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ABSTRACT

Purpose: To determine central keratocyte and subbasal nerve densities after penetrating keratoplasty (PK) in clear grafts and in grafts
with late endothelial failure (LEF).

Methods: Ninety-nine clear grafts of 74 patients and 21 grafts with LEF in 19 patients were examined by confocal microscopy at 1 to
31 years after PK. Keratocyte density and number of keratocytes in a full-thickness column of stroma with frontal area of 1 mm?” were
determined from images. Subbasal nerve fiber bundle density was measured in the central cornea as the visible length of nerve per
frame area. Comparisons were made to normal corneas.

Results: Full-thickness keratocyte density in clear grafts (22,101 + 3,799 cells/mm’, mean + SD, n = 99) was lower than in normal
corneas (26,610 + 3,683 cells/mm’, n = 63, P < .001) but did not differ from grafts with LEF (21,268 + 3,298 cells/mm’, n = 12, P =
.47). The number of keratocytes in clear grafts (10,325 £+ 1,708 cells, n = 99) was lower than in normal corneas (11,466 + 1,503 cells,
n =63, P <.001) but did not differ from grafts with LEF (10,778 & 1,760 cells, n=12, P = .39). Median subbasal nerve density in clear
grafts (150 pm/mm?, n = 94) was lower than in normal corneas (7,025 pm/mm? n = 76, P < .001), and nerve recovery correlated with
time after PK (r =0.36, P <.001, n = 94).

Conclusions: Keratocyte density and number of keratocytes are decreased in penetrating grafts compared to normal corneas, but not
compared to grafts with LEF. Subbasal nerve density does not recover to normal through 30 years after PK.
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INTRODUCTION

Penetrating keratoplasty (PK) involves replacement of host stroma and endothelium by donor tissue and requires transection of all host
corneal nerves. Changes in the endothelium after PK are well documented and include a faster-than-normal rate of cell loss'? and
decreased permeability.’ Chronic endothelial dysfunction after PK has been associated with stromal haze, and, collectively, these
findings constitute late endothelial failure (LEF),* which is the leading cause of graft failure."?

The etiology of stromal haze in LEF is not known, but changes in keratocyte density and function, or in the extracellular matrix,
might increase corneal backscatter. Little is known about the role of keratocytes and corneal nerves after PK and whether changes in
these cell populations affect graft clarity. Confocal microscopy enables visualization of stromal keratocytes and corneal nerve fiber
bundles in vivo, and we have devised methods for quantifying keratocyte density and subbasal nerve fiber density from confocal
images of corneas.”™ In a preliminary study that used this method, we found that keratocyte density was decreased in clear penetrating
grafts compared to normal corneas.’ In the present study, we expanded our series of clear penetrating grafts and also report keratocyte
and subbasal nerve densities in grafts with LEF.

METHODS

SUBJECTS

Patients who had received a PK were recruited from the cornea service at Mayo Clinic between May 2000 and January 2007. Subjects
were examined by slit-lamp biomicroscopy to determine whether the graft was clear or hazy from LEF.* The study was approved by
our institutional review board and adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained from all
participants after a detailed explanation of the nature and possible consequences of the study.

Ninety-nine clear grafts in 74 patients and 21 grafts with LEF in 19 patients were enrolled. Sixty-three normal (unoperated)
corneas of 63 subjects who were enrolled in 3 other studies conducted between 2000 and 2006 were used as concurrent controls for
keratocyte density,'”'? and 76 normal corneas of 76 different subjects enrolled in 2 studies conducted in 1998 were used as controls
for subbasal nerve density.®'* The annual rate of change of keratocytes was estimated from clear grafts examined at least 5 years after
PK on 2 occasions separated by 4 or more years.

CONFOCAL MICROSCOPY

A Tandem Scanning confocal microscope (Tandem Scanning, Reston, Virginia) was used to examine corneas in vivo as described
previously.*'* Briefly, proparacaine hydrochloride 0.5% (Bausch & Lomb Pharmaceuticals, Inc, Tampa, Florida) was instilled into the
eye to be examined. A drop of an optical coupling medium (Goniosol, CIBA Vision Ophthalmics, Atlanta, Georgia, for examinations
before 2001, or GenTeal Gel, Novartis Pharmaceuticals Corp, East Hanover, New Jersey, for examinations after 2001) was placed on
the tip of the objective. The position of the objective was adjusted to provide an en face view of the central cornea. The patient fixated
on a target with the contralateral eye to minimize eye movements. Digital images of the central cornea were recorded with the optical
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section advancing through the full-thickness cornea from anterior to the epithelium to posterior to the endothelium. Each image
represented a coronal section of cornea that was approximately 475 pm x 350 um (horizontal x vertical), and the average z-depth
separation between adjacent images was 2.4 um.*'" A “through-focus” series of images of 1 cornea constituted 1 “scan” and typically
consisted of less than 300 video frames, depending on the thickness of the cornea. Two to 4 scans were acquired per eye.

KERATOCYTE DENSITY

The best-quality scan without axial movement of the cornea relative to the objective was selected for each cornea. For density
measurement, the corneal stroma was divided into 5 layer56: the anterior, middle, and posterior thirds of the stroma, and the anterior
and posterior thirds were further subdivided into 2 unequal layers so that the anterior 10% and posterior 10% of the stroma were
represented. Two images without motion artifact were selected from each layer; for the anterior 10% layer, 1 of the 2 images was
always the most anterior image containing keratocytes. Images were analyzed by a custom automated program, which objectively
identified bright objects (presumed to represent keratocyte nuclei) and calculated keratocyte density.'*°

SUBBASAL NERVE DENSITY

Subbasal nerve fiber bundles are visible at the basal aspect of the basal epithelial cell layer in confocal microscopy images of normal
corneas.'”'"® All confocal scans for each penetrating graft were reviewed by one observer (J.C.E.), who was masked to the clinical
status and the postoperative age of the graft. The total length of all visible subbasal nerve fiber bundles and their branches longer than
50 um in each scan was measured by using a custom program.® Each nerve fiber bundle was measured only once, but if its length
extended across several adjacent images, the total length was measured as if it were projected onto 1 image. Subbasal nerve density
for each scan was calculated as the total length of nerve (um) divided by the area of the image (0.187 mm?), and the subbasal nerve
density for each cornea was the mean of the densities in all useable scans for that examination.

DATA ANALYSIS

Because the central corneal thickness of PKs increases with time after transplantation,” we calculated the total number of keratocytes
in a full-thickness column of central stroma with 1 mm? of frontal surface area’; for brevity, this parameter is referred to as “number of
keratocytes.” Full-thickness keratocyte density was calculated as a weighted mean by dividing the number of keratocytes in the full-
thickness stroma by the central stromal thickness, which was also measured by confocal microscopy.® Mean keratocyte density of full-
thickness stroma, keratocyte density for each layer of stroma, number of keratocytes, stromal thickness, and subbasal nerve density
were compared between clear grafts and controls, and between clear grafts and grafts with LEF. Differences were examined by using
unpaired t tests if the data were distributed normally or Wilcoxon rank-sum tests if the data were not distributed normally. P < .05 was
considered statistically significant. Correlations between keratocyte density or subbasal nerve density and time after keratoplasty were
assessed by using Pearson correlation coefficient if the data were distributed normally or Spearman test if the data were not distributed
normally. A paired analysis was performed on 16 grafts of 14 patients who were examined twice 4 or more years apart and 5 or more
years after keratoplasty. The annual rate of keratocyte loss (percent lost per year) was calculated from the number of keratocytes at
each examination and the interval between examinations by assuming that the number of keratocytes decreased as a simple first-order
loss. Generalized estimating equation models were used to adjust for potential correlation between fellow eyes of the same patient."”
These model results are not reported because they did not alter any of the conclusions.

RESULTS

CLEAR GRAFTS AFTER PK

Clear penetrating grafts were examined 12.8 + 8.7 years after surgery (n = 99, mean + standard deviation; range, 1-31 years; median,
15 years). The most common preoperative diagnoses were keratoconus and Fuchs endothelial dystrophy (Table 1). Mean keratocyte
density of the full-thickness stroma was 17% lower in clear grafts than in controls (P <.001, Table 2). Keratocyte density in each layer
of stroma was also lower in clear grafts compared to controls (Table 2, Figure 1). The number of keratocytes in the full-thickness
central stroma in clear grafts was 10% lower than in controls (P < .001, Table 2). The central stroma of clear grafts (470 + 46 um) was
thicker than in controls (433 + 36 um, P < .001). Median subbasal nerve density in clear grafts (150 pm/mm?; range, 0-5,846 um/mm?;
n = 94) was lower than in controls (7,025 um/mmz; range, 2,371-12,448 pm/mmz; n = 76; P <.001); nerves often regenerated in a
random and disordered pattern (Figure 2). No subbasal nerves were detected in 45 clear grafts (48%). Median subbasal nerve density
in clear grafts for keratoconus (897 pm/mm?; range, 0-5,846 um/mm?; n = 50) was higher than in clear grafts for Fuchs dystrophy (377
pm/mmz; range, 0-2,981 pm/mmz; n=31; P=.04).

Mean keratocyte density correlated weakly with time after PK (r = -0.20, P = .05, n = 99), whereas there was no correlation
between the number of keratocytes and time after PK (r = -0.04, P = .68, n = 99, Figure 3, Table 3). Correlations between keratocyte
density in each layer and time after PK are shown in Table 3. Stromal thickness correlated with time after PK (r = 0.26, P = .009, n =
99). Recovery of subbasal nerve density also correlated with time after PK (r = 0.36, P <.001, n = 94, Table 3, Figure 4).

Sixteen clear grafts of 14 eyes were examined on 2 occasions separated by 5.0 = 0.6 years (range, 4-6 years). The first examination
was 17.6 + 4.8 years after keratoplasty (range, 5-24 years), and the second examination was 22.6 + 5.2 years after keratoplasty (range,
9-30 years). The preoperative diagnosis was keratoconus in 13 eyes and Fuchs dystrophy in 3 eyes. Mean keratocyte density for the
full-thickness stroma was decreased 13% at the later examination compared to the earlier examination (P = .02, Table 4). Keratocyte
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TABLE 1. PREOPERATIVE DIAGNOSES IN CLEAR GRAFTS AND GRAFTS WITH

LATE ENDOTHELIAL FAILURE

PREOPERATIVE CLEAR PENETRATING

GRAFTS WITH LATE

DIAGNOSIS GRAFTS ENDOTHELIAL FAILURE
(n=99) (n=21)*
Keratoconus 52
Fuchs dystrophy 33
Pseudophakic corneal edema
Aphakic corneal edema
Traumatic scar
Other 4t

*Quantitative analysis of confocal microscopy images was possible in only 12 eyes (10 eyes with keratoconus, 1 eye with

Fuchs dystrophy, and 1 eye with pseudophakic corneal edema).

Includes 1 eye each with herpes simplex keratitis, interstitial keratitis, granular dystrophy, and central cloudy dystrophy of

Frangois.
*Failed graft; original diagnosis was keratoconus.

TABLE 2. KERATOCYTE DENSITY AND NUMBER OF KERATOCYTES IN NORMAL CORNEAS,
CLEAR GRAFTS, AND GRAFTS WITH LATE ENDOTHELIAL FAILURE (MEAN = STANDARD

DEVIATION)

NORMAL CLEAR LATE
(UNOPERATED) PENETRATING ENDOTHELIAL
CORNEAS GRAFTS FAILURE
(n=63) (n=99) (n=12)

(MDD)”

Full-thickness keratocyte density 26,610 + 3,683 22,101 + 3,799%

(cells/mm®, weighted mean)

KERATOCYTE DENSITY BY PERCENT DEPTH OF STROMA (CELLS/MM?®)
Anterior  0-10% 42,513 + 8544 33,598 + 7,967

11%-33% 28,093 +4,918 24,855 + 5,289

34%-66% 23,614 + 4,744 21,441 5,129

67%-90% 23,943 £4,561 17,281 + 5,580F

Posterior 91%-100% 24,141 + 4,704 17,654 + 6,089

No. of keratocytes in full- 11,466 = 1,503 10,325 + 1,708+
thickness central stroma with

frontal area of 1 mm?® (cells)

21,268 + 3,298+
[3,250]

34,586 + 7,791
[6,900]
26,170 + 5,883%
[4,650]
19,215 + 5,618
[4,500]
15,372 + 4,187+
[4,750]
17,985 + 6,966F
[5,350]
10,778 + 1,760°
[1,490]

"MDD, minimum detectable difference between clear grafts and grafts with late endothelial failure because no

significant differences existed for any variable (a = 0.05, § = 0.20).
+P<.001 vs normal (unpaired t tests).
*P< .01 vs normal (unpaired t tests).

P> .05 vs normal (unpaired t tests). The minimum detectable difference for keratocyte density in the 11%-33%
region of stroma was 4,550 cells/mm?, and for the number of keratocytes was 1,400 cells (a = 0.05, 3 = 0.20 for

both analyses).
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density decreased only in the middle and posterior thirds of the stroma between the earlier and later examinations (Table 4, Figure 5).
The number of keratocytes was decreased 13% at the later examination compared to the earlier examination (P = .03, Table 4). The
rate of loss of keratocytes was 2.9 + 5.0% per year. Central stromal thickness did not differ between the earlier (461 + 40 um) and
later (473 + 61 um) examinations (P = .48); the minimum detectable difference was 50 pm (a0 = .05, 8 = .20, n = 16).
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FIGURE 1

Keratocyte density in normal (unoperated) corneas, clear
penetrating grafts, and grafts with late endothelial failure
(LEF) is shown as a function of stromal depth. Keratocyte
densities in all layers of the stroma after penetrating

FIGURE 2

Confocal microscopy image of subbasal nerve fiber bundle
26 years after penetrating keratoplasty. Subbasal nerve
fiber bundles were not detected in 48% of clear grafts, but
when regeneration was evident, nerve fiber bundles were

keratoplasty (clear grafts or grafts with LEF) were often tortuous and disordered.
significantly lower than in normal corneas (P < .01). No
differences were detectable between clear grafts and

grafts with LEF.

16,000 -
14,000 -

12,000 -

r -

8,000
6,000
4,000

Number of Keratocytes (cells)

2,000 -
0

10 15 20 25 30 35
Time after Keratoplasty (Years)

FIGURE 3

Relationship between number of keratocytes and time after penetrating keratoplasty (PK). Cross-
sectional analysis of 99 clear penetrating grafts revealed no correlation between the number of
keratocytes in the full-thickness central stroma with time after PK (r = -.04, P = .68).
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TABLE 3. CORRELATIONS WITH TIME AFTER KERATOPLASTY IN CLEAR GRAFTS*

r P Value
Full-thickness keratocyte density -0.20 .05
Keratocyte density by percent depth of stroma
Anterior  0-10% 0.35 <.001
11%- 33% -0.09 37
34%- 66% -0.27 .008
67%- 90% -0.33 <.001
Posterior 91%-100% -0.14 18
Number of keratocytes in full-thickness central stroma with frontal area of 1 mm? -0.04 .68
Subbasal nerve density (n=94) 0.36 <.001

*n = 99 for all tests unless stated.

Subbasal nerve density (um/mmg?)
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FIGURE 4

Relationship between subbasal nerve fiber bundle density and time after penetrating keratoplasty
(PK). Cross-sectional analysis of 94 clear penetrating grafts suggested that subbasal nerve fiber
bundle density increased with time after PK (r = 0.36, P <.001). The increase was not clinically
significant because density remained decreased compared to subbasal nerve density in normal
corneas (median, 7,025 pm/mmz, n=76).
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TABLE 4. KERATOCYTE DENSITY AT REPEATED EXAMINATIONS OF CLEAR PENETRATING
GRAFTS (MEAN + STANDARD DEVIATION)*

FIRST SECOND P VALUE
EXAMINATION EXAMINATION [MDD]t
(n=16) (n=16)
Full-thickness keratocyte density (cells/rnm3 R 21,631 + 3,605 18,840 + 5,792 .02
weighted mean)
Keratocyte density by percent depthof stroma (cells/mm3)
Anterior  0- 10% 34,096 + 8,464 33,548 + 8,393 .84
[7,750]
11%- 33% 23,864 + 5,329 21,674 +7,219 22
[5,150]
34%- 66% 21,472 + 4,889 16,688 + 5,075 <.001
67%- 90% 16,169 + 3,771 13,085 + 4,963 .02
Posterior 91%-100% 18,503 £ 5,811 13,143 £ 5,335 .009
Number of keratocytes in full-thickness central 9,959 + 1,797 8,749 + 2,260 .03

stroma with frontal area of 1 mm® (cells)

*Data are included for 16 grafts of 14 patients examined twice >4 years apart and >5 years after penetrating
keratoplasty. The first examination was 17.6 + 4.8 years after keratoplasty (range, 5-24 years) and the second
examination was 22.6 £ 5.2 years after keratoplasty (range, 9-30 years).

tMDD, minimum detectable difference between the first and second examinations (paired analysis, a = .05, = .20,
n=16).
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FIGURE 5

Keratocyte density at repeated examinations of clear penetrating grafts. Sixteen clear grafts of 14
patients were examined twice >4 years apart and >5 years after penetrating keratoplasty. The
first examination was 17.6 £ 4.8 years after keratoplasty (range, 5-24 years), and the second
examination was 22.6 £ 5.2 years after keratoplasty (range, 9-30 years). Keratocyte density
decreased in the middle and posterior thirds of the stroma between the first and second
examinations.
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GRAFTS WITH LEF

Grafts with LEF were examined 19.2 + 5.3 years after surgery (n = 21; range, 4-28 years; median, 20 years). The most common
preoperative diagnoses were keratoconus and Fuchs endothelial dystrophy (Table 1). Keratocyte density could be measured in only 12
grafts with LEF (12 patients); images of the remaining grafts with LEF were hazy from stromal edema or an interdigitating network of
keratocyte processes in the anterior stroma prevented identification of individual keratocytes (Figure 6).

Keratocyte density and keratocyte number per mm? of full-thickness stroma did not differ between grafts with LEF and clear grafts
(Table 2, Figure 1). The central stroma in grafts with LEF (508 + 48 pum) was thicker than in clear grafts (470 + 46 um, P = .008).
Median subbasal nerve density in grafts with LEF (340 pm/mm?, n = 11) did not differ from clear grafts (150 pm/mm?, n = 94, P =
.95).

FIGURE 6

Anterior keratocytes in late endothelial failure (LEF). Confocal microscopy image of anterior
keratocytes in a penetrating graft with LEF shows visible cell processes, suggesting activation of
keratocytes and preventing identification of individual cells for quantitative analysis in some
penetrating grafts. In normal corneas, keratocyte nuclei, and not cell processes, are visible by
confocal microscopy.

DISCUSSION

Keratocyte density and subbasal nerve fiber bundle density after PK were significantly lower than in normal corneas when measured
by using confocal microscopy in vivo. Although keratocytes after PK were lost at a faster-than-normal rate,’ we were unable to detect
a difference between keratocyte density in clear grafts compared to grafts with LEF. Subbasal nerve fiber bundles did not appear to
regenerate to any clinically significant extent through 30 years after PK.

In normal corneas, keratocyte density is highest in the most anterior layers of the stroma, and full-thickness density declines with
age at a rate similar to normal corneal endothelial and trabecular meshwork cells.® Given that central corneal thickness increases with
time after keratoplasty' and that in the present study, the stroma of penetrating grafts was thicker than normal, it is not surprising that
keratocyte density in clear grafts was decreased compared to normal because of redistribution of cells over a larger volume of stroma.
However, we also calculated the absolute number of keratocytes in a column of full-thickness stroma, and we confirmed our
preliminary report that the number of keratocytes was reduced in penetrating grafts compared to normal, contributing to decreased
keratocyte density.” Paired analysis showed that the number of keratocytes in the central stroma continued to decrease many years
after keratoplasty at a rate of 2.9 + 5.0% per year. Keratocyte density therefore also decreased over the 5-year period, but only in the
middle and posterior thirds of the cornea. The latter can be explained by the posterior stroma swelling more than the anterior stroma,”’
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and although we did not detect an increase in stromal thickness over the 5-year period between repeated examinations, with the
sample size, we were unable to detect differences smaller than 50 pm. The rate of decrease of keratocytes of 2.9% per year in the
paired analysis was not supported by the cross-sectional analysis (Figure 3) and was much higher than the rate of endothelial cell loss
in the second decade after keratoplasty.'? We analyzed confocal image contrast between the first and second examinations in the
paired analysis and found that contrast was significantly lower at the second examination compared to the first examination. However,
even after adjusting keratocyte density for variations in contrast, keratocyte density and the number of keratocytes were still 10%
lower at the second examination compared to the first examination. We are unaware of other studies that have quantified keratocyte
loss after PK, but it is conceivable that keratocytes are lost at a faster rate than endothelial cells and that keratocyte loss is higher
within certain subgroups after PK.

Donor keratocytes are lost by apoptosis and necrosis during tissue preservation,”' but continued keratocyte losses several years
after transplantation have not been previously documented. Keratocyte loss in penetrating grafts might be caused by starvation from
decreased endothelial permeability,” chronic apoptosis,* or other undefined mechanisms, and may result in a gradual decrease in
corneal transparency. Although we were unable to detect a difference in the number of keratocytes between grafts with LEF (with
decreased transparency) and clear grafts, this study had limited power to detect small differences, was cross-sectional and not
prospective in design, and the sample may have been biased because only 12 of 21 grafts with LEF had images that could be analyzed
quantitatively. Because clear grafts lost keratocytes years after keratoplasty, grafts with LEF, which were examined longer after
keratoplasty than the clear grafts, would have been expected to have a lower number of keratocytes, possibly contributing to decreased
stromal clarity. Histologic analysis of excised grafts for LEF will help to confirm or refute the latter hypothesis.

In clear penetrating grafts, it is unclear whether transplanted keratocytes survive for decades or whether they are replaced by host
keratocytes that migrate from the periphery. Donor keratocytes survive in clear grafts for at least a year after keratoplasty in rabbits®**
and for as long as 4 years after keratoplasty in failed grafts in humans.” Keratocytes also have migratory potential and can repopulate
epikeratophakia lenticules,”** anterior lamellar grafts,*® and acellular collagen implants.’’ Our study was not designed to determine
whether host keratocytes migrate into the donor, but if that were the case, the results indicate that the rate of repopulation would be
inadequate to maintain or increase the number of keratocytes in the corneal stroma.

Alterations in stromal transparency after PK could result from keratocyte dysfunction with or without decreased keratocyte
density. The transparency of keratocytes appears to be related to the expression of intracellular crystallins, and decreased crystallin
expression has been associated with repair cell phenotypes and increased backscatter from cells.**** We frequently noted keratocyte
activation in grafts with LEF (Figure 6), and chronic keratocyte activation after PK might result in increased corneal backscatter,”
which would clinically manifest as stromal translucency. Evaluation of grafts excised for LEF may help determine whether keratocyte
dysfunction and altered levels of crystallin expression are associated with LEF.

Decreased keratocyte density after PK has been found by other investigators using different confocal microscopes. Hollingsworth
and colleagues™ used a scanning slit confocal microscope and found that anterior and posterior keratocyte densities were decreased
but stable over the first year after keratoplasty compared to normal corneas, similar to our prospective data during the first year after
PK.’ Niederer and colleagues™® used a laser scanning confocal microscope and found that keratocyte density was decreased in the
anterior, middle, and posterior thirds of penetrating grafts several years after keratoplasty. The confocal microscopes used in the 2
latter studies are limited in their ability to measure the depth of confocal images accurately, and therefore volumetric keratocyte
density and the absolute number of keratocytes were not calculated, preventing direct comparison to our study. However, the confocal
microcopy images in the studies by Hollingsworth and colleagues and by Niederer and colleagues are of higher contrast compared to
images from our Tandem Scanning confocal microscope, and identifying objects as keratocytes is easier than with our system.
Nevertheless, Mikek and colleagues®’ also used a scanning slit confocal microscope with high contrast images and found no difference
in keratocyte density after PK compared to normal corneas. Because interpretation of the low contrast images from our confocal
microscope can be subjective, we used an automated program to identify keratocytes objectively and calculate keratocyte density.'®

Subbasal nerve fiber bundles are transected during PK, and regeneration of nerve fiber bundles in the donor is slow and
incomplete, even 3 decades after surgery. In fact, no subbasal nerve fiber bundles could be detected in almost half of the clear grafts
that were examined. Our cross-sectional data suggest an increase in subbasal nerve density with time after keratoplasty, but the
increase was not clinically significant in the context of normal subbasal nerve density. Slow and limited subbasal nerve regeneration
after PK in humans has been previously demonstrated by using confocal microscopy’®*® and by using acetylcholinesterase staining ex
vivo.*” Corneal sensation was not measured in the present study, but sensitivity is known to remain significantly reduced, if not absent,
for decades after PK.**** Tervo and colleagues®® showed that epithelial innervation was re-established after PK in humans, but stromal
nerve regeneration was essentially absent, and they suggested that the discontinuity of Schwann cell channels at the graft-host junction
impaired stromal nerve regeneration. Indeed, Tervo’s hypothesis is supported by evidence of significant stromal nerve regeneration
after close apposition of limbal incisions in rabbits,* and also by recovery of normal subbasal nerve density by 2 and 5 years after
photorefractive keratectomy and laser in situ keratomileusis, respectively.'>***® The reason for higher subbasal nerve density in grafts
for keratoconus compared to grafts for Fuchs dystrophy is not known, but our results confirm the findings of Niederer and
colleagues.™

Whether corneal nerves are required to sustain keratocyte density and function is uncertain, but anterior keratocyte losses have
been noted after keratorefractive surgery, in which there is an extended period of denervation postoperatively.'****” No specific
physiologic relationships between nerves and keratocytes have been established, but anatomically, human corneal nerve fibers
invaginate the cytoplasm of keratocytes, suggesting that keratocytes might receive trophic factors from corneal nerves.'” After PK,
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chronic graft denervation might contribute to keratocyte loss or dysfunction and subsequent decreased transparency.

Further studies are necessary to determine the mechanisms of keratocyte loss after PK and the relationships between corneal
nerves, keratocytes, endothelial cells, and stromal transparency. Preventing loss of stromal transparency could improve graft
longevity. Furthermore, similar physiologic processes might affect the transparency of the host stroma after posterior lamellar
keratoplasty, which is currently popular among corneal surgeons,” and could affect the long-term success of these procedures.
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PEER DISCUSSION

DR DANIEL S. DURRIE: I would like to thank the authors for the opportunity to discuss this well-organized, important paper. This
work builds on the years of important research and publications that Drs Bourne, Erie, Patel, and associates have contributed to our
knowledge of the anatomy of the cornea in normal and postsurgical eyes.

The corneal keratocytes make up 3% to 5% of the total stromal volume in normal eyes' and have a higher density in the layers just
below the epithelium.? They secrete proteoglycans, collagen, and proteases and appear to be responsible for some of the embryologic
stromal deposition and have a major role in stromal wound healing.’ The keratocytes’ role in normal corneal health is not well
understood. This is also true of postsurgical (PK, PRK, LASIK) eyes.*”

This study adds to our knowledge of the potential role of keratocytes in late endothelial failure (LEF). Since the number of
keratocytes decreases over time in both normal and post keratoplasty (PK) eyes, does this decrease cause the endothelium to fail? This
study shows that there is no significant difference in the density of keratocytes between normal and LEF eyes. Also, this study
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confirms previous studies that show a marked decrease in corneal innervation after PK. Forty-five clear grafts (48%) did not have any
detectable innervation. The authors do not report if the number corneal nerves have any relationship to the number of keratocytes
present in PK eyes.

There are a few weaknesses in this study, which the authors acknowledge. There was limited clinical material available for study,
especially for longitudinal measurements. Also, in only 12 of 21 LEF eyes were reliable keratocyte densities measurable.

IT equipment and automated analysis software used in this study is not readily available for confirmatory studies. I would hope
that the authors would work with the equipment manufacturers to make this important type of clinical analysis part of routine practice.
Dr Bourne’s early work in endothelial analysis led to this measurement becoming a standard in corneal evaluations.
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DR. JAMES CHODOSH: I have no conflicts. Have you looked at the keratocyte density in patients prior to surgery to determine if it
is really different and if there is not some underlying intrinsic factor in those individuals that is responsible for reducing keratocyte
density in their grafts? What is the rate of change in keratocyte density, if any, in normal corneas over time? Is keratocyte loss in any
way related to the underlying disease for which the transplant was performed?

DR. GARY C. BROWN: Have you considered that this may be very similar to the late graft failure that occurs after kidney and other
organ transplantation? This certainly sounds very much like the type of idiopathic failure is observed in many organs usually after
several years. What type of corneal sensitivity is present after corneal transplantation and do corneal nerves really grow into and
innervate the grafted tissue? How is corneal sensitivity measured and how can the stimulus be quantified?

DR. SANJAY V. PATEL: 1 would like to thank Dr. Durrie for leading the discussion. He makes a very valid point that,
unfortunately, this study does not help us to determine if changes in keratocyte density were related to late endothelial failure. One
hypothesis is that with decreased endothelial permeability after keratoplasty, there is starvation of stromal keratocytes and ultimately a
reduction in their density with resultant diminished corneal transparency. I believe the relationship between late endothelial failure
and keratocyte density is still unanswered and that we must perform histological examinations of these corneas to better understand
the condition. In this study, 9 of the 21 eyes with late endothelial failure were excluded because we could not identify cells in
confocal images, and this might have biased our results. Dr. Durrie makes another good point; the clinical implications of keratocyte
loss are still unknown. We have detected keratocyte deficits after corneal excimer laser surgery; however, we have not seen any
adverse clinical effects from this deficit, even at seven years after surgery. We do have new clinical studies in progress, which are
designed to detect subtle clinical changes over the long-term. As discussed earlier, even if the density of keratocytes is not clinically
important, keratocyte function, or dysfunction, might be very important. Dr. Chodosh, we have examined keratocyte density in pre-
transplant patients, but I do not have reliable data at this time. We have studied groups of patients with corneal endothelial dystrophy
most extensively, but unfortunately, the associated corneal edema limits visualization of the stromal keratocytes, and causes problems
counting those cells. The rate of reduction of keratocyte density in normal patients, approximately 0.6%/year, was published several
years ago and is somewhat similar to the rate of loss of endothelial cells and trabecular meshwork cells. Regarding the comment that
keratocyte loss might be related to the underlying disease, this is certainly a possibility. I did not present the demographics in this
cohort; more than 50 of the grafts were in patients with keratoconus and approximately 33 of the grafts were in patients with Fuchs
dystrophy. We have previously shown regional losses of keratocytes in keratoconus patients, so there is a possibility that some of the
keratocyte loss might occur as a result of the underlying disease process, but we have not investigated that further. With regard to late
onset graft failure in other organ transplants, we have not made any direct comparisons with penetrating keratoplasty, so I cannot
comment. Regarding nerve regeneration, we did not assess corneal sensitivity in this group of patients; however, multiple studies have
documented a markedly reduced corneal sensitivity decades after penetrating keratoplasty by using Cochet-Bonnet esthesiometry.
More sensitive esthesiometers are now available to help quantify the stimulus and test different sensory modalities. After penetrating
keratoplasty, regrowth of nerves has been shown to occur mainly at the basal and subepithelial level, with some limited anterior
stromal reinnervation.
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