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Abstract

It still remains unclear to which extent the presence and the
amount of retinal debris seen in internal limiting membrane
(ILM) specimens harvested during macular surgery for macu-
lar holes or epiretinal membranes are related to the proce-
dure of ILM peeling itself or to modifications of the surgical
technique, such as application of vital dyes for visualization
of the ILM, or to pathological conditions with epiretinal
membrane formation at the vitreoretinal interface. The pres-
ence of cellular fragments on the retinal side of the removed
ILM appears to be of multifactorial origin, and additional
causes besides dye application need to be considered. How-
ever, morphological studies with evaluation of vital dyes are
still of relevance and provide additional insights into the ul-
trastructure of the vitreoretinal interface and its interaction
with adjuvants used during macular surgery. Chromovitrec-
tomy is an emerging field in vitreoretinal surgery. It is of im-
portance to better understand the tissue-dye interactions,
which not only alter the mechanical properties of the tissue
being stained, but may also have an impact on the function-
al result postoperatively. ©2013 S. Karger AG, Basel

Introduction

The removal of the internal limiting membrane (ILM)
has become a widely accepted procedure during vitreoret-
inal surgery for the treatment of traction maculopathies
such as macular holes or epimacular membranes [1, 2].
Given the close anatomical situation, removal of the ILM
during macular surgery bears the potential of damaging
inner retinal layers, thereby possibly inducing retinal dys-
function. The ILM is the basal lamina of Miiller glial cells
being directly adjacent to Miiller cell footplates (fig. 1). To
date, it is generally assumed that the ILM is not replaced or
regenerated after its removal during macular surgery.

Vital dyes such as brilliant blue G (BBG) and indocya-
nine green (ICG) have been introduced to facilitate this
challenging surgical maneuver and to reduce excessive
manipulation on the innermost retinal layers, thereby
minimizing the risk of functional postoperative deficits
that result from mechanical trauma to the tissue [3].
However, it became apparent that especially the use of
ICG may be associated with postoperative complications
such as visual field defects [4, 5] or morphological altera-
tions of the macular area [6-9]. Although the underlying
pathomechanisms are still not completely understood,
there is some evidence that the photosensitizing proper-
ties of ICG and its degradation products are one relevant
aspect in this context [10-12]. It has furthermore been
discussed in the literature whether vital dyes used during
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Fig. 1. Morphology of the vitreoretinal in-
terface of the human retina. a Transmission
electron micrograph demonstrating the
ILM (asterisk) which is characterized by an
undulated retinal side and a smooth vitreal
side. The typical undulations on the retinal
side are directly adjacent to the Miiller cell
end feet (MCE) within the retinal nerve fiber
layer. This topographic feature allows for a
clear differentiation between epiretinal cell
proliferation and retinal cell debris. b Scan-
ning electron micrograph showing cellular
processes of an epiretinal membrane on the
vitreal side and button-like undulations of
the retinal side of a surgically removed and
folded ILM specimen. a Original magnifica-
tion x9,500; scale bar = 1.1 um. b Original
magnification x1,800; scale bar = 5.6 pm.

Fig. 2. Ultrastructure of surgically removed
ILM specimens. a Transmission electron
micrograph presenting a blank ILM nei-
ther with epiretinal cell proliferation nor
with cell debris on the retinal side of the
ILM. b Transmission electron micrograph
demonstrating entire cell bodies on the ret-
inal side of the ILM that interdigitate with
the typical undulations of the ILM. a Orig-
inal magnification x1,800; scale bar = 5.6
pm. b Original magnification x4,800; scale
bar = 2.0 um.

surgery interfere with the architecture of the vitreoretinal
interface by altering the cleavage plane from the retinal
surface of the ILM to the innermost layers of the retina.
This hypothesis was based on the observation of retinal
debris adherent to the retinal surface of the ILM removed
after staining of the macular area during vitreoretinal in-
terventions and on differences of the amount of such de-
bris depending on the dye used compared to convention-
al ILM peeling without staining [13-17].

However, changes in retinal architecture remain in-
completely understood. There are ongoing investigations
to elucidate the question to what extent if at all morpho-
logical changes correlate with the intravitreal application
of vital dyes or are the result of the removal of the ILM
itself. Furthermore, it is still a matter of controversy
whether structural alterations of retinal layers after dye-
assisted ILM peeling impair retinal function permanently
or rather induce transient visual disturbances.
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Do Vital Dyes Alter the Cleavage Plane during
Vitreoretinal Procedures?

Although ILM peeling is widely considered an essen-
tially safe surgical technique, removal of the ILM may
sometimes lead to the presence of cell fragments or entire
cell bodies on the retinal side of the peeled ILM (fig. 2).

Light- and electron-microscopic studies as well as im-
munohistochemical studies demonstrated retinal cell
debris on the ILM which was assigned to glial cells and
neuronal cell debris, in particular Miiller cell end feet
and cell fragments of the retinal nerve fiber layer [8, 9,
13-18]. Even without the use of vital dyes to assist mac-
ular surgery, it has been suggested that the presence of
cellular debris adherent to the retinal side of the ILM is
somehow inevitable as the ILM cannot be removed from
the retinal surface without disrupting the underlying
Miiller cells, as the ILM represents their basal lamina and
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Fig. 3. Quantification scale of retinal cell
fragments on the ILM (asterisk) character-
ized by transmission electron microscopy.
a Small (<1 pm in diameter) and solitarily
distributed round cell fragments (arrows).
b Medium-sized (1-2 pum in diameter)
round cell fragments (arrows). ¢ Large (>2
pm in diameter) cell fragments (arrows)
derived from nerve fiber bundles and reti-
nal cells, such as a cell nucleus (arrowhead).
d Entire cell body with cellular nucleus (ar-
rows) and cellular organelles such as mito-
chondria, endoplasmic reticulum and Gol-
gi complexes (arrowheads). a, d Original
magnification x9,500; scale bar = 1.0 pm.
b, ¢ Original magnification x4,800; scale
bar = 2.0 um.

is therefore intimately associated with their plasma
membrane [19].

However, in general there is difficulty to define the
amount of retinal cell debris on the ILM, especially since
cross-section preparation techniques of ILM specimens
are examined in most studies. Cross-sections usually cov-
er only alimited part of the whole specimen. Consequent-
ly, it is mandatory to examine a large number of sections.
In that context, a grading system was suggested to analyze
retinal cell debris based on the size and structural appear-
ances of retinal cell fragments [13, 20] (fig. 3).

In fact, it appears that the presence and size of cellular
fragments may be related to known topographical varia-
tions of the ILM. While the vitreal side of the ILM appears
smooth throughout the retinal surface, there are distinct
morphological variations of the retinal side when com-
paring the ILM at the posterior pole to the ILM in the
periphery: at the posterior pole, the retinal surface is ir-
regular with undulations filling the spaces between adja-
cent cellular components (such as Miiller cell end feet)

Chromovitrectomy and the Vitreoretinal
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and the ILM. These undulations increase not only the sur-
face in contact with the underlying retinal cellular struc-
tures, but also the adhesion of the ILM in the area of the
posterior pole. Therefore, it seems plausible that discrete
disruption of Miiller cell footplates in terms of a mechan-
ical trauma during ILM peeling predominantly occurs in
these areas, as described in the literature [17]. The lamel-
lar and round structures observed in some sections were
identified as the inner portion of Miiller cells. Small round
and lamellar structures were often seen in contact with
such undulations of the ILM and most probably originate
from Miiller cell plasma membranes and fragments of
Miiller cell end feet having remained adherent to the pos-
terior (retinal) portion of the ILM during ILM stripping
[13-15, 17].

In contrast, a greater amount of cellular fragments in
all specimens investigated were noted after ICG staining.
Compared to unstained ILM specimens, masses of cellu-
lar debris were found throughout the retinal surface of the
ILM, both in areas with and without irregularities of the
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retinal surface of the ILM [8, 9]. Moreover, after admin-
istration of trypan blue (TB), BBG, bromophenol blue
and Chicago blue during ILM peeling, rather small and
rare cell fragments on the retinal side of the ILM were
demonstrated showing significantly fewer cell fragments
on the retinal side of the ILM than after ICG-assisted ILM
peeling [13].

Furthermore, a recent histological study focused on
detecting large cell fragments of more than 2 pm and en-
tire cell bodies on the retinal side of the ILM by light mi-
croscopy and subsequent further analysis by transmis-
sion electron microscopy [20]. When screening serial sec-
tions, large cell debris on the retinal side of the ILM was
found in only 19% of all 120 specimens investigated. This
cohort of specimens allowed comparison of cellular ele-
ments on the retinal side of the ILM in different traction
maculopathies, in the presence and absence of epiretinal
cell proliferation, and in cases of ILM peeling with and
without dye assistance using BBG or TB. Removal of large
cellular structures during ILM peeling was reported to be
most importantly associated with epiretinal cell prolifera-
tion. The presence of cell fragments of more than 2 pm in
diameter and the presence of entire cell bodies on the ret-
inal side of the ILM seemed unrelated to the use of BBG
and TB.

In addition, since epiretinal membrane formation
might also be associated with glial cell migration and pro-
liferation beneath the ILM in different traction maculop-
athies by responding to tissue stretch [21, 22], large cell
fragments on the retinal side of the ILM may originate
from other cell structures than small cell fragments. Thus,
it might be hypothesized that large retinal cell fragments
of more than 2 pm and entire cell bodies which are occa-
sionally removed during ILM peeling may represent mi-
grating and proliferating glial cells or microglial cells.

The Role of Epiretinal Cell Proliferation

One may hypothesize that the presence of epimacular
membranes might contribute to the unintended removal
of retinal cell fragments during ILM peeling. A multilay-
ered cell composition such as an epiretinal membrane
represents a more rigid structure compared to the bare
ILM. Therefore, the presence of retinal debris on the re-
moved ILM could result from a mechanical trauma to
underlying structures by pulling off the rigid membrane.
It was hypothesized that epiretinal membrane formation
may alter cell-cell or cell-matrix adhesion interactions on
both sides of the ILM [20].
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Furthermore, glial cell proliferation is generally sup-
posed to be associated with epimacular membranes on
the vitreal side of the ILM, but occasionally it was also
shown along the retinal surface of the ILM [23]. As men-
tioned earlier, the presence of cellular debris may be the
result of this specific growth pattern. This hypothesis is in
accordance with a recent immunohistochemical study of
retinal cell debris on the ILM that demonstrated anti-gli-
al fibrillary acidic protein-positive retinal cell fragments
in correlation with the presence of epiretinal membranes
[18]. Using light microscopy, this study did not confirm
any influence of TB, ICG, or BBG on the removal of large
retinal cell fragments and entire cell bodies during ILM
peeling. However, significantly fewer retinal cell frag-
ments on the ILM were seen following macular hole sur-
gery, where the formation of epiretinal cell proliferation
is less pronounced, compared to ILM specimens from
epimacular membrane surgery. The authors suggested
that the plane of dissection during ILM peeling may be
altered by the formation of epiretinal membranes and/or
the pathology inducing the development of an epiretinal
membrane such as the modulation of glial fibrillary acid-
ic protein within Miiller cells.

In addition, it was suggested that there is continuity
between components of epimacular membranes and the
retinal cell layers through pores of the ILM, which may
increase the adhesion forces between these cells and the
ILM. In this context, Wolter [24] reported on pores in the
ILM of the human retina. Other investigators also dem-
onstrated glial cells crossing the ILM using transmission
electron microscopy [25-27]. More recently, Gandorfer
et al. [28] systematically screened 112 ILM specimens
from patients with idiopathic macular holes by using the
flat-mount preparation technique to assess surgical ILM
specimens en face. However, they only found a few pores
concluding that retinal glial cells may use other pathways
as well to migrate onto the vitreal side of the ILM in
epiretinal proliferation.

Vital Dyes Increase the Stiffness of the ILM

The ILM represents a delicate tissue of variable thick-
ness with 0.5-3.2 um at the posterior pole and 0.01-0.10
pm at the fovea and the disk [29]. With regard to its thick-
ness, the ILM is stiff with a mechanical strength in the
millipascal range, very similar to articular cartilage and
about 1,000-fold stronger than cell layers [30, 31]. The
retinal side is approximately 5-fold stiffer than the vitreal
side [32], which explains the typical rolling of the tissue

Schumann/Haritoglou

0/20/2014 2:40:54 PM



http://dx.doi.org/10.1159%2F000353864

when being peeled off during surgery (fig. 4). The high
mechanical strength of the natural ILM explains why it
can be grasped with a forceps and be peeled off mechani-
cally from the underlying nerve fiber layer.

It is a common intraoperative observation that the
stained ILM, either using ICG or BBG, can be removed
much more easily and in larger fragments compared to
unstained tissue. This observation was interpreted as an
alteration of the cleavage plane to innermost retinal lay-
ers, supported by the presence of retinal cellular compo-
nents as discussed above. However, this phenomenon is
very likely explainable by specific tissue-dye interactions:
For ICG, Wollensak et al. [33] and Wollensak [34] re-
ported an increased stiffness of the ICG-stained ILM fol-
lowing 3-min illumination of the stained postmortem
porcine retina, showing a significant increase in ultimate
force by 45% and a decrease in ultimate elongation by
24%. Interestingly, no such effect was seen without sub-
sequent illumination suggesting a light-dependent pro-
cess. They therefore concluded that the stiffening effect of
ICG combined with light is related to a photosensitizing
effect of ICG by the formation of a triplet state of the ICG
molecule and reactive oxygen species (type I reaction of
photooxidation) [34, 35].

Using atomic force microscopy, our group was able to
show that the use of BBG and ICG significantly increases
the stiffness of the ILM [data submitted]. Interestingly,
additional illumination did not provide a significant ad-
ditive effect. With this background it seems very likely
that the presence of retinal debris at the retinal side of the
ILM is more or less related to the increased stiffness of the
tissue that is peeled off during surgery, and is not related
to the specific dye used for peeling. Therefore, toxic ef-
fects of a dye such as ICG are more likely related to its
degradation products and cannot be correlated with pe-
culiar morphological findings alone.

Retinal Function and Chromovitrectomy

Nevertheless, electron-microscopic analysis was the
first investigation showing potential retinal damage after
ICG staining and represented the first attempt to explain
poor functional outcome as seen in some patients after
chromovitrectomy [4-9]. Since then, the question of dye-
related toxicity was critically reassessed and revisited in
several experimental and clinical trials [36-41]. At pres-
ent, numerous dyes are being investigated in cell culture
models and animal studies to carefully assess the issue of
toxicity prior to the use in humans [13, 16, 42-50].
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Fig. 4. By atomic force microscopy, stiffness measurements (mean
of force map results, ILM-operative) of surgically excised ILM
specimens demonstrate that the retinal side of the ILM is approx-
imately 5-fold stiffer than the vitreal side.

However, it is noteworthy that the presence of retinal
cell fragments could not be directly correlated with ad-
verse functional outcome as determined by visual acuity
and visual field testing or anatomical success as deter-
mined by macular hole closure, since the morphological
observations were made in all specimens obtained during
surgery, but were (only) associated with visual field de-
fects in approximately 50% [51]. This observation under-
lines that morphological examinations alone and the hy-
pothesis of a dye-related alteration of the surgical cleav-
ageplanearenotsufficient to explain the pathomechanism
of ICG-related toxicity.

Until the introduction of ICG for ILM peeling and the
reports on potential ICG-related toxic effects, only single
reports related ILM peeling to impaired functional out-
come [52]. However, subtle functional and morphologi-
cal alterations were infrequently observed following mac-
ular surgery with ILM peeling, including changes of the
focal macular electroretinogram (ERG) [53], dissociated
optic nerve fiber layer (DONFL) appearance [54-56],
paracentral scotomata or visual field defects [57, 58].

Recent investigations supported the hypothesis that
ILM peeling itself may change retinal morphology and
impair retinal function. A clinicopathological study cor-
related retinal cell fragments of large size, namely retinal
cell fragments of more than 2 pm in diameter, on the re-
moved ILM with changes in macular dysfunction on the
multifocal ERG [59]. This study suggested that large cell
fragments on the retinal side of the ILM are related to
Miiller cell damage with transient alterations of retinal
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function after triamcinolone-assisted ILM peeling. In ac-
cordance with these findings, Terasaki et al. [53] demon-
strated a limited and delayed response of the focal macu-
lar ERG after ILM peeling suggesting that ILM removal
during macular hole surgery could damage retinal Miiller
cells. Similarly, Tari et al. [60] proposed that dysfunction
of retinal Miiller cells might play an important role in
modulating synaptic transmission in the neuronal retinal
composition based on their findings of decreased re-
sponses in multifocal ERG after ILM peeling. Further-
more, damage to retinal Miiller cells or Miiller cell end
feet may be related to DONFL appearance of the fundus
after uneventful ILM peeling [54-56]. However, Mitamu-
ra and Ohtsuka [56] did not find any significant differ-
ence between the zone of DONFL appearance and normal
retina concerning the microperimetry threshold values,
suggesting there was no loss of optic nerve fibers.

With regard to dye assistance in ILM removal, Chris-
tensen et al. [61] reported on the same incidence of
DONFL appearance in ICG-peeled and TB-peeled eyes,
suggesting that the surgical procedure itself was respon-
sible for this clinical feature after ILM removal. Neverthe-
less, inner retinal defects may frequently occur after ILM
peeling as described by Alkabes et al. [62] using en face
spectral domain optical coherence tomography after
macular hole surgery with dye assistance. They reported
on postoperative inner retinal defects, named concentric
macular dark spots, in the same direction as the optic
nerve fibers. These defects were not progressive and were
most probably related to the procedure of ILM peeling
itself rather than to the administration of vital dyes.
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