X 750)

All human keratotomy spectmens showed three sub-
epithelial zones by which the scar tissue that immediately
surrounded the plug was characterized, irrespective of the
stromal depth of the plug. A first zone that contained du-
plication of the basement membrane (Figure 2) has been sug-
gested toresult from the retention ol the epithelium within
the wound,>'** since duplication of the basement membrane
was found in a variety of pathological conditions and with
increasing age.** Itis unknown how the continuous, cen-
tripetal epithelial movement** is affected by the presence of
an incision(s); that is, do limbal epithelial cells enter the pe-
ripheral end of a radial incision to move the bottom of that
incision toward the center, or cdoes the epithelial sheet move
over the incision at the level of Bowman’s layex? A disrup-
tion of the epithelial movement with incomplete replace-
ment of the cells within the wound could also relate to an
altered basement membrane deposition. |

Microfibrils that were adjacent to the epithelial plug
inabundant clusters (Figure 2) may morphologically resemble
preelastic, oxytalan fibrils,#** In the developing cornea, mi-
crofibrils are located in the stroma, suggesting the procluc-
tion of these (ibrils by fibroblasts.?’ The [ibrils arc relatively
sparse in the adult, but are common in pathological condi-
tions thatinvolve scar tissue [ormation underneath the sur-
lace epithelium (eg, keratoconus and Fuchs’ endothelial dys-
trophy).?**® In our study, the presence of microfibrils and
anchoring fibrils over focal, duplicated (or remmnant)
basement membrane®’ may suggest ECM deposition over
the basement membrane and subsequent formation of anew
basement membrane over this ECM by epithelial cells.? Tx-
tracellular matrix deposition by fibroblasts would be expected
to occurunderneath instead of onto the basement membrane;
in areas with direct contact between epithelial and stromal
cells, the basement membrane was always absent (Figure
2). Anepithelial cell response to surgical wounding was also
suggested by basement membrane cluplication underneath
the surface epithelium in areas between wounds (Figure 6).%*!
However, this duplication may have been preexistent orin-
duced by surgical manipulation of the wound edges.'*

Underneath the first zone, a second zone contained a
ranclom fiber structure that resembled the anatomical Bow-

man'’s layer (Figures 2 and 3). The presence of cells and
their close interaction with microlibrils suggested that this

€
%.:E ,-‘ ﬂ { .‘-
N

J Tt

b

A . Pl
H L] B

* aba LSO 3
b l 3 Y
1;
1

v . .
H

Figure 2. Transmission electron microscopy of the characteristic features of
zones 1 and 2 (specimens 3 [A], 7 [B], 2 [C], 2 [D], 6 [E], and 5 [F]). A, The
epitheffal plug (EP) is bordered by a basement membrane complex with
hermidesmosomes (asterisks), anchoring fibers (small arrowheads), and mi-
crofibrils (large arrowhead). The complex shows duplication and can be distin-
guished from the adfacent scar tissue (zone 1, arrows). B, Within a typical
epithelial “recess,” accumulation of hemidesmosomes (asterisk), anchoring
fibers {small arrowheads) and microfibrils (large arrowhead) can be seen. G,
Direct cell-cell contact (small arrows) is visible between a fibroblast (FB) and
an EP cell. Note that a hasement membrane complex is present underngath
the EP cell, but not underneath the F8 cell membrane facing the scar. Under-
neatlh the basement membrane and throughout the adfacent scar tissus, clis-
ters of microfibrils (arrowheads) are visible. D, A cluster of microfibrils is seen
in desper scar regions underneath the EP, E and F, Adjacent to the lateral bor-
der of the EP, in between zone 1 (1) and the anatomical Bowman's fayer (BL,
small arrows) and a stromal lamella (LA), a scar tissue layer (zone 2 [2]) can
be seen with a BL-like random fiber organization (uranyl acelate-lead citrate,
X33000 [A], x43 000 [B], x52 500 [C], X 101000 [D], and X 34000 [E, F]).

zone of [ibrous tissue had replaced epithelial cells ol the
plug or their basement membrane meshwork, and that it
formed a transition zone between the epithelium and the
underlying scar tissue that was organized parallel to the plug,

A transverse scar tissue orientation at the base of the
plug in the present study (Figures 1 and 3) may resemble
the previously described® subepithelial pseudolamellar re-
pairin the anteriorregions of completely healed keratotomy
wounds. Furthermore, inarecent monkey study, ' the [ormer
presence of an epithelial plug in unsutured wounds appar-
ently resulted in an initial transverse scar tissue orientation
over the entire wound depth, whereas the scar was disor-
ganized in early sutured wounds. These observations sug-
gest that transverse scar tissue organization is induced by
(factors related to) the epithelial plug. To what extent can
the epithelium direct fibroblast and associated collagen fi-
ber orientation?

Fetal chick epithelium (ectoderm) may produce an acel-
lular “primary stroma” that serves as a directional membrane
tor neuroectodermal [ibroblast invasion.”® In subsequent

e
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Figure 3. Transmission electron microscopy of characteristic scar tissue
organization in zone 3 (3) of a human keratotomy wound (specimen 5).
Top, Underneath the base of the epithelial plug (EP) at 43% stromal depth,
transverse fibroblast orientation is visible. Bundled collagenous fibers
across the wound (arrows) appear to be continuous with isodirected fibers
of one or more lamelfae at the wound edges (WE) (uranyil acetate-lead
citrate, X 3000). Bottom, Higher magnification of the area indicated at top.
Directly underneath the EP, a layer of scar tissue resembling the
anatomical Bowman'’s layer can be seen (zone 2 [2], arrowheads).
Adjacent to zone 2, transversely oriented fibers (arrows) are visible that
characterize zone 3 (3) (uranyl acelate~lead citrate, X 15000).

Figure 4. Diagram that explains terminology of scar lissue orientation.
Flbroblast and collagenous fiber orfentation is defined as sagiltal (S [along
wound depth]), longitudinal (L [along wound length]), or transverse (T
{across the wound]). Of the three zones at the interface between the epithelial
plug (EP) and stroma, the third zone had fibroblast and collagenous fiber
orientation parallel to the EP: at the lateral borders of the plug, scar tissue
was organized in the "SL™ plane, and at the inferior border, it was organized
in the “TL" plane. The shaded area represents the orientation of the EP within
the wound perpendicular to the corneal surface (CS).

phases of development, these fibroblasts may deposit col-
lagen onto the primary [ibers to lorm a “secondary stroma.”*?
In vertebrates, the primary stroma may have a limited c:

pacity to serve as a directional membrane for lamellar {ibro-
blast organization.’** Although a recapitulation of fetal tis-
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Figure 5. “En face” section mads parallel to the corneal surface of a
human keratotomy wound (specimen 8). Directly underneath the epithelial
plug (EP), fibar bundies (arrowheads) can be discerned in an oblique
direction across the wound, Although the direction of coffagenous fiber
bundles was determined at an witrastructural lavel, the orientation of the
fibar bundles to the wound axis is better shown at a light micrascopical
level, Inset, Dotlgd line represents the plane of sectioning (Mallory's
azure Ili—-methylene blue with basie fuchsin counterstain, X310).

Figure b6. Transmission electron microscopy of a human keratotomy
wound (specimen 5). Undetrneath the surface gpithelium (SEP), multiple
duplications of the basement meambrane (arrows) and accumulations of
anchoring libers (arrowheads) are visible. BL indicates Bowman's layer
(uranyl acelate-lead cilrate, X 41 000).

sue conditions has been documented'** in healing wounds,

therole ol epithelial ECM deposition in [ibrablast direction
may be uncertain, However, the borders of the epithelial plug
may be expected to serve as a “new corneal surface” {or
template-depending fibroblasts, 3 [ so, the capacity ol
the plug Lo induce fibroblast orientation parallel to its in-
[erior horder may result in a pseudolamellar scar tissue or-
ganization across the wound. Apparently, induction ol trans-

versely oriented scar tissue by the plugis fimited to thearea

directly wnderneath the plug, since deeper regions contained
a sagittal scar tissue organization,

Alternatively, (myo)libroblasts may orient according
to stress lines within the tissue.*' =19 In keratotomy wounds
in cats, myolibroblasts hacd an orientation parallel to the cor-
neal surlace, butnot necessarily across the wound. ™ 1n ker
totomy wounds in rabbits, myofibroblasts showed a reori-
entation [roma rancom distribution into an orieitation along
the wound." It was hypothesized that the stress forces along
the wound exceeded those across the wound, so that the cells
reoriented along the wound. In the present study, the ori-
entation ol subepithelial fibroblasts and codirected collag-
enous fibers parallel to the corneal surlace hut at variable

ARCH OPHTHALMOIAOL 113, SEP 1095

1129



angles to the wound edge (Figure 5) may therelore suggest
that the major stress forces were directed in the transversal-
longitudinal corneal plane (Figure 4). If so, the stress forces
apparently concentrate in the area directly underneath the
epithelial plug, because the scar tissue in deeper wound re-
gions had a sagittal orientation and seemed therefore not to
besubjected to or organized by stress [orces across the wouncd.

Apart from its causative [actors, the presence ol a thin
layer of subepithelial pseudolamellarrepairata given stromal
depth may be expected to have an elfect on the stress-bear-
ing qualities of an individual wound.”** These properties
may be hypothesized to vary with the depth ol the epithe-
lial plug and the thickness of the layer of pseuclolamellar re-
pair; the more anterior the pseudolamellar repair, the more
wound stability; and the thicker the pseuclolamellar repair,
the more wound strength, Extreme individual wound-healing
responses,’” eg, a thick pseucolamellar layer underneath a
superficial epithelial plug, may clinically result in less relrac-
tive effect (ie, undercorrection), anda thin layer undemeath
a deep plug may result in more etlect and relractive insta-
bility (ie, overcorrection or [luctuation in visual acuity). Be-
cause incision depth, the depth of the plug, and the thick-
ness of the pseudolamellar repair varied among the incisions
within the same specimens, each ol the incisions may have
had a dilferent contribution to the refractive effect.

Thepresence of transversely oriented scar tissue directly
underneath theepithelial plug, butnotin deeper scar regions,
indicated that the healing of unsutured wounds is charac-
terized by a regional variation in healing. Since pseudo-
lamellar repair was found underneath plugs at diflerent
stromal levels, asymmetry of the scar appeared to be inde-
pendent of the presence and the depth of a plug. Epithelial
plug(s) atavariable stromal depth and associated pseudola-
mellar repair ol variable thickness mayallect the biomechani-
calresponse of the cornea following radial keratotomy, and
the response may change during elimination of the plug(s)
from the wound(s) or during scar remodeling.
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