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Abstract
Purpose Our purpose was to study retinal pigment epithe-
lium (RPE) wound healing in patients with age-related
macular degeneration (AMD).
Patients and methods Abrasive debridement of nasal RPE
was performed with a metal cannula during pars plana
vitrectomy for foveal choroidal neovascularization (CNV)
membrane excision combined with simultaneous autolo-
gous RPE transplantation. Fundus autofluorescence, fluo-

rescein angiography images, and red-free pictures were
taken initially within 1–2 weeks postoperatively, subse-
quently in 2-week intervals until 3 months, monthly until
6 months, and every 3 months thereafter. The borders of
these lesions were measured; areas were calculated and
compared using ArchiCad Software. Fourteen eyes of 14
patients suffering from AMD were included (nine women
and four men, mean age 75.6 years ±6.6 years).
Results Six of 14 (42.9 %) patients showed a reduction of
the RPE debrided area. The size of these lesions reduced
5.6–20% within 2 postoperative months compared with
their size at first examination (from a mean of 13.7 mm2 ±
7.2 at baseline to a mean of 12.8 mm2 ± 6.7 at 2 months
postoperatively). No further reduction of the lesions was
seen after the 2 months. In eight cases, borders of the RPE
debrided areas stayed stable during observation time.
Conclusions Wound healing of abrasively debrided RPE
monolayer defects in patients with AMD occurs to a certain
extent in nearly half of the cases. This process seems to
stop after 2 months.
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Introduction

The retinal pigment epithelium (RPE) cell differentiates
from the outer leaflet of the neuroepithelium of the
invaginated embryonic eyecup [1]. Several mitotic rounds
occur during ocular development to reach adult cell counts
at around 6 months of postnatal age [2, 3]. The RPE
monolayer, thereafter, undergoes age-related rearrange-
ments in cell density [4]. Approximately 0.3% of the total
RPE cell number are lost each year in normal eyes [5].
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Interestingly, however, macular cell densities seem to
increase throughout life [4], despite a higher central
apoptotic activity [6]. It remains unclear to date though,
whether adult RPE undergoes mitosis in situ under
physiologic conditions.

Nevertheless, disturbances of the homeostasis in the
RPE photoreceptor complex through laser burns, sodium
iodate or light toxicity, retinal detachments, choroidal
melanoma, or following experimental RPE debridement
are capable of inducing proliferation in adulthood [7–10].
Thus, there appears to be sufficient evidence that certain
stimuli will induce proliferation in adult RPE.

In its function, the RPE serves as an intermediary
between an epithelial and a glial cell (for review, see
Marmor, 1998 or Strauss, 2005 [11, 12]). Yet, healing of a
monolayer defect is similar to other epithelia, with sliding
migration from the edges, which in larger defects is
followed by proliferation to close the wound [3, 13].
During this process, cells at the edges loose their
characteristic cuboidal hexagonal shape and adopt spindle-
shaped hypopigmented morphologies [8]. This is paralleled
on the molecular level with loss of cellular polarity during
the growth phase, which is regained upon wound closure, a
process that has been compared with the maturation of
the RPE during development [13]. Microenvironmental
“dynamic reciprocity” reactions, i.e., the influence of
extracellular matrix composition of the wound bed on the
maturation of the RPE phenotype, have been implicated
into wound healing patterns [3]. Defects of up to 2–3 mm
in diameter have been reported to heal into “tight” mono-
and multilayers in animal models [8–10, 14].

Aged macular degeneration (AMD) is the leading cause
of blindness in populations over 55 years of age in
industrial nations [15]. Herein, the RPE and adjacent
tissues are thought to have incurred a sequence of
pathologic alterations over a lifetime, which through stages
ultimately have lead to abnormal cellular behavior and/or
atrophy (for review, see Zarbin [16]). A late-stage compli-
cation, occurring in roughly 20% of AMD patients, leads to
the development of choroidal neovascularization (CNV) in
the subepithelial (RPE) and/or subretinal space [17].
Surgical excision of the CNV membrane is often followed
by development of choriocapillaris atrophy, with progres-
sive extension beyond the original CNV lesion [18, 19].
This phenomenon was explained by the simultaneous
removal of RPE during submacular surgery. Experimental
RPE destruction has been shown to induce choriocapillaris
atrophy [7, 20]. It appears that abnormalities of aged
submacular RPE [21] and/or Bruch’s membrane (BM) [22,
23] may inhibit effective restoration of the macular
monolayer. Removal of RPE trophic paracrine function on
the choriocapillaris [24] and possibly also mechanical
trauma to BM and choriocapillaris during subretinal

manipulation [10, 25] may contribute to choriocapillaris
atrophy. Despite one report to the contrary [26], the above
strongly suggests failure of RPE wound healing following
extraction of CNV secondary to AMD. Whether this is an
intrinsic RPE defect in AMD is unclear to date; however, it
is noteworthy that viable RPE samples obtained from AMD
patients during CNV removal did not grow in culture [27].
Thus, the ability of the RPE to resurface monolayer defects
may be altered in AMD.

The latter dilemma has been recognized for some time,
and clinical trials have been initiated on retinal and iris
pigment epithelial transplantation [28–31]. Here we report
on postoperative observations of the nasal RPE harvesting
site from previously published clinical trials with autolo-
gous RPE transplantation [29, 30]. The RPE autografts
were mechanically scraped off BM with a custom-made
metallic canula (Binder-Parel-Lee). The wound bed thus
created may resemble in some aspects the surgical trauma
induced with dissection of the CNV underneath the macula
[9, 10, 21, 22]. Although some degree of RPE wound
healing has been demonstrated in an animal model with our
technique [32], we hypothesize that it may be altered in
AMD. The patients were studied with fundus autofluo-
rescence imaging (FAF), fluorescein angiography (FA), and
red-free pictures (RF) for a mean of 11 months for RPE
resurfacing in nasally debrided harvesting sites.

Patients and methods

Patients

Fourteen patients (nine women and five men) with foveal
CNV neither suitable for laser treatment nor photodynamic
therapy (PDT) who had transplantation surgery and agreed
to participate were included into the study (Table 1). We
examined nine right and five left eyes. Postoperatively,
patients were studied as soon as clear examination of the
entire fundus was possible and hemorrhages had absorbed
(between 1 and 2 weeks). Examinations were performed in
2-week intervals until 3 months, monthly until 6 months,
and every 3 months thereafter.

The study conformed to the Declaration of Helsinki and
was approved by the ethics committee of the Rudolf
Foundation Clinic, government of the City of Vienna. After
careful oral explanation of the purpose of this study, a
written consent was signed by each patient. Patient data are
summarized in Table 1.

RPE transplantation surgery

The procedure followed what has been published elsewhere
[29, 30]. All surgeries were performed by the same surgeon
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(SB). In brief; after pars plana vitrectomy, a shallow retinal
detachment was created by subretinal injection of Ca++ and
Mg++ free balanced salt solution (BSS) (BSS+ part 1,
Alcon Surgical, Fort Worth, TX, USA) nasally from the
optic disc to facilitate separation between the retina and the
pigment epithelium. RPE cells were subsequently mobi-
lized and aspirated over an area of two-to-four disc
diameters with a specially designed cannula (Binder, Parel
unpublished data) in order to remove the RPE as gently as
possible. The cannula was connected with a silicone tube to
a tuberculin syringe. While the surgeon guided the cannula
subretinally, the assistant aspirated under microscopic
control.

The purpose of this study was to investigate the behavior
of the RPE nasal defects the optic disc where cells were
harvested for transplantation.

Examination

All images (30° field of view) were performed with the
Heidelberg Retina Angiograph (Heidelberg Engineering
GmbH, Heidelberg, Germany) by two different examiners
uninvolved in patient selection and treatment. After pupil
dilatation, FAF was recorded, 6–8 FA images were taken in
the early phase after injection, then every 15 s, after 1 and
2 min, and finally late pictures after 5 and 10 min. For FAF
imaging, an argon blue laser (488 nm) was used for excitation
[33]. Emitted light was detected above 500 nm with a barrier
filter. For RF reflectance, a monochromatic green band pass
filter was used that transmits light with wavelengths between
540 and 575 nm.

Image processing

Images were analyzed by one investigator (DR) using
ArchiCad (Version 8.1 training-software, Graphisoft 2003).
The following scaling procedure was applied: the distance
between two vessel branch points near the denuded area in
the first postoperative image of each patient was measured,
and this length was taken as the standard distance for all
following pictures. Images were enlarged or shrunk without
changing proportions until the distance between the vessel
branch points conformed with the standard distance. Only
borders and periphery of the debrided areas were investi-
gated. We compared the borders of RPE wounds with
borders of reduced FAF, and the outer boundaries of
window defects in FA or RF pictures to debrided or absent
RPE. On each obtained FAF image, the contour of the RPE
debridement was outlined with a freehand selection tool.
The outlined area in the first postoperative FAF image was
saved and superimposed onto subsequently obtained
images from each patient. Area and maximum centripetal
growth of borders in RPE defects outlined in FAF was then
calculated using ArchiCad. The borders of atrophic areas in
FAF were compared (and correlated) with boundaries of
lesions in RF and FA images performed on the same day
and with subsequent images. A decrease of the debrided
area in FAF images over time was considered to be RPE
wound healing if we also observed an according reduction
of the debrided area in RF and FA. FAF were super-
imposed, and an averaged picture was created to improve
image quality. We only used FA pictures where the
hyperfluorescent area did not change from early to late

Table 1 Patient data, timetable of examinations, and size of lesion postoperative

Patinet Age/sex/eye W 2 W 4
(mm2)

W6
(mm2)

W 8
(mm2)

W 10
(mm2)

Reduction
[mm2 (%)]

Max. centripetal
change (mm)

Follow-up
(months)

1 83/M/D 7.8 7.2 6.9 6.9 6.9 0.9 (11.5) 0.61 27
2 77/F/S 2.5 2.0 2.0 2.0 2.0 0.5 (20.0) 0.22 12
3 75/M/D 16.4 16.4 14.7 14.7 14.7 1.7 (10.4) 0.19 9
4 79/MD 6.5 6.5 6.5 6.5 6.5 - 24
5 70/F/S 21.8 20.0 17.7 17.7 17.7 4.1 (18.8) 0.60 6
6 74/F/D 5.8 5.8 5.8 5.8 5.8 - 15
7 83/F/D 23.0 23,0 22.1 20.7 20.7 1.3 (5.6) 0.98 18
8 65/F/D 18.8 18.8 18.8 18.8 18.8 - 9
9 71/F/D 2.5 2.5 2.5 2.5 2.5 - 21
10 81/M/S 14.9 14.9 14.9 14.9 14.9 - 6
11 80/F/S 15.9 15.9 15.9 15.9 15.9 - 9
12 62/M/D 20.6 20.6 20.6 20.6 20.6 - 12
13 78/F/D 19.0 18.0 17.2 17.2 17.2 1.8 (9.5) 0.56 6
14 81/F/S 15.6 15.6 15.6 15.6 15.6 - 21
Mean ± SD 7.,6 ±6.6 ±1.2 (7.4) 0.7 (5.4) ± 7.2

M male, F female, D right eye, S left eye; W2, W4, W6, W8, W10 2, 4, 6, 8, 10 weeks postoperative, SD standard deviation
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phase within the examination to distinguish leakage from
RPE atrophy.

Results

Clinical observations

A series of 14 eyes from 14 consecutive patients (nine women
and five men; mean age 75.6 ± 6.6 years) was examined. Data
of all 14 patients are summarized Table 1. The observation
time ranged from 6 to 27 months (mean 11 ±7.2 months).
The size of the debrided RPE areas at first examination
ranged between 2.5 and 21 mm2; mean 13.7 mm2 (± 7.2).
Six of 14 (42.9 %) patients showed a 12.6% (±5.6) mean
reduction in size of their debrided areas. The lesions
diminished ranging 0.5 mm2 to 4.1 mm2 (Table 1). No
further changes were observed after a 2-month period
postoperatively, and no enlargement of any lesion occurred.
In 8/14 cases, borders of the RPE debrided areas remained
stable during observation time. There was no correlation
between size of the nasal RPE harvest site and the extent of
its reduction. As opposed to an expected uniformly
centripetal pattern, RPE wound healing of nasal areas
occurred in an inhomogeneous way. At one side of the
lesion, resurfacing of RPE occurred to a certain extent,
whereas other wound edges were unchanged (Fig. 1).

The RPE’s capacity to resurface various distances from
the wound edge may be limited. We therefore analyzed
absolute distances of border change to determine whether
this would be a more uniform comparison of lesion
differences. The maximum growth of borders toward the
lesion center ranged between 0.19 mm and 0.98 mm (mean

0.58 mm) (Figs. 2 and 3 and Table 1). There appears to be
neither a correlation with original wound size nor wound
reduction. We found no association between age and
tendency of RPE repair; on the contrary, the two oldest
patients in the study (both aged 83) showed a reduction in
lesion size, whereas the youngest patients (age 62 and
65 years) showed no changes.

Lesion sizes were calculated by using changes of borders
in autofluorescence pictures. In some cases, areas of more
normal appearance of autofluorescence seemed to occur in
the center of the lesions. Correlation with FA, however,
excluded wound healing and, instead, revealed a window
defect suggesting choriocapillaris atrophy within the
debrided area (Fig. 2). The area of window defect in the
FA images could be distinguished from leakage, as there
was no change in size from early to late phase during the
examination.

Statistical evaluation

To investigate reduction of the RPE debrided area,
Wilcoxon signed rank tests were used to investigate
differences between time points 4–10 (week 4–10) and
baseline (week 2). The confidence interval (CI) for the
proportion of patients with lesion reductions was calcu-
lated. Wilcoxon analysis did not show a significant
difference between time points 2 and 4 (2 and 4 weeks
postoperatively) (p=0.125),but found a significant differ-
ence between all other time points (weeks 6, 8, 10) and
time point 2 (all three p values=0.031). CI: lower bound
17.66 %; upper bound 71.13 %. We found no correlation
between the size of the nasal RPE harvest site and the
dimension of its reduction (r=−0.50).

Fig. 1 Individual measurements of retinal pigment epithelium (RPE) monolayer lesions over time. Ordinate in (a) shows absolute values in mm2

and in (b) values in percent at baseline (size of nasal lesion at week 2)
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Discussion

Mechanically debrided RPE monolayer defects were inves-
tigated in patients with CNV secondary to AMD for
changes of borders with fundus autofluorescence imaging,
FA, and RF pictures. A 12.6% reduction of lesion size
occurring within 2 months after surgery in roughly half of

the subjects suggests that some small extent of RPE
regeneration is possible in patients with AMD. This is, to
the best of our knowledge, the first report on in vivo wound
healing of human RPE following its iatrogenic abrasive
removal in eyes suffering AMD.

Aged RPE monolayer defects created in organ cultures
of human submacular BM have shown some degree of

Fig. 2 Autofluorescence (a, c),
red-free image (b, d), and late
(7:04 min) fluorescein angiog-
raphy (FA) (e) of patient 5. The
orange line in (a, b) marks the
debrided retinal pigment epithe-
lium (RPE) area at 2 weeks
postoperatively. Blue line (c–e)
outlines RPE defect at 6 weeks
postoperatively. Black arrows
(c, d) show area of main reduc-
tion. White arrows (c) are areas
of hypofluorescence (window
defect) in (e), consistent with
choriocapillaris atrophy adjacent
to a zone of wound healing
(asterisks) at 6 weeks postoper-
atively. Green arrow indicates
the maximum centripetal dis-
placement of borders
(0.60 mm)

Fig. 3 Autofluorescence (a, c,
f), red-free (RF) images (b, d, g)
and fluorescein angiography
(FA) (e, h) of patient 7. One
week postoperatively (a, b).
Orange line marks the retinal
pigment epithelium (RPE)-
debrided area 2 weeks postoper-
atively, blue line indicates the
reduced area, white arrows indi-
cate the intravitreal gas bubble.
Pictures taken at 1 month post-
operatively (c–e) continued to
show reduction of the RPE
monolayer defect; however, no
further change was observed at
3 months postoperatively (f–h).
Black arrows (f, g) indicate the
main area of wound healing.
Green arrow indicates the maxi-
mum centripetal displacement of
borders (0.98 mm). Compare
lesion borders in c, d and f, g
with corresponding late FA at
1 month (e) and 3 months (h)
postoperatively. Green line (c–h)
indicates area obscured by
intravitreal gas bubble on initial
postoperative pictures (a, b)
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wound healing. The presence of the RPE basal lamina
supports resurfacing to a significantly higher degree than if
deeper layers of BM are exposed [21]. BM is known to
thicken and accumulate age-related debris [34], which in
turn appears to hamper attachment and growth of RPE cells
[35]. There are numerous reports on differences between
young and aged RPE [36, 37]. In this context, it might be
noteworthy that cultured aged RPE compared with fetal
RPE seem generally less efficient in repopulating various
layers of submacular BM [38]. Thus, aging of deeper layers
of BM and senescence of the RPE very likely played a role
in wound healing in aged eyes and our study.

Animal studies have demonstrated repopulation of a
RPE defect after experimental debridement within 1–
2 weeks [8–10, 14, 32]. Fundoscopic observations show
in the initial postoperative days the appearance of a
hypopigmented ring around the pale-appearing wound bed
[8]. Histopathologically, this coincides with sliding migra-
tion and spindle-shaped elongation of the RPE cells
surrounding the lesion. After 2 weeks, the area of the
original lesion will adopt a hypo- and hyperpigmented
appearance, corresponding histologically to mono- and
multilayered newly proliferating RPE cells, respectively
[8]. Interestingly, the peripheral hypopigmented ring per-
sisted also at this latter stage. We found a reduction of
debrided areas of up to 20% in this study. However, we did
not observe a hypopigmented ring surrounding the original
defect or find hypo- or hyperpigmentation in the original
wound bed.

Previous animal studies have shown that the technique
used for RPE removal has a direct influence on the
cellular phenotype resurfacing the wound. Whereas a
hydraulic (jet stream) debridement often results in
restoration of a polarized monolayer [10], abrasive
debridement with a silicone or metal-tipped instrument
usually causes an incomplete defect closure in which RPE
cells adopt a fibroblast-like phenotype with alternating
degrees of mono- and multilayering [9, 10, 25]. Conceiv-
ably, the direct instrument contact with the RPE during
abrasive removal compromises the integrity of BM to a
larger degree than does hydraulic removal [25]. The
contribution of species-specific differences in anatomy to
the variability in RPE wound-healing patterns using
abrasive denudement should also be taken into account.
Whereas lesions in pigs and monkeys repopulate almost
completely [9, 14], RPE defects in cats and rabbits show
incomplete coverage [20, 25, 32]. However, the common
denominator from these animal experiments relevant for
the human setting appears to be abrasive debridement
compromising RPE wound healing through exposure of
deeper layers of BM. In contrast to an expected uniformly
centripetal RPE wound healing pattern, we observed an
inhomogeneous decrease in size of the wound bed. At one

edge of the lesion, the transition between intact RPE and
debrided area might advance toward the wound center,
whereas other edges remained unchanged (Figs. 2 and 3).
We speculate this to be due to different stages of damage
in BM caused by the mechanical debridement of RPE
during surgery. This exposure of deeper layers of BM in
some eyes and an absence of RPE resurfacing conse-
quently may also be the explanation why only in six of 14
eyes did a reduction in area size occur.

RPE wound healing has been suggested to be dependent
on lesion size [3]. Regeneration the human RPE in situ into
a polarized monolayer is thought to be reserved to only
small defects [39]. We found no correlation between the
size of the nasal RPE harvest site and the dimension of its
reduction.

Differentiated mammalian cells can only undergo a
limited amount of doublings. It has been reported that this
capacity declines over age in the RPE cell [40]. The ability
to resurface various distances from the wound edge may
therefore decline accordingly. We found no apparent
correlation with age. Interestingly, in our small number of
patients, the two oldest patients (age 83 years) experienced
a reduction of lesion size, whereas in two patients
approximately 20 years younger (age 62 and 65), the
debrided areas did not change.

The measurements in this study were performed on FAF
images and correlated with RF pictures and FA. FAF has
been shown to exhibit spectral characteristics of RPE
lipofuscin [41]. It accumulates over life in RPE cells as a
result of incompletely digested photoreceptor outer seg-
ments [42]. Monitoring FAF with noninvasive in vivo
spectrophotometry or a confocal laser scanning ophthal-
moscope has been suggested as a diagnostic tool for
providing indirect information about metabolic activity of
the RPE [43, 44]. Changes of “normal” FAF occurring in
various retinal pathologies affecting the RPE have been
described extensively and prompted us to utilize it for our
study [33, 45]. Physiologically reduced FAF is seen in the
absence of RPE cells (e.g., RPE-depleted lesions, optic
disc) or may be due to absorption of the incident short
wavelength by the retinal vessels [43]. Further, reduced or
absent FAF is also observed in regions of geographic
atrophy in AMD [45]. We considered a decrease of
extinguished FAF toward the lesion center (when com-
pared with earlier images) a reduction in size of lesions
during follow-up. A diminished lesion size on FAF could
be correlated with a corresponding window defect in FA
and a hyperfluorescent area in RF images obtained the
same day. This method, however, may not account for
detecting newly proliferated cells, which split their
cytoplasmic contents with every doubling, as it is
observed with pigment granules (e.g., melanolipofuscin)
in cell culture [46]. Diagnostic accuracy for detecting such
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changes would likely be compromised. Our study ana-
lyzed only FAF changes from extinguished to normal.

Some hypofluorescent areas on FAF when correlated with
FA after 6 postoperative weeks showed decreased or absent
choriocapillaris perfusion. The choriocapillaris will remain
only partially patent after abrasive debridement of the RPE in
animals [10]. Earlier work based on histologic examinations
of over 500 human cases suggested choriocapillaris degen-
eration after RPE loss [47], which then gained support
through animal experiments [7]. This suggests, in the
context of our study, that areas with decreased or absent
choriocapillaris perfusion on FA may represent regions
where RPE is missing and/or dysfunctional. Decreased
FAF over such regions would support this assumption, as
it is frequently observed in regions with geographic atrophy
of the RPE in AMD [45].

Evidence from RPE wound healing in animal experiments
and perhaps also after extraction of CNV secondary to AMD
suggests most changes occur in the first postoperative 1–
2 weeks [8–10, 14, 25, 26]. It is unclear whether early
recovery occurred in this study because of reduced visibility
during the first 1–2 weeks related to the intravitreal gas
bubble. Areas measured at the first examination showed a
large variation, ranging from 2.5 to 21 mm2. However,
based on frequent intraoperative video imaging, we knew
that the depigmented areas created by cell harvesting were
usually more uniform (two-to-four disc diameters/ ∼11.6–
46.3 mm2). Optic disc size is known to have considerable
interindividual variation [48]. Nevertheless, this would not
explain the up to tenfold difference between harvesting sites.
As the RPE harvesting site was investigated over a long
period (up to 27 months), we assume that changes from
initially reduced FAF zones to “normal,” supported by
normal-appearing RPE in RF and FA, reflects a reestab-
lished functional subretinal environment. The process seems
to stop after a 2 months. We can only speculate about the
reasons: a reachievment of homeostasis (i.e., postoperative
inflammatory) and consequently reduced stimulus inducing
proliferation of RPE cells, for instance.

Previous work on RPE wound healing and findings of
the present study suggest that a damaged BM and aged
RPE are unlikely to result in a fully functional repair of the
subretinal environment. The logical consequence is there-
fore to consider provision of a BM prosthesis and/or
autologous RPE transplantation to improve or preserve
vision in patients affected with RPE monolayer defects.

We present evidence that abrasive RPE lesions created
during subretinal surgery in patients with AMD can
occasionally undergo some degree of repair. We speculate
that surgical damage as the main factor and age-related
changes to BM, along with senescent changes to the RPE,
may hinder functional restoration of the subretinal
microenvironment.
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