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INTRODUCTION

Management of uveal melanomas is increasingly ceasee, and proton beam therapy
(PBT) and brachytherapy are the most frequently tisehniques? However, radiation-
induced toxicities, such as optic neuropathy, ogtathy/maculopathy, dry eye syndrome, and
cataracts can compromise visibR As the lens is one of the most radiosensitivaigs
among the ocular structures, cataracts are a frée@oenplication after ocular radiation
therapy. Their incidence varies from 45% to 100%rascular radiation theragy’”.

Radiation cataracts typically include posteriorcagsular lens clouding caused by damage to
the subcapsular epithelium. However, there is reidivsolute phenotypic conformity for the
subtype of cataracts nor pathognomonic signs aoétiad-induced cataracts. Senile,
traumatic, or iatrogenic cataracts may also ocfter eadiation therapy. Full analysis of how
exposure to therapeutic ionizing irradiation cate$ and colocalizes with subsequent lens
opacification is warranted to better establish aitys Such colocalization between radiation
beam and opacities is only possible with specdrois of radiation modalities, in particular
particle therapy that yields sharp dose distrimgicAnother importargap in current
knowledge is that radiation cataracts are not gtditte non-oncological cataractsThe
international Common Toxicity Criteria (CTC) cldssation does provide grades of severity
in terms of visual acuity and cataracts but isapyropriate for uveal melanomas as it does
not distinguish between vision loss due to maculopar cataracts, and does not describe
lens opacities accurately. Depending on their looah the lens, opalescence, color and
proportion of lens involved, lens opacifications eariably affect the vision. The
international Lens Opacity Classification Syster®(S) defines a score based on the
anatomic location and extent of cataracts on atitd examination. The third version of the
LOCS (LOCS Ill) is a robust and accurate meandassdy cataracts as nuclear color,
nuclear opalescence, cortical and posterior sulbd@psataracts, and grade them in terms of
extent into the lens based on an atlas of starmatdilit-lamp retroillumination imagé&s
Assessing LOCS Il in radiation-induced cataraatldgrovide a better way to describe the
effect of the proton beam on lens opacities.

This study was designed to evaluate the feasilofitysing the LOCS llI for radiation-
induced cataracts and to examine correlations lestiee proton beam impact onto the lens
and anatomical subtypes and extent of cataractsdinog to the LOCS III after PBT for
uveal melanomas.



MATERIALS & METHODS

Patient selection and cataract grading

This interventional case series included conseeytatients with cataract from one hospital
(Bordeaux, France) who underwent PBT for eye tubetween 2007 and 2016. Patients who
already had cataracts or were pseudophakic prieBib, and patients who had intravitreal,
subtenon or subconjunctival corticosteroid use ves@uded from the study.

All included patients provided fully-informed comsdoefore participation and an
international review board approved the study @&l@ommittee of the French Society of
Ophthalmology, IRB 00008855 Société Francaise di@piologie IRB#1).

Patients were evaluated for cataract developmemsatgle ophthalmology hospital, expert in
LOCS lll grading (LR), after pupil dilation with 8% tropicamide and 10% phenylephrine
hydrochloride 30 minutes before examination. A pd@meter of more than 8 mm was
considered as appropriately dilated for cataraatuation. LOCS Il grading scales include
lens opacities defined as nuclear opalescence (N@)ear color (NC), cortical (C) and
posterior subcapsular cataracts (P) with six degoéextent, i.e. severity. The LOCS Il uses
a set of six slit-lamp images of nuclear cataraats five retro-illumination images of cortical
or posterior subcapsular cataracts. Patient charsiits, tumor and cataract grading were
prospectively recorded in a case report form (CRRjch was filled-out immediately after
the medical appointment. Collected data includes] ggnder, initial and final visual acuity,
and tumor characteristics (diagnosis, TNM stagutigasound thickness and diameter,
volume, topography, and ciliary involvement).

Treatment

Irradiation was conducted with a 65 MeV dedicateddital-based cyclotron at the Cancer
Center in Nice, France. Four tantalum fiducial neaskwere positioned under anesthesia onto
the sclera using transillumination to define turnorders. After surgery, topical
corticosteroids were administered for two weeksnducharacteristics and associated signs
were reported on ophthalmology reports based osithamination, fundus (or
retinography/angiography), ultrasound, and/or @bttoherence tomography depending on
tumor position relative to the equator of the 38T was performed two to four weeks after
fiducial placement. The Eyeplan treatment plansiygfem software v1-3 was used. Ocular
CT-scan with clips was performed for the delineatid normal structures and treatment plan
optimization. The tumor was delineated and 2.5merdh safety margins were added around
the tumor. Beam modifiers were designed dependinthe target range and lateral
conformation was performed using a brass collimatipusted to the tumor contoui$e
papilla, optic nerve, and macula were preservechewer possible without compromising
tumor control. In case of equatorial and pre-equattumors, optimization using CT-scan
modelling was performed on the anterior chambeh i€ lens as a surrogate. The lens was
preserved whenever possible using adapted gazapbat the cost of tumor under coverage
or sacrifice of optic nerve or macula. The patigeigaze was focused using a light-emitting
diode located in a plane perpendicular to the béaoper projection of the beam using light
field projection was systematically verified. Pati@and tumor setup were controlled using
online orthogonal X-ray images. Eye position wasitawed using video camera surveillance
during the 10-second treatment, eye movementsettiigg immediate beam interruption. The
gaze direction was chosen to minimize the doskdmptic nerve and macula, and when
possible the dose to the lens and retina. Eachrturasg irradiated by four fractions of 13 Gy
physical dose; the corresponding radiobiologicatiyivalent dose was 15 GyRBE that
corresponds to the dose that would be given wittventional photon-based irradiation.



Patients had antibiotic and corticosteroid eye difop a period of one month after the end of
treatment. All data concerning irradiation plannimgre collected in patient medical charts.

Dose-volume analysis

Lens periphery and lens core volumes were genefatedthe outer contours of the lens,
which were delineated with a similar method througththe study. Given the craniocaudal
length of the lens and the CT-scan slice thickni@ss slices were sufficient in all cases to
delineate the lens on all slices where it was 1g8sibhe same two investigators (dosimetrists
experts in the field) delineated patient lensesufhout the study. The treatment planning
system for ocular PBT was able to reconstructéhs volume, shape, and position to produce
dose volume histograms, i.e. relationships betvdemes and volumes of the lens to be
correlated with clinical outcomes such as catar&xsnputer-generated dose-volume
histograms of the tumor and other structures (dijeddlgary body, etc.) were also extracted
using the Eyeplan software. Graphic displays @ttrent plans were analyzed for collimator
aperture and isodose projections onto the eyev@hane of the eye lens and periphery lens
that received at least 20%, 50%, and 90% of themax prescription dose (52 Gy) defined
as V10 Gy, V26 Gy, and V47 Gy, were calculated ffafhdose-volume histograms.
Additionally, the volume of the ciliary body V10 GY26 Gy, and V47 Gy was reported.

Analysis of cataract subtypes according to the LOCSI

All cataracts were graded by a single trained agdhtblogist (LR). Description of cataracts
with slit-lamp examination was performed by an djlhthologist blinded to lens irradiation
avoidance on the proton therapy plan. We examirteztiver the proton beam anterior
projection included the lens on graphic displaysl & so what proportion of lens was
irradiated. We correlated the beam projection \grde of severity defined by the extent of
the lens opacities after PBT. We then establishieetier the LOCS III location of cataracts
were consistent with radiation damage, i.e. whetieclassical anatomical subtype of
cataracts, such as the posterior subcapsular sjbigs located within the beam projection.
Similarly, we examined whether cataract subtypggieal with respect to radiation-induced
damage (nuclear for example) could be attributetiegroton beam in the terms of beam
projection and location of opacities. Finally, weab/zed the extent of cataracts and
correlated them with dose-volume histograms ofieéhs periphery or core volume.

Statistical analysis

The patient sample size was determined to evatbatéeasibility of integrating the LOCS llI

in patients with cataracts in a routine onco-oplntisdogy practice with sufficient sampling of
the various cataract subtypes. Visual acuity waweded to logMAR units for statistical
investigations. Quantitative parameters were deedrby median and interquartile range
(IQR) according to the normality of distributionssassed by the Shapiro-Wilk test.
Qualitative parameters were described by frequandypercentage. For each of the four
features of the lens (the extent of nuclear opalese (NO), nuclear color (NC), cortical (C)
and posterior subcapsular (P) cataracts), theae&dtip between extent and patient
characteristics was investigated using bivariatdyses. For binary parameters, the Wilcoxon
test was used, and for qualitative with more th#ev8ls the Kruskal-Wallis test was used. To
test the relationship between the extent and quadéing parameters, the Spearman correlation
coefficient was computed. When several patientfoge-volume characteristics were
predictive of the extent with a significant leves$ than 0.1, they were included in a
multivariate linear model. The multicollinearity sassessed with the variance inflation
factor (VIF) and parameters with a V3 were excluded. The stability of the final model
was investigated with the bootstrap resampling pttiihe validity of the final model was



checked by the Studentized residuals and Cooktardis. All analyses were performed using
SAS 9.4 software (SAS Institute Inc., Cary, NC, USA



RESULTS

Population

Fifty-two patients were included. Patient charastms are reported ilable 1L Melanoma
types were choroidal (75%), choroido-ciliary (10%i)iary (8%), irido-ciliary (5%), and iris
(2%). For choroidal melanomas, the anterior edgerabr was posterior to the equator in 29
patients (56%) and on the equator for six pati€tit8). None of the tumors were in contact
with the lens at diagnosis and at the time of eatagrading. All patients were treated by PBT
after tantalum fiducial placement and none of thed any complications related to this
surgery.

Cataract analyses according to the LOCS llI

The median time to diagnosis of cataracts after RB3 36 months (22;83). Different
subtypes of cataracts were graded accorded to@iaSLII at the slit lamp examination
(Figure 1) and are reported irigure 2. The crystalline lenses were outside or within the
anterior projection of the proton beam in 10 pas€h9%) and 81 patients (81%) of the
patients, respectively. The proportion of lenshi@ proton beam projection was variable
depending on tumor volume and location. This proporexceeded 50% in 8 patients (15%),
was between 25% and 50% in 22 (42%) patients asdega than 25% in 22 patients (42%).
The proportion of lens within the proton beam pectpn was significantly correlated with the
extent of posterior subcapsular cataracts (P) doupto the LOCS Il (p=0.01Ifable 2)

Cataracts according to the LOCS Il and to clinical parameters

No relationship was found between time to diagnasis cataract subtype according to LOCS
[l grading. In bivariate analysis, a significamrcelation was observed between tumor
volume, maximum tumor diameter and the occurrem@®sterior subcapsular cataracts (P).
The initial thickness of lens was r&gnificantlyassociated with post-proton cataracts.
Tumor stage was a significant predictive factortfar extent of subcapsular cataracts (P)
according to the LOCS lllI; T3 stage was signifitgassociated with the extent of posterior
subcapsular cataracts (P) (p<0.01). There wasgmifisant correlation between tumor type
(iris, ciliary body or choroidal melanoma) and cata subtype. However, for choroidal
melanomas, an equatorial tumor correlated witrettient (grade of LOCS Il severity) of
posterior subcapsular cataracts (P) (p<O(@aple 3).

After a multivariate analysis, tumor volume (p<0.@hd an equatorial tumor location
(p=0.01) were found to be independently assocaiddthe occurrence of posterior
subcapsular cataracts (P).

Cataracts according to the LOCS Il and dose-volumgyarameters in patients with an
irradiated lens

Focusing on the 42 patients whose crystalline Veas at least partially in the proton field,
dose-volume characteristics are describebaible 4. The extent/severity of posterior
subcapsular (P) and nuclear color cataracts (N@ gsignificantly correlated with the

volume of ciliary body receiving 10 Gy and 26 Gyieh corresponded to 20%, 50% of the
maximum prescribed dose. Thus, the higher the tiote ciliary body, the more severe the
subcapsular (P) and nuclear color (NC) cataraatselo the ciliary body was not
significantly correlated with other subtypes ofaratts (NO and C) (p>0.05). In addition, it
was observed that the extent of posterior subcapsataracts (P) was significantly correlated
with the proportion of lens periphery receivindesst 10 Gy, 26 Gy, and 47 Ghhe larger

the volume of lens irradiated the more severe tstguior subcapsular cataracts.

After adjusting the results of dose-volume paramsed@ tumor volume and a posterior tumor
location, the volume of lens receiving 10 Gy and36remained significantly associated



with the extent/severity of posterior subcapsulesfjectively, p=0.04 and p=0.03). The other
parameters were no longer significantly associaftst adjustment: volume of ciliary body
receiving 10 Gy (p=0.09), that receiving 26 Gy (B€), the volume of lens periphery
receiving 10 Gy (p=0.07), that receiving 26 Gy (j83), and the volume of lens receiving
47 Gy (p=0.13). No stable multivariate model wasnid for the extent/severity of nuclear
color (NC) cataracts due to strong collinearity.



DISCUSSION

Ocular proton therapy using a dedicated ocularatgamh has physical properties that allow a
lens-sparing approach owing to more accurate digsdbadition, and which are not found in
other photon-based modalities. This is due to dldataral penumbra to the order of one
millimeter or less at the radiation field edgesdi@ton-induced cataracts were first described
in 1952°. Until very recently, the threshold for detectaleles opacities was assumed to be to
the order of 2 Gy (with conventional X-ray photoradiation) for acute exposure to ionizing
radiation and 5 Gy for highly fractionated or peatted, chronic, exposut& for vision-
impairing cataracts, these thresholds were to tteraf 5 Gy*°. More recent

epidemiological studies have demonstrated thatsdlokeonventional radiation therapy to the
order of 1 Gy can lead to detectable lens opaciti&s Several other radiation-related factors
have been involved in the occurrence of radiat@armacts, such as the type of irradiation,
total dose, dose per fraction, and time since eaxgog\lthough, with PBT, lens irradiation
was completely avoided in about a fifth of the B2gecutive patients included in the present
study, all patients had cataracts per study selectiiteria. Despite the possibility to avoid
lens irradiation with PBT for uveal melanomas, atidin-induced cataracts are, however,
frequent as there are numerous situations whereiisas next to the tumor or within the
anterior projection of the proton beam. Similauteshave also been reported in other series
of uveal melanoma patients after PB** In this cohort, all patients were treated uniflyrm
with a similar method, total prescription dose, &1s-sparing approach.

The LOCS Il has been validated in both clinicatl @pidemiologicastudies of cataracts of
various origin§*>*but is not commonly used in ocular oncolog¥e showed herein the
feasibility of using the LOCS Il to evaluate catets after PBT for uveal melanomas. In
particular, we found correlations between the prdieam projection and the anatomical
location of the lens opacities, i.e. LOCS Il syi#g NC, NO, C, and P. We also found
relationships between the volume of lens includkethe proton field and extent of lens
opacities as defined by the LOCS lll severity. #shdbeyond the scope of the current study to
correlate cataract severity and the deterioratfdhevisual acuity after PBT owing to major
confounding factors such as radiation maculopatityaptic neuropathy, which, contrary to
cataracts, are often irreversifife Additionally, the patient sample size was neittesigned

to assess the influence of ocular radiation siteces nor to show the importance of well-
known confounding factors (age, diabetes, etc.. yisual acuity. However, to the best of
our knowledge, this is the only study that assesse@lations between accurate
characteristics of cataracts using the LOCS Ill gnedballistics of the proton beam taking
advantage of its excellent lateral dose distributiWe showed that cataracts were diagnosed
at a median 36 months post treatment, which isegdhlan with more fractionated dose
regimens-® but consistent with other hypofractionated higlselproton therapy seri&$

Radiation-induced cataracts are typically repottebe of subcapsular ty5&** Pathogenesis
suggests that radiation damages the DNA of pralifee cells that will migrate posteriorly
leading to deformed lens fiber and debris accurmriah the subcapsular regions, especially
posteriorly?”>. However, we did not exclusively observe postesigicapsular cataract, which
is consistent with a study investigating brachydlpgrthat found that among the 85% of
anterior ocular tumor patients who had cataractly, 2% were of subcapsular type but no
detailed description of plaque placement and tgwefsty of cataracts was reported This
observation highlights the complexity of the meahkars involved in post-radiation cataracts.
Moreover, we cannot exclude that so-called radmainaluced cataracts may indeed be due to
classical confounding factors but also other ia¢rog causes (traumatic cataracts by tumor
compression or during clip placement, use of td@texoids, etc...). Furthermore, it is



unlikely that the small dose received by secondauytrons contributed to cataratis®but
bystander effects on cells that are not directdiated but are at short distances from
irradiated cells and communicate between each bthereans of intercellular junctions or
cytokines? is possible.

Among the 42 patients with an irradiated lens,gtaportion of lens in the proton beam was
significantly correlated with the occurrence of fgo®r subcapsular cataracts (P) according to
the LOCS lll. In addition, the extent of postersmbcapsular (P) and nuclear color (NC)
cataracts was also significantly correlated with dlose to the ciliary body. Ciliary body
involvement of the tumor or close proximity betweka tumor and ciliary body can result in
radiation damage to the ciliary body. Such damagg rasult in intra-ocular inflammation

and secondary posterior subcapsular cataractireasiareported’. Because ciliary body
melanomas are anterior tumors in close proximitywhe lens, gazing angle cannot be fully
optimized to entirely avoid the lens and to excltltelens nucleus from the proton beam
projection. Moreover, ciliary body melanomas arggseeral tumors that are generally thicker
than posterior or equatorial tumors as they argritiaed later and thus require higher dose.
For these reasons, lens exclusion from the progéambprojection can rarely be done in such
localizations.

We also observed that posterior tumor location sigsificantly correlated with the
appearance of posterior subcapsular cataractsmidyse due to the fact that when tumors
are very close to the posterior structures, treatmpkan optimization is performed to spare the
macula/optic disk rather than the lens.

While we did not find any correlation between uveglanoma types treated (choroidal, iris,
or ciliary body involvement) and LOCS Il subtypee observed a significant correlation
between T3 stage and the occurrence of postermagsular (P) cataracts. This finding may
be a consequence of the volume of tumor and leadiated but also of inflammation
associated with significant tumor necrosis as welessel damage in the treated éSes
Kleineidamet al. also reported thickness and the anterior tumatioc as prognostic factors
of cataractogenesis after Cobalt 60 brachyther&8y® uveal melanomds. However, use

of corticosteroids to control intraocular inflamieat was not reportetf but prolonged use of
these drugs is required to induce cataracts.

With respect to study limitations, the lack of qotg was intrinsic to the study selection
criteria as the aim of the current study was toatate the subtype of cataracts according to
LOCS lll with the projection of the proton beam otihe crystalline lens and the proportion

of lens within the proton field. The small numbécataract subtypes may be considered as a
weakness; however, this longitudinal cohort wasgihesl to assess the feasibility of using the
LOCS lll in oncology.

The design of the study was not appropriate toiete confounding factors for cataract
development®. For instance, examination of the healthy eye didnalve been useful in
identifying cases of bilateral cataracts that dvx&acteristic of senile or diabetic cataracts, but
it is unlikely that these would have developed witB6 months, and this relatively rapid
occurrence is more consistent with high-dose riamidhduced cataract$2>%"*%In addition,

the patients included herein are unlikely to hagerbaffected by steroid-induced cataracts
because of the relatively short prescription oticosteroids after surgery for fiducial
placement is not sufficient to induce catardf8 Another potential limitation is that inter-
observer variability in the slit-lamp evaluationaataracts may have led to interpretation bias,
especially when evaluating the opalescence of tickens and severity score. However, the



current study was designed to assess cataractdaagto the LOCS Il by a single
ophthalmologist trained in the use of LOCS Il fam-oncological cataracts.

Based on the present study, the LOCS lll is of pidieinterest to better characterize and
understand the mechanisms of radiation-inducedata These initial findings need further
validation in larger prospective cohort studieg] #nis could lead in the future to promote the
use of lens-sparring techniques when possibl€he radiation oncology community currently
lacks recommendations for dose thresholds to bkegipj the lens in therapeutic conditions
using high total dose, high dose rate, and hypbéaation. Moreover, there is currently
usually no distinction made between the differaartpof the lens during PBT planning.
Knowing correlations between visual impairment &@tion of opacifications might be used
to optimize fixation angle and beam shaping wheathsihange in planning is neither a risk
for tumor coverage or macula and optic disc spatifsgng LOCS Il may even be more
relevant to new PBT modalities than passive dejigeich as used in the current study and in
most international reference centers. Active saanis the method used in a few but
expanding number of new PBT facilities, and it eahieve a slightly better dose sparing at
beam entry and thus may allow more personalizest¢paring based on LOCS Il grading.
Of note, however, such facilities still require ptiions (including energy optimization and
lateral collimation) to achieve correct depth ddsgribution (tumor and posterior structures).
Confirmation of the correlation between visual innpeent and the severity of cataracts
assessed by the LOCS {t*2in an oncology context could also be of greatrggein eyes
where other radiation complications may occur ewbdf a potential cataract surgery. More
systematic use of the LOCS lll in onco-ophthalmglsgould probably be encouraged.

CONCLUSION

We have shown herein the feasibility of LOCS llading for radiation cataracts. We also
showed that there was a correlation between dogetiens and occurrence not only of
posterior subcapsular cataracts subtype (P) botodlsuclear color cataracts (NC), and report
that extent/severity of posterior subcapsular (Pjetated with irradiated lens voluntgetter
knowledge of correlations between LOCS Il and ldase-volume effects may help to
personalize PBT planning, not only with current middes of delivering PBT but possibly
even more with PBT facilities using active scannpgnding some adaptations of equipment
used for eye treatment). Prospective studies ubimgtOCS 1l are needed to better address
the subtype and severity of cataracts in oncolagy,to define thresholds for surgery. Better
characterization of cataracts after irradiationtmgso help to further fill gaps in current
knowledge of the mechanisms of radiation inducedreats.

10



ACKNOWLEDGMENTS:

a. Funding/Support: None.

b. Financial disclosures: T. Mathis is a consultantllergan, Bayer and Novartis; L.
Kodjikian is a consultant for Alcon, Alimera, Allgan, Bayer, Novartis and Théa; The
following authors have no financial disclosuresRosier, F. Meniai, S. Baillif, J. Herault, JP.
Caujolle, J. Salleron and J. Thariat

c. Other acknowledgments: The authors thank DiigPRibbinson (Direction de la Recherche
Clinique et de I'lnnovation, Hospices Civils de Inydor proofreading and critical review of
the manuscript, and Dr Arthur Handaye-Dessus fta daalysis.

11



REFERENCES

1. Collaborative Ocular Melanoma Study Group. decice of cataract and outcomes
after cataract surgery in the first 5 years afteline 125 brachytherapy in the Collaborative
Ocular Melanoma Study: COMS Report No. @phthalmology. 2007;114(7):1363-1371.

2. Mathis T, Cassoux N, Tardy M, et al. [Managetrtdruveal melanomas, guidelines
for oncologists]Bull Cancer. 2018;105(10):967-980.

3. Bensoussan E, Thariat J, Maschi C, et al. Ou¢soAfter Proton Beam Therapy for
Large Choroidal Melanomas in 492 Patie/tsJ Ophthalmol. 2016;165:78-87.

4. Thariat J, Grange J-D, Mosci C, et al. Visuaté®@mes of Parapapillary Uveal
Melanomas Following Proton Beam Theraj.J Radiat Oncol Biol Phys. 2016;95(1):328-
335.

5. Thariat J, Maschi C, Lanteri S, et al. Dry Bggsdrome After Proton Therapy of
Ocular Melanomadnt J Radiat Oncol Biol Phys. 2017;98(1):142-151.

6. Finger PT. Tumour location affects the inciden€ cataract and retinopathy after
ophthalmic plaque radiation theraf®r. J Ophthalmol. 2000;84(9):1068-1070.

7. Seibel I, Cordini D, Hager A, et al. Cataraevelopment in patients treated with
proton beam therapy for uveal melano@eaefes Arch Clin Exp Ophthalmol Albrecht Von
Graefes Arch Klin Exp Ophthalmol. 2016;254(8):1625-1630.

8. Chylack LT, Wolfe JK, Singer DM, et al. The Ise@pacities Classification System
[ll. The Longitudinal Study of Cataract Study Groépch Ophthalmol. 1993;111(6):831-
836.

9. Cogan DG, Donaldson DD, Reese AB. Clinical pathological characteristics of
radiation cataracAMA Arch Ophthalmol. 1952;47(1):55-70.

10. Merriam GR, Focht EF. A clinical and experinastudy of the effect of single and
divided doses of radiation on cataract productisans Am Ophthalmol Soc. 1962;60:35-52.
11.  Ainsbury EA, Barnard S, Bright S, et al. langradiation induced cataracts: Recent
biological and mechanistic developments and petsscfor future researcMutat Res.
2016;770(Pt B):238-261.

12. Bouffler S, Ainsbury E, Gilvin P, HarrisonRadiation-induced cataracts: the Health
Protection Agency’s response to the ICRP statemetissue reactions and recommendation
on the dose limit for the eye lerisRadiol Prot Off J Soc Radiol Prot. 2012;32(4):479-488.
13. Conway RM, Poothullil AM, Daftari IK, Weinbehg, Chung JE, O'Brien JM.
Estimates of ocular and visual retention followtrgatment of extra-large uveal melanomas
by proton beam radiotherapit.ch Ophthalmol. 2006;124(6):838-843.

14. Riechardt Al, Cordini D, Willerding GD, et &roton beam therapy of parapapillary
choroidal melanomaAm J Ophthalmol. 2014;157(6):1258-1265.

15. Tang Y, Wang X, Wang J, et al. Prevalence gé-Related Cataract and Cataract
Surgery in a Chinese Adult Population: The TaizkBge Studylnvest Ophthalmol Vis Sci.
2016;57(3):1193-1200.

16. Gali HE, Sella R, Afshari NA. Cataract gradsygtems: a review of past and present.
Curr Opin Ophthalmol. 2019;30(1):13-18.

17. Gragoudas ES, Egan KM, Arrigg PG, Seddon JWniGRJ, Munzenrider JE.
Cataract extraction after proton beam irradiatmnnhalignant melanoma of the eyech
Ophthalmol. 1992;110(4):475-479.

18. Carnicer A, Letellier V, Rucka G, Angellier Gauerwein W, Herault J. Study of the
secondary neutral radiation in proton therapy: tohan indirect in vivo dosimetryved

Phys. 2012;39(12):7303-7316.

19. Carnicer A, Letellier V, Rucka G, Angellier Gauerwein W, Hérault J. An indirect in
vivo dosimetry system for ocular proton theraRadiat Prot Dosimetry. 2014;161(1-4):373-
376.

12



20. Hamada N, Matsumoto H, Hara T, Kobayashi Yertellular and intracellular
signaling pathways mediating ionizing radiationtindd bystander effect3 Radiat Res.
2007;48(2):87-95.

21. Gragoudas ES, Egan KM, Walsh SM, Regan S, Bhnider JE, Taratuta V. Lens
changes after proton beam irradiation for uveabmamnaAm J Ophthalmol.
1995;119(2):157-164.

22. Merriam GR, Worgul BV. Experimental radiaticataract--its clinical relevancBull

NY Acad Med. 1983;59(4):372-392.

23. Finger PT, Chin KJ, Yu G-P, Patel NS, PalladiLiO3 for Choroidal Melanoma Study
Group. Risk factors for cataract after palladiun® dphthalmic plaque radiation therajpyt

J Radiat Oncol Biol Phys. 2011;80(3):800-806.

24. Saornil MA, Egan KM, Gragoudas ES, Seddon\AidIsh SM, Albert DM.
Histopathology of proton beam-irradiated vs enuel@éaiveal melanomasrch Ophthalmol.
1992;110(8):1112-1118.

25. Kleineidam M, Augsburger JJ, Hernandez C, @erP, Brady LW. Cataractogenesis
after Cobalt-60 eye plaque radiotherajpy.J Radiat Oncol Biol Phys. 1993;26(4):625-630.
26. Miglior S, Marighi PE, Musicco M, Balestrerj icolosi A, Orzalesi N. Risk factors
for cortical, nuclear, posterior subcapsular angeaicataract: a case-control study.
Ophthalmic Epidemiol. 1994;1(2):93-105.

27.  Thariat J, Jacob S, Caujolle J-P, et al. @atakvoidance With Proton Therapy in
Ocular Melanomadnvest Ophthalmol Vis Sci. 2017;58(12):5378-5386.

28. Thariat J, Racadot S, Pointreau Y, et alefisity-modulated radiotherapy of head and
neck cancers: Dose effects on the ocular, orbitdlegyelid structuresfCancer Radiother.
2016;20(6-7):467-474.

29. Thariat J, Rahmi A, Salleron J, et al. Prdeam Therapy for Iris Melanomas in 107
PatientsOphthalmology. 2018;125(4):606-614.

30. Urban RC, Cotlier E. Corticosteroid-inducethcacts.Surv Ophthalmol.
1986;31(2):102-110.

31. Grewal DS, Brar GS, Grewal SPS. Correlationugiear cataract lens density using
Scheimpflug images with Lens Opacities Classifaatsystem Il and visual function.
Ophthalmology. 2009;116(8):1436-1443.

32. Pan A-P, Wang Q-M, Huang F, Huang J-H, Bag YdJA-Y. Correlation among lens
opacities classification system lll grading, visfiaiction index-14, pentacam nucleus
staging, and objective scatter index for catarasesasmenim J Ophthalmol.
2015;159(2):241-247.e2.

13



FIGURE CAPTIONS

Figure 1: Cataract grading according to the LOCS Il at 8rgeafter proton beam therapy for
choroidal melanoma. NO 0, NC 1, C 0O, P 3.

NO: nuclear opalescenclC: nuclear colorC: cortical P: posterior subcapsular cataracts.

Figure 2: Cataract extent and anatomical location accorttirtpe LOCS Il in 52 patients
The X axis corresponds to the cataract score acgptd the LOCS Ill.
The Y axis corresponds to the frequency of theediffit cataract subtypes observed in the

study population.
NO: nuclear opalescenclC: nuclear colorC: cortical P: posterior subcapsular cataracts.
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Table 1: Patient and tumor characteristics

Patient characteristics

Median agein years (IQR) 65 (57;71)
Gender, % (n)

. Female 52% (27)
. Male 48% (25)
Diabetes mdlitus, % (n) 15% (8)
L ensthickness (mm), median (IQR) 4.5 (4;,5)

Initial visual acuity, median (IQR)

0.95 (0.10-1.00)

Final visual acuity, median (IQR)

0.5 (0.01- 1.00)

Tumor characteristics

Melanomatype, % (n)

. Choroidal melanoma 75% (39)

. Ciliary body melanoma 8% (4)

. Irido-ciliary melanoma 5% (3)

. Choroido-ciliary melanoma 10% (5)

. Iris Melanoma 2% (1)
UICC staging, % (n)

. T2a 69% (36)

. T3 31% (16)
Tumor diameter (mm), median (IQR) 13.4 (11.25;16.9)
Tumor volume (cm®), median (IQR) 0.34 (0.17:0.79)
Tumor topography, % (n)

. Anterior 33% (17)

. Equatorial 11% (6)

. Posterior 56% (29)
Ciliary body involvement, % (n)

. Yes 31% (16)

. No 69% (36)

IQR, interquartile range




Table 2: Extent of LOCS 111 cataract types according to the proportion of lens within the

proton beam projection in bivariate analysis in 52 patients

projection

NO NC C P
Proportion of lens -0.21* 0.27* 0.22* 0.34*
within proton beam p=0.13 | p=0.06 | p=0.12 p=0.01

* Results presented with Spearman correlation coefficient

No: nuclear opalescence, NC: nuclear color, C: cortical, P: posterior subcapsular cataracts.




Table 3: Prognostic factors of cataract extent according to the LOCS 11 in bivariate analysis

in the 52 patients

Cataract subtype according to LOCS 11

NO NC C P
Timeto diagnosis' 0.07 -0.03 0.18 0.015
p=0.58 | p=0.78 | p=0.19 | p=0.91
Age' (years) 0.20 0.26 0.22 0.01
p=0.15 | p=0.05 | p=0.11 | p=0.89
Thickness of lens' 0.17 0.04 0.06 -0.06
p=0.21 | p=0.76 | p=0.64 | p=0.67
Tumor volume' -0.28 0.18 0.007 0.47
p=0.03 | p=0.19 | p=0.95 | p<0.01
Maximum tumor diameter * -0.26 0.15 -0.08 0.35
p=0.06 | p=0.27 | p=0.52 | p<0.01
UICC stage”
T2a(n=36) 0(0;1.5) | 1(0;3) 2(3,3) | 0(0;1.5)
T3 (n=16) 0(0;0) | 25(0;5) | 1.5(0;5) | 4.5(0;5)
p=0.37 | p=0.22 | p=0.73 | p<0.01
Tumor type’
Choroidal melanoma (n=39) 0(0;1) 2(0;4) 2(1;5) 0(0;5)
Other (n=13) 0(0;0) 1(02) 2(3;,3) 0(0;0)
p=0.61 | p=0.35 | p=0.52 | p=0.15
Tumor location® with respect to ocular
equator (for choroidal melanoma only)
Anterior 0(0;1) 2(1;3) 2(1;3) 0(0;4)
Equatorial 0(0;0) | 25(0;5) | 5(0;5) 5(3;5)
Posterior 0(0;1) 2(0;3) 2(1;3) 0(0;2)
p=0.73 | p=0.76 | p=0.54 | p<0.01

'Results presented with Spearman correlation coefficient
“Results presented with median and inter-quartile range

No: nuclear opalescence, NC: nuclear color, C: cortical, P: posterior subcapsular cataracts.




Table 4. Description of dose-volume characteristics and analysis of dose-volume
characteristics as prognostic factors of cataract occurrence according to the LOCS Il in

bivariate analysisin 42 patients whose crystalline lens was in the proton field

Volume, % Spearman correlation Coefficient (N=42)
(IQR) bivariate analysis
NO NC C P
Volume of lens recelving 18(3;39) -0.24 0.20 0.19 0.32
10Gy " p=0.11 | p=0.18 | p=0.20 | p=0.03
Volume of lens receiving 11 (0;28) -0.09 0.18 0.22 0.33
26 Gy lens p=0.54 | p=0.23 | p=0.15 p=0.03
Volume of lens receiving 0(0;10) -0.21 0.28 0.17 0.30
47 Gy p=0.17 | p=0.07 | p=0.25 p=0.04
Volume of lens g)eriphery 30 (21;40) -0.28 0.26 0.16 0.35
recelving 10 Gy p=0.06 | p=0.09 | p=0.28 p=0.02
Volume of lens periphery 23 (11;35) -0.28 0.23 0.14 0.34
receiving 26 Gy p=0.06 | p=0.12 | p=0.36 p=0.02
Volume of lens periphery 0 (0;25) -0.21 0.25 0.12 0.21
receiving 47 Gy p=0.16 | p=0.10 | p=0.41 p=0.16
Volume of ciliary body 31 (25;38) -0.24 0.30 0.19 0.30
receiving 10 Gy " p=0.08 | p=0.03 | p=0.16 p=0.03
Volume of ciliary body 26 (21;33) -0.25 0.30 0.20 0.33
recelving 26 Gy p=0.07 | p=0.02 | p=0.14 p=0.02
Volume of ciliary body 15 (0;27) -0.19 0.24 0.09 0.18
receiving 47 Gy p=0.17 | p=0.07 | p=0.52 p=0.17

*The crystalline lens volume receiving X Gy

8§ The crystalline lens periphery volume receiving X Gy

1 The ciliary body volume receiving X Gy

IQR, inter-quartile range, No: nuclear opalescence, NC: nuclear color, C: cortical, P:
posterior subcapsular cataracts.






