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e PURPOSE: A complication of using silicone oil as an
intraocular endotamponade is its adhesion to intraocu-
lar lenses (IOLs). Forward light scattering is a measure
to quantify the optical disturbance caused by adherent
oil droplets. We tested the straylight caused by silicone
oil adhesion to different IOLs and examined whether an
approved cleaning solution, F4H5, reverses the induced
straylight.

» DESIGN: An experimental study.

* METHODS: Two hydrophobic acrylic IOL models and
1 hydrophilic model with a hydrophobic surface (n = 8
per model: 24 lenses) had straylight measured before con-
tact with silicone oils, providing a baseline for subsequent
testing: 12 lenses with lighter-than-water silicone oil (Sil-
uron 2000) and 12 with heavier-than-water oil (Densiron
68). The final measurement was performed after cleans-
ing with F4H5 when we used scanning electron and light
microscopy to detect surface changes.

e RESULTS: Straylight was majorly increased in 10Ls
with adherent silicone oil (baseline vs adherent oil median
3.1[2.1,3.9] and 39.7 [22.7, 87.8] deg?/sr, respectively;
P < .001). No difference was seen between heavier- and
lighter-than-water silicone oils. Between IOL types, in-
duced straylight varied significantly, with 1 hydrophobic
model reaching the highest average straylight. F4H5 sig-
nificantly reduced straylight values in all IOL types (me-
dian 9.4 [5.4, 13.8] deg?/st). The microscopy revealed
surface changes on the IOLs even after cleaning.

e CONCLUSIONS: Silicone oil adhesion to IOLs can
induce amounts of straylight known to cause se-
vere optical disturbance. F4H5 cleansing solution re-
versed straylight values to only slightly increased val-
ues. We found no difference in straylight forma-
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ILICONE OIL WAS INTRODUCED AS A VITREOUS
S tamponade in 1962 separately by Cibis' and Ar-
maly.” Over the last 6 decades, extensive research
on the oil’s viscous, surgical, and pharmacologic properties
has improved silicone oil’s quality to a point where it is
accepted as an essential component of modern vitreoretinal
surgery.s‘8
One complication of silicone oil is the adherence of oil
droplets to the intraocular lens (IOL) after surgery. Previ-
ously, Apple and associates”'” showed that the IOL ma-
terial strongly determines the coverage area on IOLs after
prolonged exposure to lighter-than-water silicone oil.
Many rescue techniques have been proposed to clean the
IOLs. Next to mechanical maneuvers, such as cleaning the
posterior surface of the IOL with a cutter during silicone
oil removal surgery, chemical cleaning of the IOLs has also
been evaluated. F4H5 is a semifluorinated alkane Confor-
mité Européenne-approved for the washout of sticky sili-
cone oil and the cleaning of IOLs. During surgery, F4H5
is injected into the anterior chamber onto the surface of
the IOL and into the posterior segment to washout possi-
ble silicone oil emulsion droplets and oil adhesions to the
IOL. It is then again aspirated together with the remnants
of silicone oil, often combined with a fluid-air exchange in
the vitreous cavity. In a laboratory study, Stappler and asso-
ciates'" and Liang and associates'” found that while the sil-
icone oil could be removed from IOLs using F4H5, the sur-
face of the IOL remained altered.!' Heavier-than-water sil-
icone oils, a mixture of polydimethylsiloxane (PDMS) and
F6HS, another semifluorinated alkane, were introduced as
a treatment option for inferior retinal detachments and in-
ferior proliferative vitreoretinopathy. It is unclear if these
heavier-than-water silicone oils adhere in a similar fashion
and if F4H5 can also remove them from IOL surfaces.
Most importantly, no previous study on silicone oil adhe-
sion has dealt with the visual complications of adherent sil-
icone oil droplets. Intraocular straylight, the effect of light
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TABLE 1. The Silicone Oils

Name Compounds Density at 25°C
Siluron 2000 95% polydimethylsiloxane (1000 mPa s) and 5% high-molecular-weight component 0.97 g/cm®
polydimethylsiloxane (2.5 million mPa s)
Densiron 68 30.5% F6H8 and 69.5% polydimethylsiloxane 1.06 g/lcm®
TABLE 2. Characteristics of the Studied Intraocular Lenses
I0OL Model Manufacturer Hydrophobicity Optic Copolymer Blue Light Filter UV Light Filter
AcrySof 1Q Alcon Inc Hydrophobic Phenylethyl acrylate and phenylethyl Yes Yes
Monofocal methacrylate cross-linked with
butanediol diacrylate
Micropure 123 BVI Inc Hydrophobic Ethylene glycol phenyl ether acrylate Yes Yes

(2-phenoxyethyl acrylate) and

2-hydroxyethyl methacrylate copolymer
Hydroxyethylmethacrylat and No Yes
ethoxyethylmethacrylat at an

approximate 3:1 ratio

CT Asphina 409 M Carl Zeiss Meditec Hydrophilic with

AG hydrophobic surface

IOL = intraocular lense.

scattered into a forward direction by the ocular media, is
projected on the retina and decreases the contrast of the in-
focus image. This forward light scattering was used to good
effect to gain an understanding of another IOL complica-
tion, calcification.”’ Increased intraocular straylight may
worsen the often already guarded visual prognosis in eyes
requiring silicone oil tamponade.

We investigated the impact of silicone oil adhesion on
forward light scattering of hydrophobic IOLs and a hy-
drophilic IOL with a hydrophobic surface as well as the ef-
ficacy of F4H5 as a cleaning solution for both lighter-than-
water silicone oil (Siluron 2000) and heavier-than-water
silicone oil (Densiron 68). Electron and light microscopy
were applied to document surface changes.

METHODS

e IOLS AND SILICONE OIL TYPES: In short, Siluron 2000
is a mixture of conventional 1000 mPa s PDMS with a
high-molecular-weight component. The addition of a high-
molecular-weight component still allows fast silicone oil re-
moval while lowering the tendency to emulsify in vitro.* "’
Densiron 68 is a mixture of a 5000 mPa s PDMS with
F6HS, a semifluorinated alkane, resulting in a density of
1.06 g/cm®. The 2 oils were chosen as their viscosity is
comparable to eliminate or minimize viscosity as a con-
founder. Table 1 summarizes the composition of the silicone
oils. Three types of IOLs were used in this study: Alcon
Acrysof IQ SN60OWF (Alcon Inc), Zeiss CT Asphina 409M
(Carl Zeiss Meditec AG), and PhysIOL Micropure. All of
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the studied IOLs are made from acrylate polymers. Table 2
presents the exact polymer constitution of the IOLs as well
as the presence of blue and UV light filters. This study does
not involve humans or animals; thus, no institutional re-
view board approval was needed.

e MEASUREMENT PROTOCOL: Figure 1 depicts the study
procedures. The IOLs were evaluated with light microscopy
and straylight measurements at 3 points: before the immer-
sion in silicone oil, then with silicone oil adhering to the
IOL, and lastly, after the washout with F4H5.

Eight lenses of each model were used, totaling 24. Four
of the IOLs of each group were tested with Siluron 2000 (a
composite lighter-than-water silicone oil) and 4 with Den-
siron 68 (heavier-than-water silicone oil) both manufac-
tured by Fluoron GmbH. For each IOL, 2 consecutive mea-
surements were performed at every time point (baseline, ad-
herent silicone oil, after cleaning). If the 2 measurements
showed an SD of higher than 0.1 logs, a total of 4 mea-
surements were conducted and averaged. This was the case
for 1 of the 24 IOLs at one time point, indicating a small
intraindividual variability of forward light scattering mea-
surements. First, all lenses were hydrated at room tempera-
ture in balanced salt solution (BSS) for 24 hours to simulate
the immersion in the aqueous humor in the eye. After the
first round of measurements, the IOLs were immersed in ei-
ther Siluron 2000 or Densiron 68 (both by Fluoron GmbH)
for 12 hours at room temperature. After immersion, the
IOLs were carefully rinsed to remove silicone oil that was
not adherent to the lens and then once again immersed in
BSS to allow light microscopy and forward light scattering
measurements. After these measurements, the IOL was im-
mersed in F4H5, a semifluorinated alkane that is approved
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FIGURE 1. Study setup. All lenses were hydrated in balanced salt solution for 24 hours, and light microscopy was used to measure
forward light scattering. Subsequently, the IOLs were placed in either Siluron 2000 or Densiron 68 for 12 hours. After conducting
another round of measurements, the lenses were gently washed in F4H5 and measured again. In the bottom image, the modified
C-Quant setup used to measure the straylight of IOLs is depicted.

for the removal of silicone oil droplets from IOL surfaces
and approved as a washout in vitreoretinal surgery. The IOL
was gently moved within the F4H5 and then rinsed with
BSS, and a final measurement was made.

e STRAYLIGHT EVALUATION—FORWARD LIGHT SCAT-
TERING: Light scattering was quantified with the C-Quant
straylight meter (Oculus GmbH) using an established in
vitro setup as previously published.'*!® The C-Quant al-
lows the measurement of ocular straylight by a psychophys-
ical compensation comparison method. A custom mount
on the C-Quant device was designed to only expose the
IOL to be tested to the straylight source, not the observer’s
eye using a field stop. As such, the observer only judges the
light scattered by the object without any contribution to
the straylight by the observer’s eye. A single operator (L.B.)
conducted all measurements, was not informed about the
current IOL model being measured, which oil was used,
and was not advised of what time point of the protocol the
IOL had reached. For more methodological details, refer to
Labuz and associates.'®

+ LIGHT AND ELECTRON MICROSCOPY: Light microscopy
was performed to give an overview of the silicone oil distri-
bution pattern for all the lens types. For scanning electron
microscopy (SEM), lenses from 2 models (Zeiss and Phys-
IOL) underwent SEM at the time points (baseline and after
cleaning, after contact with oil). A single operator (I.L.)
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conducted SEM of the anterior and posterior surfaces to
detect surface changes. Before performing SEM, the lenses
were dried for 12 hours at room temperature. IOLs (base-
line, cleaned after contact with either D68 or Siluron 2000)
of 2 models (Zeiss and PhysIOL) underwent SEM of the an-
terior and posterior surfaces to detect any remaining surface
changes. Before SEM can be performed, the lenses need to
be kept at room temperature for 12 to 24 hours until dried.
Similar methodological SEM parameters as previously pub-
lished'” were used.

o STATISTICAL ANALYSIS: Normality was evaluated using
the Kolmogorov-Smirnov test. Parametric or nonparamet-
ric tests (Mann-Whitney U tests or ¢ tests) were then used
as appropriate.

RESULTS

¢ ELECTRON AND LIGHT MICROSCOPY: Figure 2 depiCtS
exemplary light microscopy of all 3 IOL models. Washing
with F4H5 significantly lowered the covered area for all 3
IOL models; however, for the PhysIOL and Zeiss models,
smaller droplets continued to adhere to the IOL. Electron
microscopy revealed surface changes and remnants of re-
maining silicone oil. An exemplary finding is presented in
Figure 2, D—an IOL that was in contact with Densiron 68.
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FIGURE 2. Evaluation of adherent silicone oil using light and
scanning electron microscopy. Baseline, adherent silicone oil,
and after washing with F4H5 for Alcon Acrysof (A), PhysIOL
Micropure (B), and Zeiss CT Asphina (C). (D) Remnants of
silicone oil on the lenses after drying for electron microscopy;
as F4H5 is volatile, only the remaining silicone oil is visible.
Exemplary pictures from the PhysIOL Micropure IOL.

e BASELINE STRAYLIGHT OF ALL THE TESTED IOLS IS
COMPARABLE: Figure 3, A, shows the straylight results of
all IOLs at the first time point, after hydration. The 2
lens models made of hydrophobic polymers were compa-
rable, whereas the hydrophilic polymer showed a slightly

but significantly greater baseline straylight (Alcon vs Zeiss,
P =.01).

e SILICONE OIL ADHESION INDUCES A GREAT AMOUNT
OF STRAYLIGHT DEPENDING ON THE IOL MATERIAL AND
SURFACE: Next, we analyzed the impact of silicone oil ad-
hesion over all IOL materials. Silicone oil adhesion induced
a great amount of straylight (P < .001, Figure 3, B and
D). Even though baseline straylight parameters between
different IOL materials were comparable, a differentiated
effect was seen on straylight after submerging the IOL in
silicone oil. The greatest difference was apparent between
the 2 hydrophobic polymers (median straylight 49.43 vs
15.09 deg?/sr for PhysIOL vs Alcon, P = .01, respectively,
Figure 3, B).

¢ F4H5 SIGNIFICANTLY REDUCES THE AMOUNT OF STRAY-
LIGHT INDUCED, DEPENDING ON THE IOL MATERIAL AND
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SURFACE: F4H5, a semifluorinated alkane, was used to
wash adherent silicone oil off the IOLs. This procedure sig-
nificantly reduced the straylight caused over all IOL mod-
els (P < .0001, Figure 3, D). However, straylight values
were considerably higher for all IOLs when compared with
baseline measurements. Again, a differentiated effect can
be seen depending on the IOL model resembling baseline
parameters: the hydrophilic IOLs showed higher straylight
values (Figure 3, C).

e NO SIGNIFICANT DIFFERENCE IN INDUCTION OF
STRAYLIGHT BETWEEN DIFFERENT OIL TYPES: Four IOLs
of each model were submerged in Siluron 2000 (Fluoron
GmbH), a lighter-than-water silicone oil, and 4 in Dens-
iron 68 (Fluoron GmbH), a heavier-than-water silicone oil.
No significant difference was found between the straylight
induced by either silicone oil when adherent to the IOLs
(median 37.1 vs 46.5 deg?/sr for lighter- and heavier-than-
water silicone oil, respectively, P = .99) and after cleaning
(median 7.3 vs 10.9 deg?/sr, P = .36).

DISCUSSION

We evaluated the straylight induced by silicone oil adher-
ent to different IOLs. We found that silicone oil bubbles
increase the straylight dramatically. A differentiated effect
based on the IOL material was observed; F4HS5, an ap-
proved washing solution, led to a major reduction down to
nearly baseline levels of straylight for all IOLs. We found no
differences between lighter-than-water (Siluron 2000) and
heavier-than-water silicone oil (Densiron 68).

e STRAYLIGHT IN IOLS WITH SILICONE OIL ADHESION
(FORWARD LIGHT SCATTERING): Previously, in vitro stray-
light measurements have been applied to study different
IOL complications, allowing one to compare achieved val-
ues with reports of explanted IOLs with glistenings and cal-
cifications removed from the patients with intolerable vi-
sual disturbance. In 2017, Labuz and associates'® induced
glistenings in the same Alcon Acrysof material we exam-
ined in the present study. They found that glistenings may
lead to straylight values of around 60 deg?/sr.'® IOLs with
a central opacification after the intraocular injection of
gas showed straylight values of around 100 deg?/st.!” Even
higher straylight values were observed for homogenously
calcified IOLs with 181.8 deg?/sr. However, while glisten-
ings, opacification after gas, and calcification of IOLs are
well known and often a reason for an IOL exchange’’
due to visual disturbance, in this study, we found that, de-
pending on the IOL material, the adhesion of silicone oil
shows straylight values similar to those of severe calcifica-
tions. This severity of straylight is clinically highly relevant.
Relevant retinal comorbidities are almost always present
in patients receiving a silicone oil tamponade. Thus, after
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FIGURE 3. Straylight at baseline (A), during silicone oil adhesion (B), and after cleaning (C) stratified by the IOL type, and
combined for each study procedure (D). Note the difference in scale between the subfigures. A. At baseline, straylight values
between models are comparable. The straylight of hydrophilic acrylic polymer exhibits slightly greater straylight than the hydrophobic
polymers. Median with interquartile range. B. One of the hydrophobic polymers (PhysIOL) showed the greatest straylight. Median
with interquartile range. C. Straylight of different IOL models after the F4H5 cleaning procedure. Mean with standard error of the
mean. D. An increase was observed in straylight after submersing the IOLs in silicone oil. Washing the IOLs with F4H5 brought
straylight values back down to near baseline values. Median with interquartile range is shown.

silicone oil removal, visual disturbances may often be at-
tributed to retinal disease and not to the silicone oil droplets
adherent to the IOL. Our results indicate that silicone oil
adhesion to the IOL may play a bigger role than previously
thought. In this patient population, optimizing the eye’s op-
tical properties is essential to salvage the remaining retinal
function fully.

* F4H5 AS A RESCUE TOOL: One option that is proposed to
clean silicone oil adherent to IOLs is to use F4H5, a semiflu-
orinated alkane CE-approved for intraocular use. However,
only a few scientific articles discuss its use. Stappler and as-
sociates'! in 2010 conducted measurements of the weight of
the IOL at a baseline, with adherent silicone oil and after
cleaning of the lenses with F4H5. They found that F4H5
was highly effective in removing the bulk of silicone oil
off the IOLs. However, the IOL surface was permanently
modified, suggesting that the cleaning was incomplete. Al-
though achieving a complete reset of the surface within the
eye would be optimal, the surgical goal would be to improve
the straylight caused by the silicone oil adhesion. A major
improvement with F4H5 was possible, reducing straylight
values back down to nearly baseline levels. In addition to
optical microscopy, we also analyzed the surface of sample
IOLs using SEM. We found that remnants of the silicone
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oil were visible on the surface of the IOL even after clean-
ing with F4H5, reinforcing the results of Stappler and asso-
ciates. We perform SEM using dried lenses, and if one pre-
sumes that during the 12-hour desiccation process, all the
volatile F4H5 will have evaporated from the lens surface,
then what we observe remaining on it in SEM are remnants
of PDMS.

More recently, other agents have been proposed, in vitro
and ex vivo, to clear the silicone oil off from IOLs by
Paschalis and associates;?! however, we did not include
them in our study as these are not currently used in clinical
practice. Also, clinicians often try to reduce the amount of
adherent silicone oil on the IOL by performing a mechan-
ical debridement using a vitreoretinal cutter. We did not
include this technique in this laboratory study because the
cutter itself might potentially damage the IOL surface, caus-
ing increased straylight. Moreover, establishing a standard-
ized debridement method is challenging, which requires fur-
ther investigation.

o DIFFERENCES BETWEEN IOL MODELS: In this study, the
primary selection criterion for the IOLs under investiga-
tion was their hydrophobic property. These are considered
IOLs of choice for most vitreoretinal surgeons because hy-
drophilic implants present an increased risk of opacification
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after coming into contact with intraocular gas.”” Although
silicone IOLs also share hydrophobic properties, previous
research has shown that silicone oil adhesion to silicone-
IOL surface tends to be irreversible.'” This prompted us to
focus exclusively on acrylic implants. However, hydropho-
bic acrylic materials differ in their polymer composition,”’
and thus, their interaction with silicone oil may also vary.
AcrySof material (Alcon), applied in SN6OWF IOLs, is one
of the most commonly used hydrophobic materials, which
has been implanted over 100 million times over decades
worldwide as stated by the manufacturer. The Micropure
model (PhysIOL) represents a newer generation hydropho-
bic material and was also included in our study. Finally,
a hydrophilic acrylic lens (CT Asphina) with hydropho-
bic surface properties, as described by Carl Zeiss, was se-
lected to evaluate the impact of the hydrophobic surface
on a hydrophilic polymer when in contact with silicone
oil. Interestingly, the greatest difference in straylight was
apparent between the 2 hydrophobic models made of an
acrylic hydrophobic polymer. This suggests that next to hy-
drophilicity, other parameters play an important role in de-
termining straylight caused by adherent silicone oil. Sur-
faces might differ in roughness or have different compo-
sitions of chemical functional groups on the lens surface
that can influence oil adhesion. In a laboratory study of
the Clareon CNAOTO (Alson Inc), then a prototype lens
in 2017, Auffarth and associates’* found that Clareon ma-
terial, the successor of the Alcon Acrysof material stud-
ied here, had silicone oil adhesion and interaction that
were equivalent to the established AcrySof IOL. De Gi-
acinto and associates’’ found that roughness significantly
varied between different hydrophobic acrylic IOLs, and the
Clareon model had the smoothest surface. In our study,
the Alcon Acrysof lenses showed the lowest straylight in-
duction by adherent silicone oil. Surface irregularities are
strongly correlated with greater adhesion of inflammatory
cells and higher lens epithelial cell migration onto the optic
surface of the IOL.”*?® It is thus likely that these parameters
also influence the adhesion of silicone oil droplets as well as
the hydrophobicity that is intrinsic in a hydrophobic acrylic
polymer. However, further studies are needed to prove this
concept.

The intent of this study was to first quantify the visual
disturbance caused by IOLs with adherent silicone oil. Of
course, this study also has limitations. We examined only 3
IOL models. However, the focus of this study was the gen-
eral influence of adherent silicone oil on straylight and not
the differences between IOLs. In addition, we tested 2 com-
monly used silicone oils in Europe; further studies should il-
luminate if other oil types, for example, those with a higher
percentage of added high-molecular-weight chain compo-
nents, behave similarly.

In conclusion, this study reveals the great amount of
straylight caused by adherent silicone oil droplets beyond
what is clinically recognized. Straylight values of this ex-
tent cause severe optical disturbance, a symptom that could
be mistakenly attributed to retinal comorbidities. The ap-
proved cleanser F4H5 significantly reduced straylight val-
ues to near normal values. Lighter- and heavier-than-water
silicone oil cause similar straylight when adhering to hy-
drophobic IOLs.
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