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Simple Summary

The objective of this study, which is a retrospective analysis of 300 patients’ medical records,
was to assess the influence of various factors related to the characteristics of patients, tumors
and treatment applied on the occurrence of ocular complications after radiotherapy for
uveal melanoma. Most often, these complications lead to a significant deterioration of visual
acuity in the treated eye. All patients were treated at the Department of Ophthalmology and
Ocular Oncology, University Hospital in Krakow, Poland. The most common complications
of treatment were found to be: cataract (84.36%), maculopathy (52.67%) and retinopathy
(46.67%). The factors that were found to be most frequently associated with the occurrence
of complications in the multivariable analysis were: tumor location involving the macula
and/or optic disc, the use of iodine-125 brachytherapy, younger age and greater tumor
thickness. We believe that the study results may contribute to the improvement in existing,
and the invention of new, therapeutic methods.

Abstract

Background: The aim of this study was to evaluate the influence of demographic, clinical
and physical factors on the occurrence of ocular complications after ruthenium-106 (Ru-106)
brachytherapy, iodine-125 (I-125) brachytherapy and proton therapy of uveal melanoma.
Methods: A retrospective analysis of 300 patients’ electronic and paper medical records
treated for uveal melanoma at the Department of Ophthalmology and Ocular Oncology,
University Hospital in Krakow, Poland, from May 2014 to December 2016 was performed.
The created database, which includes numerous parameters characterizing patients, tu-
mors, applied treatments and their effects, with particular emphasis on the occurrence of
ocular complications, was subjected to detailed analysis. The influence of selected factors
on the occurrence of identified complications was checked by performing a univariable
Cox proportional hazards regression analysis, and then the factors that were statistically
significant were included in a multivariable Cox proportional hazards regression analysis
which gave the final results. Results: Of the 300 patients, 125 (41.67%) were treated with
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Ru-106 brachytherapy (87 (29%) with CCB plaque and 38 (12.67%) with COB plaque), 102
(34%) with I-125 brachytherapy and 73 (24.33%) with proton therapy. Mean follow-up was
88.63 months (median 89, range: 20–127). The occurrence of cataract was associated with
the older age of patients. Maculopathy was associated with female sex, younger age, use of
I-125 brachytherapy, tumor location involving the macula and/or optic disc and moderate
tumor pigmentation. Diagnosis of systemic hypertension was associated with a lower risk
of maculopathy. Retinopathy was associated with younger age, tumor location involving
the macula and/or optic disc and the use of I-125 brachytherapy. Optic neuropathy was
associated with younger age, greater tumor largest base diameter, tumor location involving
the macula and/or optic disc and the use of I-125 brachytherapy. Secondary glaucoma was
associated with baseline best corrected visual acuity (BCVA) weaker than 0.5, greater tumor
thickness, involvement of the left eye and the use of I-125 brachytherapy. Vitreous hemor-
rhage was associated with greater tumor thickness, tumor location including the macula
and/or optic disc and mushroom-shaped tumor. Conclusions: Our study demonstrated
an association between demographic, clinical, and physical factors and the occurrence of
ocular complications after radiotherapy for uveal melanoma.

Keywords: uveal melanoma; brachytherapy; plaque radiotherapy; proton therapy; radiation
complications; ocular complications; visual acuity; vision deterioration; risk factors

1. Introduction
Uveal melanoma (UM) is the most common primary intraocular malignant tumor

in adults, with the highest incidence of 5–10 per million in White patients per year [1–4].
Treatment involves many methods that can be used separately or in combination. These
include surgical methods such as endoresection, exoresection and enucleation; and conser-
vative methods such as brachytherapy (BT), proton therapy (PT), stereotactic radiotherapy
(SRT), stereotactic radiosurgery (SRS), transpupillary thermotherapy (TTT) and photody-
namic therapy (PDT) [5–10]. Ruthenium-106 (Ru-106) brachytherapy, iodine-125 (I-125)
brachytherapy and proton therapy are currently some of the most popular methods of
treating uveal melanoma with very good effectiveness in achieving local control at the
level of 59–98% [11], 76–100% [12] and 95% [13] respectively. A breakthrough moment
in the popularization of brachytherapy was the publication of the Collaborative Ocular
Melanoma Study (COMS) results, showing similar mortality and metastasis rates compared
to enucleation in medium-sized and large UM [14–16]. Proton therapy is a newer and
more precise method, but at the same time it requires highly specialized equipment and is
much more expensive than brachytherapy, which significantly limits its availability [8,13].
Unfortunately, both brachytherapy and proton therapy are often associated with serious
ophthalmological complications that can significantly impair visual acuity, even leading to
blindness and rarely to the necessity of enucleation [17–21]. Complications result primarily
from the fact that we are currently unable to limit the radiation precisely to the tumor
cells without irradiation of healthy tissues. Depending mostly on the size and location
of the tumor, but also on the type of radiotherapy used, healthy structures such as the
macula or the optic disc, which are also critical for sharp vision, are often irradiated to
varying degrees, which causes their damage [17,22–25]. Various studies present varied
radiation complications, their frequency and severity. The most common ocular radiation
complications include cataract, maculopathy, retinopathy, optic neuropathy, secondary
glaucoma (mainly neovascular glaucoma), vitreous hemorrhage, retinal detachment, ker-
atopathy, dry eye, conjunctivitis, scleral necrosis, intraocular inflammation, toxic tumor
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syndrome, eyeball atrophy and others, with the usual accompanying decrease in visual
acuity. The most important risk factors for ocular complications after brachytherapy and
proton therapy are considered to be: greater tumor thickness; tumor location close to the
macula and optic disc; a greater dose of radiation received by the macula, optic disc and
retina; plaque size; and the patient’s age. As in the case of the frequency of complications,
for the risk factors of their occurrence the results of available studies also often differ signif-
icantly, but the size of the tumor and its location are considered crucial [17–28]. However,
it should be remembered that the growth of the tumor itself and its damage can also lead
to the development of abnormalities such as secondary glaucoma, retinal detachment, and
vitreous hemorrhage, which also contribute to the deterioration of eye function. Therefore,
often, the deterioration of visual acuity after treatment is not only a result of radiation
complications but also the impact of the tumor.

The type of treatment used depends on many factors and the most important of
them seems to be the size and location of the tumor, general condition of the patient and
the availability of treatment methods. In Europe and Asia, the most commonly used
radioactive isotope for brachytherapy of uveal melanoma is Ru-106, which emits beta
radiation. Due to the range of this type of radiation, it is suitable for tumors with a
thickness not exceeding approx. 5–6 mm. In North America I-125 is dominant, which
emits gamma radiation. This type of radiation is also suitable for treating larger tumors,
according to some sources, even those over 15 mm thick [8,17,20,26,29]. Patients have
access to proton therapy much less frequently, which is primarily due to its high price and
the necessary complicated equipment. Due to the Bragg peak phenomenon, proton therapy
allows for equal irradiation of the tumor mass, sparing the surrounding healthy tissue to a
greater extent than brachytherapy [7,8,26].

The Department of Ophthalmology and Ocular Oncology, University Hospital in
Krakow is the largest ocular oncology center in Poland where, every year, approximately
350–400 patients are treated for uveal melanoma. Thanks to the wide range of available
therapies, we are able to provide patients with an individual approach when choosing the
optimal method based on the factors mentioned above. The Krakow center offers Ru-106
brachytherapy, I-125 brachytherapy, transpupillary thermotherapy, surgical methods, and
thanks to cooperation with the Institute of Nuclear Physics Polish Academy of Sciences
in Krakow proton therapy as well. The use of as many as three main and world-leading
radiation methods for treating uveal melanoma in daily practice, combined with the large
number of treated patients, provides excellent opportunities to study the effects of treatment.
Despite access to various methods with very high effectiveness in local control, we still
struggle with radiation complications leading to the deterioration of visual acuity. This
is a particularly big problem for patients who are monocular or have poorer vision in the
other eye.

The vast majority of studies we found regarding the issue of ophthalmological complica-
tions and vision deterioration after conservative treatment of uveal melanoma usually focus
on the analysis of one, and less often two, types of treatment [14,15,19,21,22,24,25,27,28,30–43].
Apart from the literature reviews or meta-analyses, we found very few studies examining
at least three treatment methods in terms of complications in a single study [18,20,44,45].

We therefore decided to take advantage of our large patient population and availability
of the three world-leading uveal melanoma treatment methods to determine the risk factors
for the occurrence of ocular complications after therapy. The main aim of this retrospective
study was to assess the influence of various factors related to the characteristics of patients,
tumors and treatment applied on the occurrence of ocular complications after Ru-106
brachytherapy, I-125 brachytherapy and proton therapy of uveal melanoma. We believe
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that the obtained results may contribute to the better optimization of treatment by reducing
the frequency of complications while maintaining or improving local control.

2. Materials and Methods
2.1. Patients

The study included 300 patients treated for uveal melanoma at the Department of
Ophthalmology and Ocular Oncology, University Hospital in Krakow, Poland, from May
2014 to December 2016. The study included adult Polish citizens diagnosed with uveal
melanoma. All of them were White. The study involved a retrospective analysis of
patients’ electronic and paper medical records, which were used to create an electronic
database. This database was then subjected to detailed statistical analysis. The study
received positive approval from the Bioethics Committee of the Jagiellonian University
No. 1072.6120.289.2022 issued on 14 December 2022. Due to the fact that the study was
retrospective in nature, involved the analysis of previously created medical records, did
not interfere in the treatment process in any way, and did not require additional contact
with patients, obtaining informed consent from patients was not required.

The inclusion criteria include: over 18 years of age, diagnosis of uveal melanoma,
and minimum 5-year follow-up period after treatment. We would like to emphasize that
patients who required enucleation during this 5-year period but attended follow-ups for
longer than 5 years after treatment were also included in the study. However, in their case,
we assumed the date of enucleation as the date of the last follow-up.

The exclusion criteria include: diagnosis of other ophthalmological diseases in the
treated eye, unrelated to the presence of the tumor, e.g., glaucoma; age-related macular
degeneration; diagnosis of ophthalmological complications of general diseases, e.g., diabetic
retinopathy; condition following an eye injury that impairs vision to any degree; amblyopia;
previous treatment of the eye for uveal melanoma or other tumors by any method; and
follow-up time less than 5 years after treatment. These restrictive criteria for patient
inclusion and exclusion were intended to exclude, to the greatest extent possible, the
influence of factors other than the stated demographic, clinical and physical factors on the
occurrence of ocular complications in the treated eye. However, it should be emphasized
that 102 patients with diagnosed cataract, and 19 patients who had undergone cataract
removal and implantation of an artificial intraocular lens (IOL), were included in the study.
We decided not to exclude these patients because with many of them, this was an initial
cataract, which often had little or no impact on visual acuity, and it is a common finding
in the age group of patients with uveal melanoma. Also, cataract may be the result of
the presence of a tumor. At the same time, we excluded these patients from the analysis
for cataract as a complication of radiotherapy. Also, 78 patients with retinal detachment,
which, at the base of the tumor, is one of the characteristic features of uveal melanoma;
and vitreous hemorrhage (5 patients), which often accompanies the diagnosis of uveal
melanoma, were included in the study. For this reason, exclusion from the study seems
unjustified. We noted their presence before therapy and did not consider them as treatment
complications and, similarly to the patients with cataract, we excluded them from the
analysis for these specific abnormalities identified as complications after treatment.

Due to the fact that complications following radiotherapy most often become apparent
after several years, we assumed a minimum observation period of 5 years [17,25,28]. Our
goal was to exclude patients who, due to too short a time after treatment, had not developed
ocular complications from radiotherapy because they had died earlier, e.g., due to metastatic
disease, or had stopped coming for follow-ups for unknown reasons.

Four patients were additionally excluded because the actual radiation dose absorbed
by the ocular structures could not be determined. These were patients with huge tumors
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who did not agree to enucleation, so an attempt to use I-125 brachytherapy with plaque
displacement was made to ensure that the entire tumor mass was sufficiently irradiated.

We also excluded 2 patients treated with a combination of I-125 brachytherapy and
TTT as well 13 patients treated with a combination of Ru-106 brachytherapy and TTT
commonly called a “sandwich method” [1,7,38,40,46]. We made this decision because their
number was too small to create a separate, reliable group for analysis, and the use of TTT
in addition to I-125 or Ru-106 brachytherapy meant that their inclusion in the group treated
with brachytherapy alone would be inappropriate in our opinion.

In summary, 300 patients were included in the study. Of these, 125 were treated with
Ru-106 brachytherapy, 102 with I-125 brachytherapy, and 73 with proton therapy.

2.2. Baseline Data

The study included the following patient demographic and clinical characteristics: sex,
age, affected eye, comorbidities (diabetes mellitus, systemic hypertension), family history of
cancers (parents, grandparents, siblings, children, siblings of parents), best corrected visual
acuity (BCVA), and co-existing ocular diseases and symptoms which were not excluded
from the study (cataract, implanted IOL, retinal detachment, vitreous hemorrhage).

Tumor data included thickness, largest base diameter, shape (flat, domed, mushroom-
shaped), pigmentation (heavy, moderate, light or amelanotic), and location (tumors were
divided into the following 4 groups based on location: 1. the macula and/or optic disc,
which include tumors involving the macula, optic disc or both of them; 2. posterior to
the equator without the macula and optic disc; 3. the equator; 4. anterior to the equator,
which include tumors of the iris, iris and ciliary body, ciliary body, ciliary body and choroid,
and other choroidal tumors located anterior to the equator). Tumor size measurements
were performed using ultrasonography (USG) and/or ultrasound biomicroscopy (UBM).
Based on the above parameters, tumors for which it was possible were assigned to T-
category staging according to the 8th edition of American Joint Committee on Cancer
(AJCC) classification and COMS classification [14–16,47,48]. We considered the specific
treatment of iris tumors in the AJCC classification, and all those found in our study were
classified as T1 category. The COMS classification has changed over the years and slightly
different variants can be found in the literature, so here is the specific size division we used:
small: height < 2.5 mm and largest base diameter 5–16 mm; medium: height 2.5–10 mm and
largest base diameter < or =16 mm; large: height > 10 mm or largest base diameter > 16 mm.
We would like to point out that, due to the specificity of the COMS classification regarding
tumor location, we did not include tumors arising from the iris and ciliary body in the case
of this classification.

2.3. Examination

Patients were examined and treated by doctors, nurses, and support staff working in
the hospital, but it should be emphasized that these were often different people over the
years. The same applies to equipment used, which has changed over time but has always
met all the required criteria.

First-time and follow-up examinations included BCVA examination in the form of
Snellen visual acuity measurement as a decimal value except for the weakest values (1.0, 0.9,
0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05, counting fingers, hand motions, light perception, no
light perception). Patients who underwent enucleation from the day of its performance were
treated as patients in the lowest BCVA group with no light perception, as in Shields et al.’s
study [20]. Based on these results, patients were assigned to one of the three BCVA groups
for most of the further analysis: ≥0.5; <0.5 and >0.1; ≤0.1.
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The following tests were also performed: full slit lamp examination, intraocular
pressure using the non-contact method, USG, optical coherence tomography (OCT) of the
macula, photography of the tumor and also if necessary intraocular pressure using an
applanation method, OCT of the optic disc and tumor, UBM, gonioscopy or other tests as
needed. Each time, an interview was conducted regarding symptoms, ailments, general
and ophthalmological diseases, and also, during the follow-up, the results of laboratory
tests (liver enzymes), imaging tests (chest X-ray or computed tomography, abdominal
ultrasound or computed tomography) and any other tests performed under the supervision
of the attending oncologist to search for metastasis.

Follow-up examinations were carried out usually after 6 months (with the first assess-
ment of the tumor’s response to treatment), 1 year, 2 years, 3 years after treatment, and
then every 2 years. In some cases, if recurrence was suspected, complications occurred,
or for other reasons, the frequency of follow-up visits could be increased. Patients also
sometimes postponed scheduled visits for various reasons (e.g., due to another illness) or
requested an earlier visit due to concerns about a possible recurrence or complications.
Rarely, they simply missed some of their follow-up examinations. During follow-up ex-
aminations, apart from the tumor status, special attention was paid to the occurrence and
time of appearance of potential complications, which include, among others: maculopathy
(defined as macular edema or atrophy seen clinically and/or on OCT), retinopathy (defined
as retinal neovascularization, hemorrhages, microaneurysms, hard exudates, or cotton
wool spots), optic neuropathy (defined as optic nerve edema or pallor), cataract, secondary
glaucoma (defined as intraocular pressure > 21 mmHg and in the case of neovascular
glaucoma with neovascularization of the iris or angle), vitreous hemorrhage, hyphema,
retinal detachment, keratopathy, dry eye, scleral necrosis, and eyeball atrophy.

2.4. Treatment

The time from diagnosis to the start of treatment ranged from several days to several
weeks and, due to easier availability and less preparation, it was significantly shorter in
the case of brachytherapy than proton therapy. Patients were treated with 3 main methods,
which were selected based on the characteristics of the tumor, patient’s condition and
taking into account the limitations of the ruthenium and iodine plaques resulting from
the radiation range as described above. Proton therapy, as the most precise method, was
intended especially for patients whose tumor was located in the posterior pole, close to
the structures critical for vision, which are the optic disc and macula, and provided that
the patient’s condition enabled their cooperation during the therapy. In the case of tu-
mors where more than one method could be used, the patient was allowed to choose one
after being familiarized with the specifics of the proposed therapies. A total of 125 pa-
tients (41.67%) were treated with Ru-106 brachytherapy, 102 patients (34%) with I-125
brachytherapy, and 73 patients (24.33%) with proton therapy. For Ru-106 brachytherapy,
2 types of plaques (applicators) were used depending on the location and size of the tumor
(Eckert & Ziegler BEBIG, Berlin, Germany; types: CCB—round, diameter 20.2 mm and
COB—notched, diameter 19.8 mm). CCB plaque was used in 87 patients (29%) and COB
plaque in 38 patients (12.67%). COB plaque is dedicated to tumors adjacent to the optic
disc but due to its smaller size than CCB plaque, it has also been used to treat small tumors
in other locations as well. In order to analyze the treatment used, we decided to divide
patients treated with ruthenium radiotherapy into those treated with CCB plaque and those
treated with COB plaque.

For I-125 brachytherapy, a round applicator with a diameter of 20.5 mm (POLATOM,
Otwock, Poland) with iodine seeds (Eckert & Ziegler BEBIG, Berlin, Germany) was used.
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Brachytherapy plans were prepared by a team of oncology radiotherapists and medical
physicists working at the Department of Ophthalmology and Ocular Oncology, University
Hospital in Krakow, Poland, using the treatment planning system (Plaque Simulator 5.3.9,
BEBIG, Berlin, Germany). The treatment protocol included the primary goal of providing a
dose of 80–120 grays (Gy) to the tumor apex and at least 200 Gy to sclera if possible. The ap-
plicator was sutured and removed using standard surgical techniques, with the possibility
of temporarily severing the extraocular muscles if necessary. The applicator was sutured
onto the sclera at the base of the tumor, visualized using transillumination and maintaining
a minimum margin of about 2 mm. The applicator suturing and removal procedures were
performed under local anesthesia and sedoanalgesia. It should be emphasized that if the
tumor base was significantly smaller than the diameter of the plaque and located near the
macula or optic disc, the applicator was sutured decentered as far away from the posterior
pole as possible to minimize irradiation of structures critical for vision, but maintaining a
minimum margin of about 2 mm.

Proton therapy was performed at the Institute of Nuclear Physics Polish Academy of
Sciences in Krakow, initially using an isochronous cyclotron AIC-144 (Institute of Nuclear
Physics Polish Academy of Sciences, Krakow, Poland) for patients treated in 2014–2015,
and later in 2016 using the isochronous cyclotron Proteus C-235 (Ion Beam Applications,
Louvain-la-Neuve, Belgium). The treatment plan was prepared using the Eclipse Ocular
Proton Planning system, version 13.5.01 (Varian Medical Systems, Palo Alto, CA, USA).
Patients were treated according to the 60 CGE (Cobalt Gray Equivalent) dose protocol
given in 4 doses of 15 CGE each over 4 days. Proton therapy was preceded by a surgical
procedure to place 4 tantalum markers (Altomed, Boldon Colliery, UK) on the sclera as
well as numerous imaging tests and preparations.

In summary, Ru-106 brachytherapy was used for tumors that were no more than
approximately 6 mm thick. Ru-106 COB plaque, thanks to its notched shape, was used
especially for tumors adjacent to the optic disc but due to its smaller size than Ru-106
CCB plaque it has also been used to treat small tumors in other locations as well. I-125
brachytherapy was used for larger tumors that were greater than approximately 6 mm in
thickness but no larger than approximately 15 mm. Proton therapy, as the most precise
method, was intended especially for patients whose tumor was located in the posterior
pole, close to the structures critical for vision, which are the optic disc and macula, in
order to minimize the irradiation of these structures. It was also chosen when the location
of the tumor in the posterior pole made it impossible for technical reasons to precisely
place the radioactive isotope plaque in this area. In order for patients to undergo proton
therapy, their general condition had to allow them to cooperate with the staff performing
the therapy, which involved, among other things, looking in a given direction, keeping their
body in a specific position and following other instructions. In the case of brachytherapy,
the patient’s ability to cooperate was not that important. In the case of tumors where
more than one method could be used, the patient was allowed to choose one after being
familiarized with the specifics of the proposed therapies.

The dates of failure of primary treatment and tumor recurrence, as well as their treat-
ment methods, were recorded. However, they were not subjected to detailed analysis,
as this is not the aim of this study. Retreatment methods for primary treatment failure
included: Ru-106 brachytherapy, I-125 brachytherapy, TTT, and enucleation. In patients
who required additional treatment due to lack of a positive tumor response to primary
treatment or subsequent recurrence, only the primary treatment method was taken into
account to assess the impact of the treatment method on the occurrence of ocular radia-
tion complications.
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Once treatment complications were identified, if medically possible all patients were
given the opportunity to have them treated at the Department of Ophthalmology and
Ocular Oncology, University Hospital in Krakow. The therapies offered after complications
were identified included: anti-vascular endothelial growth factor (anti-VEGF) injections;
triamcinolone acetonide (TCA) injections; cataract surgery; antiglaucoma procedures,
e.g., trabeculectomy; retinal laser therapy; vitrectomy; phacovitrectomy; and enucleation.
Prophylactic treatment with anti-VEGF injections after radiotherapy was not offered. Not
all patients who were offered additional treatment for complications decided to do so. Some
people decided to undergo treatment for complications, but in centers closer to their place
of residence, mainly due to the large distance from Krakow. Information about procedures
performed elsewhere was collected during the next follow-up visit. In this study, we did not
analyze the efficiency of the treatment of complications and their impact on visual acuity.

Follow-up time was calculated in months from the first day of treatment to enucleation
or last visit. Due to formal difficulties in obtaining information about possible death and its
cause, we did not analyze mortality in this study.

2.5. Statistical Analysis

Data expressed on a qualitative scale were presented as a number and percentage.
The Chi-squared test was used to compare the distributions of these parameters between
groups. Quantitative data were presented as mean, standard deviation (SD), median and
range. Evaluation of the consistency of the distribution of the variables with a normal
distribution was performed using the Shapiro–Wilk test. Differences between the groups
were analyzed with a Kruskal–Wallis test (followed by a Dunn’s post hoc test). Statistical
analysis was performed using Statistica software (v13.3, StatSoft, Tulsa, OK, USA). Sta-
tistical analyses were also performed using R software, version 4.5.2 (R Foundation for
Statistical Computing, Vienna, Austria), with the use of the survival package (version 3.8-3)
for Cox proportional hazards regression. Results were considered statistically significant
when p < 0.05.

3. Results
3.1. Baseline Characteristics

A summary of the baseline characteristics of the 300 enrolled patients and tumors is
presented in Tables 1 and 2. Mean age at the first day of treatment was 58.5 years (median
60 years, range: 22–85 years). The diagnosis of uveal melanoma was most often made
over a dozen days earlier. A total of 169 patients (56.33%) were women and 131 (43.67%)
were men. Mean tumor thickness was 4.73 mm (median 3.53 mm, range: 0.77–13.4 mm)
and mean largest base diameter was 11.06 mm (median 10.7 mm, range: 3.17–18.8 mm).
Patients were treated with the following methods: ruthenium-106 brachytherapy with
CCB plaque (Ru-106 CCB brachytherapy) (87 patients, 29%), ruthenium-106 brachytherapy
with COB plaque (Ru-106 COB brachytherapy) (38 patients, 12.67%), I-125 brachytherapy
(102 patients, 34%) and proton therapy (73 patients, 24.33%). The mean dose to the apex of
the tumor in brachytherapy was 97.33 Gy (median 95.58, range: 73.06–123.4 Gy). Patients
who underwent proton therapy were treated according to the protocol of 60 CGE in 4 doses
of 15 CGE each over 4 days. Part of our study described in this article did not include
analysis of radiation doses.
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Table 1. Baseline patients characteristics (N = 300).

Treatment Method

Characteristics Total
(N = 300)

Ru-106 CCB
(n = 87)

Ru-106 COB
(n = 38)

I-125
(n = 102)

PT
(n = 73) p Value

Age (years) 58.5 ± 12.94
[60 (22–85)]

61.69 ± 11.54 a
[61 (32–85)]

64.05 ± 10 a
[64.5 (37–83)]

58.24 ± 12.65 ab
[58.5 (23–81)]

52.19 ± 13.84 b
[56 (22–81)] <0.00001 ˆ

Sex
0.07862 #Female 169 (56.33) 48 (55.17) 28 (73.68) 58 (56.86) 35 (47.95)

Male 131 (43.67) 39 (44.83) 10 (26.32) 44 (43.14) 38 (52.05)

Systemic
hypertension 0.47444 #No 152 (50.67) 41 (47.13) 16 (42.11) 56 (54.90) 39 (53.42)
Yes 148 (49.33) 46 (52.87) 22 (57.89) 46 (45.10) 34 (46.58)

Diabetes mellitus
0.79294 #No 270 (90.00) 78 (89.66) 33 (86.84) 94 (92.16) 65 (89.04)

Yes 30 (10.00) 9 (10.34) 5 (13.16) 8 (7.84) 8 (10.96)

Affected eye
0.29638 #Right 154 (51.33) 52 (59.77) 17 (44.74) 50 (49.02) 35 (47.95)

Left 146 (48.67) 35 (40.23) 21 (55.26) 52 (50.98) 38 (52.05)

Cataract

0.19021 #No 179 (59.67) 48 (55.17) 20 (52.63) 57 (55.88) 54 (73.97)
Yes 102 (34.00) 32 (36.78) 15 (39.47) 39 (38.24) 16 (21.92)
IOL 19 (6.33) 7 (8.05) 3 (7.89) 6 (5.88) 3 (4.11)

Retinal detachment 78 (26) 10 (11.49) 1 (2.56) 56 (55.45) 11 (15.07) <0.0001 #

Vitreous hemorrhage 5 (1.67) 0 (0) 0 (0) 5 (4.90) 0 (0) 0.01970 #

Family history of
cancer 0.28330 #No 214 (71.33) 61 (70.11) 32 (84.21) 72 (70.59) 49 (67.12)
Yes 86 (28.67) 26 (29.89) 6 (15.79) 30 (29.41) 24 (32.88)

Follow-up duration
(months)

88.63 ± 19.31
[89 (20–127)]

89.32 ± 18.84 ab
[88 (22–127)]

88.26 ± 13.78 ab
[85.5 (59–119)]

83.97 ± 19.76 a
[86 (20–126)]

94.52 ± 20.33 b
[99 (21–126)] 0.00030 ˆ

Qualitative variable as n (%); quantitative variables: mean ± SD (median; minimum–maximum); #—Chi-square
test; ˆ—Kruskal–Wallis test. Groups not sharing the same letter (a, b) differ statistically significantly at p < 0.05;
Dunn’s post hoc test. Definition of abbreviations: Ru-106 CCB = Ruthenium-106 brachytherapy with CCB
plaque, Ru-106 COB = Ruthenium-106 brachytherapy with COB plaque, I-125 = Iodine-125 brachytherapy,
PT = proton therapy.

Table 2. Baseline tumors characteristics (N = 300).

Treatment Method

Characteristics Total
(N = 300)

Ru-106 CCB
(n = 87)

Ru-106 COB
(n = 38)

I-125
(n = 102)

PT
(n = 73) p Value

Thickness (mm)
4.73 ± 2.92

[3.53
(0.77–13.4)]

3.24 ± 1.04 a
[3.1 (1.35–6.7)]

2.44 ± 0.8 b
[2.39 (0.77–5.1)]

8.18 ± 2.06 c
[7.8 (4.7–13.4)]

2.89 ± 1.44 ab
[2.4 (1.3–9.3)] <0.00001 ˆ

Tumor largest base
diameter (mm)

11.06 ± 3.15
[10.7

(3.17–18.8)]
10.45 ± 2.49 a

[10.5 (3.9–17.1)]
8.17 ± 1.85 b

[8.5 (3.17–11.3)]
13.91 ± 2.39 c

[13.9 (8.6–18.8)]
9.32 ± 2.11 b

[8.9 (5.4–14.9)] <0.00001 ˆ

AJCC classification

<0.00001 #
T1 134 (44.67) 41 (47.13) 36 (94.74) 1 (0.98) 56 (76.71)
T2 85 (28.33) 43 (49.43) 2 (5.26) 25 (24.51) 15 (20.55)
T3 75 (25.00) 3 (3.45) 0 (0) 70 (68.63) 2 (2.74)
T4 6 (2.00) 0 (0) 0 (0) 6 (5.88) 0 (0)

COMS classification

<0.00001 #Small 72 (26.18) 18 (24.00) 16 (55.17) 0 (0) 38 (52.05)
Medium 166 (60.36) 56 (74.67) 13 (44.83) 62 (63.27) 35 (47.95)
Large 37 (13.46) 1 (1.33) 0 (0) 36 (36.73) 0 (0)
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Table 2. Cont.

Treatment Method

Characteristics Total
(N = 300)

Ru-106 CCB
(n = 87)

Ru-106 COB
(n = 38)

I-125
(n = 102)

PT
(n = 73) p Value

Location

<0.00001 #
Macula and/or optic
disc 54 (44.67) 14 (16.09) 5 (13.16) 10 (9.80) 25 (34.25)

Posterior to the
equator
without the macula
and optic disc

133 (28.33) 42 (48.28) 15 (39.47) 38 (37.25) 38 (52.05)

Equator 46 (25.00) 11 (12.64) 4 (10.53) 21 (20.59) 10 (13.70)
Anterior to the
equator 67 (2.00) 20 (22.99) 14 (36.84) 33 (32.35) 0 (0)

Shape

<0.00001 #Flat 8 (2.67) 5 (5.75) 3 (7.89) 0 (0) 0 (0)
Domed 253 (84.33) 80 (91.95) 35 (92.11) 68 (66.67) 70 (95.89)
Mushroom-shaped 39 (13.00) 2 (2.30) 0 (0) 34 (33.33) 3 (4.11)

Pigmentation

000811 #Heavy 64 (21.33) 25 (28.74) 13 (34.21) 15 (14.71) 11 (15.07)
Moderate 186 (62.00) 44 (50.57) 22 (57.89) 66 (64.71) 54 (73.97)
Light or amelanotic 50 (16.67) 18 (20.69) 3 (7.89) 21 (20.59) 8 (10.96)

Dose received by the
tumor apex (Gy)

97.33 ± 10.23
[95.58

(73.06–123.4)]

97.48 ± 10.26
[95.39

(80.5–119.6)]

96.7 ± 9.39
[96.81

(80.4–116.5)]

97.43 ± 10.58
[95.55

(73.06–123.4)]
60 CGE * 099999 ˆ

Qualitative variable as n (%); quantitative variables: mean ± SD (median; minimum–maximum); #—Chi-square
test; ˆ—Kruskal–Wallis test. Groups not sharing the same letter (a, b, c) differ statistically significantly at
p < 0.05; Dunn’s post hoc test. * Dose prescribed before treatment without post-treatment analysis; definition of
abbreviations: mm = millimeter, AJCC classification = American Joint Committee on Cancer classification (8th
edition), COMS classification = Collaborative Ocular Melanoma Study classification, Gy = gray, CGE = Cobalt
Gray Equivalent.

3.2. Treatment Outcomes

The mean follow-up time was 88.63 months (median 89 months, range 20–127 months)
(Table 1). A good response to treatment was recorded at the first follow-up visit in 293 pa-
tients (97.67%) and further tumor growth in seven patients (2.33%). During follow-up,
23 tumor recurrences were observed (7.67%). In summary, local control was achieved
in 272 patients (90.67%) during the follow-up period. The local tumor control rate was
88.51% in Ru-106 CCB brachytherapy, 89.47% in Ru-106 COB brachytherapy, 91.18% in
I-125 brachytherapy and 93.15% in proton therapy. There was no statistically significant dif-
ference between the different treatment methods in terms of a positive treatment response
at the first follow-up, subsequent recurrences and overall local control over the follow-up
period (Table 3). Twenty eyes (6.67%) had to be enucleated, of which six eyes were due to
the failure of conservative treatment and 14 eyes due to radiation complications. The mean
time to enucleation for all patients was 43.60 months (median 32.50, range 13–92). Due to
treatment failure and radiation complications, it was 52 months (median: 53, range: 22–92)
and 40 months (median: 29.50, range: 13–85) respectively. Each patient who underwent
enucleation due to complications most often experienced several complications. The most
common complication among these patients was secondary glaucoma (11 patients, 3.67%).
More than half of the patients were also diagnosed with vitreous hemorrhage, cataract, and
hyphema. Less frequently we observed retinal detachment, retinopathy, maculopathy, and
keratopathy. Of the 14 patients who underwent enucleation due to complications, the BCVA
immediately before enucleation was: no light perception in 11 patients, light perception in
two patients, and hand motions in one patient. In more detail, among patients treated with
Ru-106 CCB brachytherapy, enucleation was necessary in five patients (5.75%) (four due
to treatment failure and one due to complications); among patients treated with Ru-106
COB brachytherapy, enucleation was not necessary; among patients treated with I-125
brachytherapy, enucleation was necessary in 12 patients (11.76%) (two due to treatment
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failure and 10 due to complications); and among patients treated with proton therapy,
enucleation was necessary in three patients (4.11%) (none due to treatment failure and three
due to complications). The presence of distant metastasis was noted in 13 patients (4.33%),
and their most common location was the liver (10 patients, 76.92%).

Table 3. Treatment effectiveness table showing failures (N = 300).

Treatment Method

Treatment Failures Total
(N = 300)

Ru-106 CCB
(n = 87)

Ru-106 COB
(n = 38)

I-125
(n = 102)

PT
(n = 73) p Value

Tumor size progression at
first follow-up 0.20876No 293 (97.67) 86 (98.85) 37 (97.37) 101 (99.02) 69 (94.52)

Yes 7 (2.33) 1 (1.15) 1 (2.63) 1 (0.98) 4 (5.48)

Recurrence
0.09649No 277 (92.33) 77 (88.51) 34 (89.47) 94 (92.16) 72 (98.63)

Yes 23 (7.67) 10 (11.49) 4 (10.53) 8 (7.84) 1 (1.37)

Tumor size progression
at first follow-up and/or

recurrence 0.77524
No 272 (90.67) 77 (88.51) 34 (89.47) 93 (91.18) 68 (93.15)
Yes 28 (9.33) 10 (11.49) 4 (10.53) 9 (8.82) 5 (6.85)

Variables presented as n (%); Chi-square test.

3.3. Visual Acuity

During the follow-up, a significant deterioration of visual acuity was observed among
treated patients. BCVA better than or equal to 0.5 was present in 182 patients (60.66%) at
baseline and 63 patients (21%) at last follow-up. Before treatment, 70 patients (23.33%) had
vision worse than 0.5 but better than 0.1, and at the last follow-up 34 patients (11.34%) were
in this range. Before treatment, 48 patients (16%) had vision of 0.1 or worse, and at the
last follow-up, 203 patients (67.67%) belonged to this group, including 20 patients after
enucleation who were classified as having no light perception, which is the method used
by Shields et al. [20]. A more detailed distribution of BCVA before and after treatment is
presented in Table 4.

Table 4. Visual acuity before treatment and after the observation period (N = 300).

Visual Acuity Level Baseline BCVA Final BCVA

1.0 71 (23.67) 15 (5.00)
0.9 19 (6.33) 7 (2.33)
0.8 22 (7.33) 6 (2.00)
0.7 26 (8.67) 20 (6.67)
0.6 13 (4.33) 3 (1.00)
0.5 31 (10.33) 12 (4.00)
0.4 22 (7.33) 11 (3.67)
0.3 19 (6.33) 9 (3.00)
0.2 29 (9.67) 14 (4.67)
0.1 9 (3.00) 8 (2.67)

0.05 10 (3.33) 23 (7.67)
Counting fingers 26 (8.67) 51 (17.00)

Hand motions 2 (0.67) 25 (8.33)
Light perception 1 (0.33) 33 (11.00)

No light perception 0 (0) 63 (21.00) *

Visual acuity group
≥0.5 182 (60.66) 63 (21)

<0.5 and >0.1 70 (23.33) 34 (11.34)
≤0.1 48 (16) 203 (67.67) *

Variables presented as n (%). * Including 20 enucleated eyes; definition of abbreviations: BCVA = best corrected
visual acuity.
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3.4. Complications

The main aim of this study was to identify factors that may influence the occurrence
of ocular complications. This also involved determining their frequency. All complications
identified after treatment and their frequency are presented in Table 5. We would like to
remind you that we excluded from the analysis into the occurrence of cataract 102 patients
in whom it was diagnosed before radiotherapy treatment and 19 patients who had already
undergone cataract surgery in the past. Similarly, 78 patients with retinal detachment and
five with vitreous hemorrhage before treatment were excluded from analyses for these
complications. For the analysis of other complications, all 300 patients were analyzed.
The most common complication was cataract, diagnosed in 151 of 179 analyzed patients
during the observation period, which is 84.36%. The second most common complication
was maculopathy, found in 158 patients, which is an even larger number of patients than
in the case of cataract, but due to the larger size of the analyzed group, this means a
frequency of 52.67%. The following complications have also been diagnosed less frequently:
retinopathy—140 patients (46.67%), optic neuropathy—88 patients (29.33%), secondary
glaucoma—83 patients (27.67%), vitreous hemorrhage—56 patients (18.98%), hyphema—
25 patients (8.33%), retinal detachment—17 patients (7.66%), keratopathy—7 patients
(2.33%), and dry eye—4 patients (1.33%). With the exception of cataract and dry eye,
the incidence of ocular complications differed significantly between groups treated with
different methods.

Table 5. Radiation complications found during the follow-up period (N = 300).

Treatment Method

Complication Total
(N = 300)

Ru-106 CCB
(n = 87)

Ru-106 COB
(n = 38)

I-125
(n = 102)

PT
(n = 73) p Value

Secondary glaucoma
<0.00001No 217 (72.33) 81 (93.10) 36 (94.74) 47 (46.08) 53 (72.60)

Yes 83 (27.67) 6 (6.90) 2 (5.26) 55 (53.92) 20 (27.40)

Maculopathy
0.00011No 142 (47.33) 43 (49.43) 28 (73.68) 50 (49.02) 21 (28.77)

Yes 158 (52.67) 44 (50.57) 10 (26.32) 52 (50.98) 52 (71.23)

Retinopathy
<0.00001No 160 (53.33) 48 (55.17) 35 (92.11) 47 (46.08) 30 (41.10)

Yes 140 (46.67) 39 (44.83) 3 (7.89) 55 (53.92) 43 (58.90)

Optic neuropathy
<0.00001No 212 (70.67) 73 (83.91) 37 (97.37) 55 (53.92) 47 (64.38)

Yes 88 (29.33) 14 (16.09) 1 (2.63) 47 (46.08) 26 (35.62)

Cataract *
0.07330No 28 (15.64) 9 (18.75) 2 (10.00) 4 (7.02) 13 (24.07)

Yes 151 (84.36) 39 (81.25) 18 (90.00) 53 (92.98) 41 (75.93)

Dry eye
0.37766No 296 (98.67) 87 (100.00) 38 (100.00) 100 (98.04) 71 (97.26)

Yes 4 (1.33) 0 (0) 0 (0) 2 (1.96) 2 (2.74)

Vitreous hemorrhage *
0.00144No 239 (81.02) 79 (90.80) 35 (92.11) 69 (71.13) 56 (76.71)

Yes 56 (18.98) 8 (9.20) 3 (7.89) 28 (28.87) 17 (23.29)

Hyphema
0.00079No 275 (91.67) 86 (98.85) 37 (97.37) 85 (83.33) 67 (91.78)

Yes 25 (8.33) 1 (1.15) 1 (2.63) 17 (16.67) 6 (8.22)

Retinal detachment *
0.02925No 205 (92.34) 74 (96.10) 36 (97.30) 38 (82.61) 57 (91.94)

Yes 17 (7.66) 3 (3.90) 1 (2.70) 8 (17.39) 5 (8.06)

Keratopathy
0.03036No 293 (97.67) 87 (100.00) 38 (100.00) 96 (94.12) 72 (98.63)

Yes 7 (2.33) 0 (0) 0 (0) 6 (5.88) 1 (1.37)

Qualitative variables expressed as n (%); Chi-square test; * patients with this abnormality diagnosed before
treatment were excluded from this complication analysis.
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To find risk factors for the development of ocular radiation complications, we se-
lected the following 12 demographic, clinical and physical factors for further analysis:
age and sex of the patient, diagnosis of systemic hypertension and diabetes mellitus,
affected eye, baseline BCVA, tumor location, thickness, largest base diameter, pigmen-
tation and shape, and treatment method. We selected these parameters based on our
clinical experience and observations, as well as previous work by other researchers on this
topic [14,15,18–22,24,25,27,28,30–43,49,50]. Univariable Cox proportional hazards regres-
sion analyses of the influence of selected factors on the occurrence of ocular complications
are presented in Table 6 (parts 1 and 2). Then, only factors that were found to be statistically
significant in the univariable analysis were used in the multivariable Cox proportional
hazards regression analyses (Table 7). Due to the insufficient number of identified cases
of hyphema, retinal detachment, keratopathy and dry eye, we refrained from performing
univariable and multivariable analyses for these complications. Below we present the
outcomes of each ocular complication that occurred during the follow-up period with
particular emphasis on the results of multivariable analyses for factors that increased the
likelihood of their occurrence.

3.4.1. Cataract

Cataract was diagnosed in 151 patients (84.36%) among 179 analyzed patients during
follow-up (Table 5). The mean time to diagnosis of this complication was 28.81 months
(median 23, range: 1–106). Cataract was most common among patients treated with I-125
brachytherapy (53 patients, 92.98%) and least common among patients treated with proton
therapy (41 patients, 75.93%) (Table 5). On multivariable analysis, only older age was
found to be statistically significant for a higher risk of cataract development. It is worth
noting that the association with a higher risk of cataract among patients with a baseline
BCVA ≤ 0.1 compared with patients with a baseline BCVA ≥ 0.5 reached borderline
statistical significance (Table 7).

3.4.2. Maculopathy

A total of 158 patients (52.67%) developed maculopathy during follow-up (Table 5).
The mean time to diagnosis of this complication was 35.18 months (median 28, range 3–104).
Maculopathy was most common among patients treated with proton therapy (52 patients,
71.23%) and least common among patients treated with Ru-106 COB brachytherapy (10 pa-
tients, 26.32%) (Table 5). On multivariable analysis, female sex, younger age and moderately
pigmented tumors compared with heavy-pigmented tumors were associated with an in-
creased risk of maculopathy. Interestingly, the presence of systemic hypertension was
associated with a lower risk of developing this complication. Location also proved to be
statistically significant. Patients with tumors involving the macula and/or optic disc were
much more likely to develop maculopathy than those with tumors located at the equator
or anterior to the equator. I-125 brachytherapy was found to be associated with a higher
risk of maculopathy than Ru-106 COB brachytherapy (Table 7).
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Table 6. Analysis of the influence of selected factors on the occurrence of complications *—univariable Cox proportional hazards regression analyses.

Part 1

Secondary Glaucoma Vitreous Hemorrhage Maculopathy

Factor Value ** HR 95% CI p-Value HR 95% CI p-Value HR 95% CI p-Value

Baseline BCVA <0.5 and >0.1 2.29 1.37–3.83 0.00159 1.95 1.08–3.52 0.02708 1.16 0.81–1.67 0.42261

Baseline BCVA ≤0.1 3.33 1.98–5.61 0.00001 2.24 1.17–4.29 0.01501 1.09 0.71–1.68 0.67972

Tumor
pigmentation Light or amelanotic 1.73 0.81–3.70 0.15675 1.80 0.78–4.17 0.16979 1.81 1.07–3.05 0.02729

Tumor
pigmentation Moderate 1.82 0.98–3.40 0.05883 1.38 0.69–2.78 0.36275 1.74 1.14–2.65 0.01028

Diabetes
mellitus Yes 0.99 0.48–2.05 0.97516 0.84 0.34–2.11 0.71455 0.60 0.32–1.10 0.09902

Tumor largest base
diameter (mm) 1.23 1.14–1.32 <0.00001 1.05 0.97–1.14 0.24317 1.03 0.98–1.08 0.18656

Tumor
thickness (mm) 1.35 1.27–1.44 <0.00001 1.20 1.11–1.30 0.00001 1.00 0.94–1.05 0.89421

Tumor shape Domed 0.28 0.17–0.45 <0.00001 0.26 0.15–0.45 <0.00001 1.30 0.80–2.12 0.29129

Tumor shape Flat 0.16 0.02–1.16 0.06979 0 0–Inf 0.99521 0.44 0.10–1.91 0.27635

Tumor
location Anterior to the equator 1.59 0.83–3.07 0.16494 0.41 0.19–0.9 0.02579 0.40 0.24–0.67 0.00048

Tumor
location

Posterior to the equator
without the macula and

optic disc
0.92 0.49–1.70 0.78119 0.44 0.23–0.81 0.00871 0.88 0.60–1.28 0.50480

Tumor
location Equator 1.67 0.83–3.34 0.14997 0.65 0.31–1.39 0.26935 0.61 0.36–1.03 0.06478

Systemic
hypertension Yes 0.64 0.41–0.99 0.04346 0.78 0.46–1.30 0.34151 0.63 0.46–0.85 0.00301

Affected eye Left 1.67 1.08–2.57 0.02115 1.28 0.76–2.13 0.35248 1.07 0.79–1.45 0.65285

Sex Female 0.62 0.40–0.95 0.02968 0.66 0.40–1.11 0.11762 1.51 1.10–2.07 0.01052

Treatment method PT 0.39 0.23–0.66 0.00039 0.71 0.39–1.3 0.26804 1.51 1.03–2.23 0.03439

Treatment method Ru-106 CCB 0.09 0.04–0.21 <0.00001 0.27 0.12–0.59 0.00114 0.89 0.60–1.33 0.58116

Treatment method Ru-106 COB 0.07 0.02–0.28 0.00020 0.23 0.07–0.75 0.01497 0.39 0.20–0.76 0.00609

Age (years) 0.97 0.96–0.99 0.00047 0.97 0.95–0.99 0.00089 0.98 0.97–0.99 0.00418
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Table 6. Cont.

Part 2

Optic Neuropathy Retinopathy Cataract

Factor Value ** HR 95% CI p-Value HR 95% CI p-Value HR 95% CI p-Value

Baseline BCVA <0.5 and >0.1 1.57 0.97–2.55 0.06716 1.51 1.03–2.20 0.03322 1.57 1.08–2.30 0.01855

Baseline BCVA ≤0.1 2.09 1.25–3.49 0.00493 1.64 1.06–2.53 0.02625 2.14 1.37–3.33 0.00077

Tumor
pigmentation Light or amelanotic 2.02 0.96–4.28 0.06571 2.81 1.6–4.94 0.00032 1.11 0.65–1.87 0.70644

Tumor
pigmentation Moderate 2.13 1.15–3.94 0.01644 2.01 1.24–3.26 0.00442 1.31 0.87–1.99 0.19681

Diabetes
mellitus Yes 0.77 0.36–1.67 0.51267 0.82 0.45–1.47 0.50047 1.41 0.81–2.46 0.21897

Tumor largest base
diameter (mm) 1.17 1.10–1.25 <0.00001 1.06 1.01–1.11 0.02467 1.11 1.05–1.17 0.00037

Tumor
thickness (mm) 1.15 1.08–1.23 0.00001 1.07 1.02–1.13 0.00896 1.14 1.08–1.21 <0.00001

Tumor shape Domed 0.62 0.36–1.06 0.08022 0.52 0.34–0.80 0.00322 0.62 0.40–0.97 0.03710

Tumor shape Flat 0.24 0.03–1.84 0.17072 0.37 0.11–1.22 0.10334 0.23 0.05–0.99 0.04784

Tumor
location Anterior to the equator 0.37 0.18–0.73 0.00402 0.28 0.15–0.52 0.00006 1.31 0.78–2.2 0.31556

Tumor
location

Posterior to the equator
without the macula and

optic disc
0.60 0.36–0.98 0.04246 0.85 0.57–1.27 0.42222 1.22 0.80–1.86 0.35609

Tumor
location Equator 0.75 0.40–1.39 0.35726 0.95 0.58–1.57 0.85501 0.78 0.45–1.36 0.38539

Systemic
hypertension Yes 0.85 0.57–1.28 0.44538 0.56 0.40–0.78 0.00060 0.87 0.63–1.20 0.38813

Affected eye Left 1.53 1.01–2.3 0.04382 1.18 0.85–1.63 0.31764 0.98 0.71–1.34 0.87760

Sex Female 0.91 0.60–1.37 0.64578 1.00 0.72–1.39 0.99783 1.34 0.97–1.84 0.07207

Treatment method PT 0.68 0.42–1.09 0.11095 0.93 0.62–1.40 0.73795 0.47 0.31–0.71 0.00037

Treatment method Ru-106 CCB 0.26 0.14–0.48 0.00001 0.62 0.41–0.94 0.02375 0.48 0.31–0.73 0.00060

Treatment method Ru-106 COB 0.04 0.01–0.30 0.00156 0.09 0.03–0.29 0.00006 0.66 0.38–1.13 0.12534

Age (years) 0.98 0.96–0.99 0.00408 0.98 0.97–0.99 0.00069 1.02 1.01–1.03 0.00851

* Due to the insufficient number of cases identified, analyses for hyphema, retinal detachment, keratopathy and dry eye were abandoned. ** The following reference values were selected
for qualitative variables: baseline BCVA—≥0.5, tumor pigmentation—heavy, diabetes mellitus—no, tumor shape—mushroom-shaped, tumor location—macula and/or optic disc,
systemic hypertension—no, affected eye—right, sex—male, treatment method—I-125. Definition of abbreviations: HR = hazard ratio, CI = confidence interval.
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Table 7. Results of multivariable analysis of radiation complication * risk factors that proved statistically
significant in the univariable analysis–multivariable Cox proportional hazards regression analyses.

Complication, Variable and Value ** HR 95% CI p Value

Secondary glaucoma

Sex-Female 0.94 0.59–1.47 0.77292

Age (years) 0.99 0.97–1.01 0.15277

Treatment method—PT 1.71 0.67–4.37 0.26182

Treatment method—Ru-106 CCB 0.34 0.11–1.00 0.04928

Treatment method—Ru-106 COB 0.30 0.06–1.58 0.15559

Affected eye—Left 1.77 1.12–2.80 0.01462

Systemic hypertension—Yes 0.93 0.56–1.53 0.76725

Tumor thickness (mm) 1.28 1.10–1.47 0.00092

Tumor largest base diameter (mm) 0.98 0.87–1.11 0.77298

Tumor shape—Domed 1.02 0.53–1.96 0.95029

Tumor shape—Flat 3.25 0.33–32.08 0.31326

Baseline BCVA—<0.5 and >0.1 2.14 1.20–3.81 0.00984

Baseline BCVA—≤0.1 2.43 1.34–4.42 0.00363

Vitreous hemorrhage

Age (years) 0.98 0.96–1.00 0.10412

Treatment method—PT 2.96 0.90–9.71 0.07345

Treatment method—Ru-106 CCB 1.57 0.47–5.23 0.46209

Treatment method—Ru-106 COB 2.09 0.41–10.53 0.37294

Tumor thickness (mm) 1.28 1.07–1.53 0.00779

Tumor location—Anterior to the equator
(vs. the macula and/or optic disc) 0.26 0.10–0.68 0.00627

Tumor location—Posterior to the equator
without the macula and optic disc 0.36 0.18–0.72 0.00416

Tumor location—Equator 0.42 0.17–1.00 0.04984

Tumor shape—Domed 0.40 0.19–0.82 0.01254

Tumor shape—Flat 0 0–Inf 0.99578

Baseline BCVA—<0.5 and >0.1 1.62 0.83–3.19 0.15882

Baseline BCVA—≤0.1 1.42 0.63–3.19 0.39715

Maculopathy

Sex—Female 2.02 1.45–2.83 0.00004

Age (years) 0.99 0.97–1.00 0.04875

Treatment method—PT 1.15 0.75–1.76 0.52173

Treatment method—Ru-106 CCB 0.93 0.62–1.41 0.73914

Treatment method—Ru-106 COB 0.37 0.18–0.74 0.00489

Systemic hypertension—Yes 0.65 0.46–0.93 0.01720

Tumor location—Anterior to the equator 0.43 0.24–0.77 0.00469

Tumor location—Posterior to the equator
without the macula and optic disc 0.90 0.60–1.36 0.61432

Tumor location—Equator 0.45 0.25–0.8 0.00643

Tumor pigmentation—Light or amelanotic
(vs. heavy) 1.36 0.76–2.45 0.29776

Tumor pigmentation—Moderate 1.68 1.05–2.67 0.02903

Optic neuropathy

Age (years) 0.98 0.96–1.00 0.01466

Treatment method—PT 0.65 0.26–1.62 0.35671
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Table 7. Cont.

Complication, Variable and Value ** HR 95% CI p Value

Treatment method—Ru-106 CCB 0.31 0.13–0.74 0.00783

Treatment method—Ru-106 COB 0.07 0.01–0.62 0.01625

Affected eye—Left 1.38 0.89–2.12 0.14662

Tumor thickness (mm) 0.95 0.82–1.11 0.52292

Tumor largest base diameter (mm) 1.14 1.02–1.27 0.01706

Tumor location—Anterior to the equator 0.34 0.15–0.77 0.00919

Tumor location—Posterior to the equator
without the macula and optic disc 0.60 0.34–1.06 0.07772

Tumor location—Equator 0.45 0.22–0.94 0.03299

Tumor pigmentation—Light or amelanotic 1.43 0.61–3.34 0.40767

Tumor pigmentation—Moderate 1.35 0.67–2.72 0.40493

Baseline BCVA—<0.5 and >0.1 1.01 0.57–1.77 0.98235

Baseline BCVA—≤0.1 1.01 0.52–1.98 0.97040

Retinopathy

Age (years) 0.98 0.97–1.00 0.03547

Treatment method—PT 0.65 0.30–1.44 0.28936

Treatment method—Ru-106 CCB 0.58 0.29–1.16 0.12180

Treatment method—Ru-106 COB 0.10 0.03–0.37 0.00065

Systemic hypertension—Yes 0.69 0.48–1.01 0.05636

Tumor thickness (mm) 0.96 0.82–1.12 0.58750

Tumor largest base diameter (mm) 0.98 0.89–1.08 0.71993

Tumor location—Anterior to the equator 0.34 0.17–0.68 0.00227

Tumor location—Posterior to the equator
without the macula and optic disc 0.86 0.54–1.35 0.49979

Tumor location—Equator 0.78 0.44–1.37 0.38374

Tumor shape—Domed 0.69 0.37–1.28 0.23678

Tumor shape—Flat 0.81 0.19–3.45 0.77207

Tumor pigmentation—Light or amelanotic 1.86 0.99–3.49 0.05343

Tumor pigmentation—Moderate 1.53 0.89–2.64 0.12370

Baseline BCVA—<0.5 and >0.1 1.18 0.75–1.86 0.46238

Baseline BCVA—≤0.1 1.33 0.76–2.32 0.32131

Cataract

Age (years) 1.03 1.01–1.04 0.00154

Treatment method—PT 1.53 0.70–3.37 0.28941

Treatment method—Ru-106 CCB 1.10 0.55–2.22 0.78304

Treatment method—Ru-106 COB 1.77 0.74–4.22 0.19700

Tumor thickness (mm) 1.12 0.97–1.28 0.12090

Tumor largest base diameter (mm) 1.06 0.97–1.16 0.19963

Tumor shape—Domed 0.84 0.46–1.54 0.56641

Tumor shape—Flat 0.36 0.07–1.82 0.21961

Baseline BCVA—<0.5 and >0.1 1.39 0.91–2.13 0.13084

Baseline BCVA—≤0.1 1.68 1.00–2.82 0.05161

* Due to the insufficient number of cases identified, analyses for hyphema, retinal detachment, keratopathy and
dry eye were abandoned. ** The following reference values were selected for qualitative variables: baseline
BCVA—≥0.5, tumor pigmentation—heavy, tumor shape—mushroom-shaped, tumor location—macula and/or
optic disc, systemic hypertension—no, sex—male, treatment method—I-125, affected eye—right.

https://doi.org/10.3390/cancers18060944

https://doi.org/10.3390/cancers18060944


Cancers 2026, 18, 944 18 of 34

3.4.3. Retinopathy

Retinopathy was diagnosed in 140 patients (46.67%) during follow-up (Table 5). The
mean time to diagnosis was 40.21 months (median 36.50, range 3–121). Retinopathy
was most common among patients treated with proton therapy (43 patients, 58.9%) and
least common among patients treated with Ru-106 COB brachytherapy (3 patients, 7.89%)
(Table 5). In multivariable analysis, younger age was found to be statistically significant for
a higher risk of retinopathy development. Ru-106 COB brachytherapy was associated with
an evidently reduced risk of retinopathy compared to I-125 brachytherapy. Tumors located
anterior to the equator were associated with a substantially lower risk of this complication
in comparison to tumors involving the macula and/or optic disc. The presence of systemic
hypertension was found to be of borderline statistical significance as a factor preventing
the development of retinopathy. Light-pigmented or amelanotic tumor was found to be
of borderline statistical significance as a factor favoring development of this complication
compared to heavy-pigmented tumor (Table 7).

3.4.4. Optic Neuropathy

A total of 88 patients (29.33%) developed optic neuropathy during follow-up (Table 5).
The mean time to diagnosis of this complication was 40.83 months (median 38, range
3–119). Optic neuropathy was most common among patients treated with I-125 brachyther-
apy (47 patients, 46.08%) and least common among patients treated with Ru-106 COB
brachytherapy (1 patient, 2.63%) (Table 5). In multivariable analysis, older age was as-
sociated with a lower risk of developing an analyzed complication. The use of I-125
brachytherapy was associated with a significantly higher risk of optic neuropathy than
the use of Ru-106 brachytherapy with CCB and COB plaques. An increase in the tumor’s
largest base diameter was associated with a higher risk of developing this complication.
Tumor location within the equator of the eyeball and anterior to it was associated with
a decrease in the risk of optic neuropathy compared to locations involving the macula
and/or optic disc (Table 7).

3.4.5. Secondary Glaucoma

A total of 83 patients (27.7%) developed secondary glaucoma during follow-up
(Table 5). The mean time to diagnosis of this complication was 33.43 months (median
27, range: 2–94). Secondary glaucoma was most common among patients treated with
I-125 brachytherapy (55 patients, 53.92%) and least common among patients treated with
Ru-106 COB brachytherapy (2 patients, 5.26%) (Table 5). In multivariable analysis, a higher
risk of developing secondary glaucoma was associated with baseline BCVA weaker than
0.5, greater tumor thickness, and also, interestingly, involvement of the left eye. The use
of I-125 brachytherapy was also associated with a significantly higher risk compared to
Ru-106 CCB brachytherapy (Table 7).

3.4.6. Vitreous Hemorrhage

Of the 295 patients analyzed, 56 (19%) were diagnosed with vitreous hemorrhage
during the follow-up (Table 5). The mean time to diagnosis of this complication was
37.64 months (median 31, range: 4–95). Vitreous hemorrhage was most common among
patients treated with I-125 brachytherapy (28 patients, 28.87%) and least common among
patients treated with Ru-106 COB brachytherapy (3 patients, 7.89%) (Table 5). In multivari-
able analysis, a higher risk of vitreous hemorrhage occurrence was associated with greater
tumor thickness, tumor location including the macula and/or optic disc compared to all
other locations, and mushroom-shaped tumor compared to domed shape (Table 7).
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3.4.7. Hyphema

During the follow-up period, anterior chamber hemorrhage was diagnosed in 25 pa-
tients (8.3%) (Table 5). The mean time to diagnosis of this complication was 42.36 months
(median 38, range: 4–95). Hyphema was most common among patients treated with I-125
brachytherapy (17 patients, 16.67%) and least common among patients treated with Ru-106
CCB brachytherapy (1 patient, 1.15%) (Table 5). Due to the small number of recorded cases,
univariable and multivariable analyses were not performed because their credibility would
be low.

3.4.8. Retinal Detachment

Of the 222 patients analyzed, 17 (7.7%) were diagnosed with this complication dur-
ing the follow-up (Table 5). The mean time to diagnosis was 29.82 months (median 18,
range: 3–102). Retinal detachment was most common among patients treated with I-125
brachytherapy (8 patients, 17.39%) and least common among patients treated with Ru-106
COB brachytherapy (1 patient, 2.7%) (Table 5). Due to the small number of recorded cases,
univariable and multivariable analyses were not performed because their credibility would
be low.

3.4.9. Keratopathy

Only seven patients (2.3%) developed keratopathy during follow-up (Table 5). The
mean time to diagnosis was 47.29 months (median 46, range: 20–81). Keratopathy was most
common among patients treated with I-125 brachytherapy (6 patients, 5.88%) and least
common among patients treated with Ru-106 brachytherapy with CCB and COB plaques,
in which no patient was diagnosed with this complication (Table 5). Due to the small
number of recorded cases, univariable and multivariable analyses were not performed
because their credibility would be low.

3.4.10. Dry Eye

Only four patients (1.3%) developed dry eye during follow-up (Table 5). The mean
time to diagnosis was 29.25 months (median 15, range: 3–84). Dry eye was most common
among patients treated with proton therapy (2 patients, 2.74%) and least common among
patients treated with Ru-106 brachytherapy with CCB and COB plaques, in which no patient
was diagnosed with this complication (Table 5). Due to the small number of recorded cases,
univariable and multivariable analyses were not performed because their credibility would
be low.

3.4.11. Summary of Number of Complications

Table 8 shows the total number of complications diagnosed in individual patients. This
number varied greatly, from 36 patients (12%) in whom no complications of radiotherapy
were observed throughout the entire observation period to as many as 8 complications in
2 patients (0.67%).

Table 8. Total number of complications occurring in individual patients.

Number of Complications Number of Patients

0 36 (12.00)
1 66 (22.00)
2 67 (22.33)
3 53 (17.67)
4 42 (14.00)
5 21 (7.00)
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Table 8. Cont.

Number of Complications Number of Patients

6 10 (3.33)
7 3 (1.00)
8 2 (0.67)

Variables presented as n (%).

3.5. Treatment of Complications of Radiotherapy

Complications were treated in a total of 164 patients (54.67%), which represents 62.12%
of all patients in whom complications were diagnosed. The following procedures were
performed: cataract surgery (94 patients); anti-VEGF injections (91 patients); TCA injections
(10 patients); antiglaucoma procedures, e.g., trabeculectomy (12 patients); retinal laser
therapy (3 patients); vitrectomy (12 patients); phacovitrectomy (3 patients); and enucleation
(14 patients). In this study, we did not analyze the effectiveness and outcomes of treatment
of complications.

3.6. Treatment of Failures of Radiotherapy

Treatment failures were noted in 28 patients (9.33%). Due to the lack of effectiveness of
primary radiotherapy or subsequent tumor recurrence, the following methods were used:
Ru-106 brachytherapy (16 patients), TTT (10 patients), I-125 brachytherapy (9 patients), and
enucleation (6 patients). The higher number of retreatments than the number of patients
with failures is due to the fact that some patients received a combination of two methods,
such as Ru-106 brachytherapy combined with TTT, and some had to repeat the treatment
several times due to subsequent recurrences.

4. Discussion
4.1. Planning the Study

Planning our study, we wanted to take advantage of the unique availability of various
world-leading treatment methods for uveal melanoma in a single center—the Department
of Ophthalmology and Ocular Oncology, University Hospital in Krakow, Poland. Thanks
to this, it was possible to include the treatment method in the analyses as one of the factors
potentially increasing the risk of radiation complications, while keeping in mind the lack
of randomization and differences in the characteristics of patients and tumors treated
with different methods. Shields et al. and Aziz et al. analyzed the influence of treatment
methods in their studies in a similar way [20,43]. We also wanted to check whether our
clinical observations regarding the occurrence of complications after radiotherapy would be
reflected in the analytical results and how they compare to the results of other researchers.

When planning our study, we faced several dilemmas. The first dilemma was defining
patient inclusion and exclusion criteria. We decided that, since the primary goal of the
study is to assess the influence of selected factors on the development of radiation complica-
tions that lead to deterioration in visual acuity, these criteria must be restrictive in order to
minimize the influence of other confounding factors on the obtained results. We chose a min-
imum 5-year follow-up period because our experience and the results of other researchers
show that radiation complications often appear several years after treatment [19,25]. In a
minority of studies on radiation complications and the deterioration of visual acuity after
radiotherapy for uveal melanoma, we found information about patients included in the
study with ocular comorbidities such as age-related macular degeneration, glaucoma or
diabetic retinopathy diagnosed before the primary therapy for the tumor [22,25,28,30,39,43].
The vast majority of studies we have reviewed do not provide any information about their
inclusion or exclusion from the studies [18,19,21,24,27,31,35,36,38,40–42]. We excluded all
patients with ocular diseases that could in any way affect the assessment of complications
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or the patient’s visual acuity, making an exception only for those in whom the abnormal-
ities found were related to the tumor (retinal detachment, vitreous hemorrhage) as well
as patients diagnosed with cataract, which is quite common in the dominant age group
of patients diagnosed with uveal melanoma and may also be the result of the presence of
a tumor. We believe that our decisions, despite the reduction in the number of patients
analyzed, had a positive impact on the reliability of the results.

Further dilemmas concerned the choice of division into categories of the analyzed
parameters, the criteria for assessing tumors, defining complications, and others. While
analyzing the literature on radiation complications and the deterioration of visual acuity
after treatment of uveal melanoma, we encountered very different categories of values in
terms of visual acuity; classifications of tumor parameters such as its size, color, shape, and
above all, location; as well as definitions of complications. We tried to use in our study
the divisions and definitions most frequently used by other researchers to best compare
the obtained results with those from other centers. However, we would like to point out
that such a huge number of differences in the analyzed parameters between researchers
makes a reliable comparison of results, which is difficult in this type of research, even more
complicated and not always possible. Uveal melanoma is a rare cancer, and the number
of places and specialists who treat it is relatively small. Due to these facts, greater global
standardization of the inclusion and exclusion criteria, and classification of parameters and
definitions used in scientific research, may be worth considering.

4.2. Baseline Characteristics

When analyzing the baseline characteristics of the patients, attention is drawn to the
youngest age of patients treated with proton therapy (Table 1). Our observations suggest
that this may be due, among other things, to greater concern about maintaining good visual
acuity after treatment among young people than among older people. Therefore, when
given a choice between proton therapy and brachytherapy, younger patients are more likely
to choose proton therapy. An additional factor is the need for a larger number of visits
for proton therapy treatment, and the overall duration of the entire process is longer than
in the case of brachytherapy, which also discourages older patients. It also happens that
older patients, in particular, who initially qualified for proton therapy, were ultimately
treated with brachytherapy because their health condition did not allow for proton therapy,
e.g., due to the inability to focus the eyes or adopt a forced body position. Interest is also
aroused by a very high proportion of patients with retinal detachment among those treated
with I-125 brachytherapy—56 patients (55.45%) (Table 1). This is most likely related to the
large size of the tumors that qualified for this treatment, as larger tumor size predisposes to
retinal detachment [51].

Moving on to the baseline characteristics of the tumors, it is worth noting that groups
of tumors treated with different methods differ significantly in all parameters concerning
their baseline characteristics (Table 2). This is understandable because the selection of
the treatment method is based mainly on the characteristics of the tumor, and the study
is not randomized. Interestingly, proton therapy was mainly used to treat small tumors,
although this method can also be used for larger tumors. The answer to why this is so
lies in the comparison of tumors treated with different methods in terms of their location.
Due to the high cost of proton therapy, qualification for it is reserved primarily for patients
with a tumor close to the macula and optic disc, so those who have the highest risk of a
significant deterioration of visual acuity due to irradiation consequences on these critical
structures. At the same time, because of their location, tumors in the posterior pole usually
cause symptoms such as decreased vision earlier than tumors located anterior to the
equator, so they are also detected earlier, which results in their smaller size at the time of
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diagnosis. The comparison of numbers of tumors treated with Ru-106 brachytherapy and
I-125 brachytherapy in locations close to the optic disc and macula illustrates the greater
number of patients treated with Ru-106 brachytherapy, which is also related to their earlier
detection, smaller size and, thanks to this, the possibility of treating them with Ru-106
brachytherapy.

4.3. Treatment Outcomes

The mean follow-up time was 88.63 months (median 89, range: 20–127). This re-
sult is longer (often several times) than in the vast majority of studies devoted to this
topic [21–25,27,28,31,35,38–43]. It is worth noting that, only in the case of patients who
required enucleation, the observation period could be shorter than 5 years. All other
patients were followed for a minimum of 5 years from the first day of primary treatment.
This allowed for the recording of complications occurring at a later time after treatment
and the assessment of visual acuity in the long term.

For the entire group of patients, local tumor control was achieved in 272 patients
(90.67%) during the follow-up period. The local tumor control rate was 88.51% in Ru-106
CCB brachytherapy, 89.47% in Ru-106 COB brachytherapy, 91.18% in I-125 brachyther-
apy and 93.15% in proton therapy. There was no statistically significant difference be-
tween the different treatment methods. These results are similar to those of other re-
searchers [3,13,28,30,39]. We would like to emphasize that the assessment of treatment
effectiveness was performed only peripherally, as the study was focused on assessing
ocular complications. The initial exclusion of patients with other ocular comorbidities and
those with a follow-up period of less than 5 years means that the obtained results should be
treated with caution because they may differ slightly when considering all treated patients.
The decision to enucleate was influenced by the complications identified, their severity
and the associated symptoms, e.g., pain, itching of the eye, and the deterioration of visual
acuity, but also the patient’s feelings about the appearance of the eye after treatment. The
primary cause of enucleation in this case was secondary glaucoma, which was diagnosed
in 11 of 14 patients undergoing treatment and was usually associated with severe eye pain.
It is worth noting that all of the complications described also led to a loss of vision in
the treated eye, with as many as 11 of 14 patients experiencing a loss of light perception
prior to eyeball removal. The lack of vision in the treated eye and its unsightly appearance
in the patient’s opinion additionally contributed to the patients’ decision to consent to
enucleation. In summary, the decision to remove the eyeball due to complications was
most often based on several factors. Distant metastasis, noted in only 13 patients (4.33%),
should also be approached with great caution because patients who, among other reasons
due to metastasis, failed to survive for at least 5 years after initial treatment were excluded
from the study. Moreover, it is a collective approach, taking into account all treatment
methods together. At the same time, previous studies also show very large variations in
the frequency of metastases [3,24,31,35].

4.4. Visual Acuity

The deterioration of visual acuity after radiotherapy for uveal melanoma is a huge
problem. Among all patients included in our study, BCVA better than or equal to 0.5 was
present in 63 patients (21%) at last follow-up. BCVA of 0.1 or worse at the last follow-up
characterized 203 patients (67.67%). In both cases, these results were weaker compared
to the study by Pors et al., in which it was 47% and 31% respectively. However, the cited
study included patients with much better baseline visual acuity, treated only with Ru-106
brachytherapy and with a shorter follow-up period [30]. In the study by Marinkovic et al.,
which was devoted to patients treated with proton therapy for large tumors and/or their
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juxtapapillary location, visual acuity at 5 years after treatment was <0.5 in 89.2% of pa-
tients and <0.1 in 78.9% of patients [24]. In the study by Wilson and Hungerford, 55%
of the patients treated with Ru-106 brachytherapy, 39% of the patients treated with I-125
brachytherapy and 15% of the patients treated with proton therapy had a visual acuity of
6/12 or better at last examination [18]. Such a significant deterioration in eye function is
primarily the result of radiation complications, but it is worth remembering that the impact
of the tumor itself, causing, e.g., retinal detachment, also contributes to this [51]. While
conducting our study, we devoted a lot of attention and analyses to the deterioration of
visual acuity and risk factors for its occurrence after brachytherapy and proton therapy of
uveal melanoma. Due to the large number of results and conclusions, we decided to devote
a separate paper to this issue, which we plan to publish soon. The above paragraph and
Table 4 are therefore only a general outline of the results.

4.5. Complications and Factors Influencing Their Occurrence

Moving on to the discussion of the most important part of our study, i.e., the factors
influencing the occurrence of radiation ocular complication, we would like to emphasize
several things. Please note the often numerous differences between our study and the
studies whose results we cite in terms of patient inclusion and exclusion criteria, definitions
of complications, treatment method, and different lengths of follow-up periods. Please
pay attention that below we are comparing the incidence of complications for our entire
study group of patients treated with various methods with studies that usually used a
single method. For a more comprehensive comparison of complication rates, we encourage
you to refer to Table 5, which presents the distribution of complications by treatment
method. We also want to draw your attention to the fact that, in the case of multivariable
analyses for qualitative variables, it was necessary to select a reference group. If there
were only two variants within a variable (e.g., sex—male or female), we simply compared
them. For variables with multiple variants, we selected the statistically optimal variant as
the reference point. However, the need to select the variant of the variable to which we
compared the remaining variants meant that some of them were not compared. Therefore,
it cannot be ruled out that additional statistically significant relationships may exist that
were not demonstrated in our analysis.

4.5.1. Cataract

Cataract was diagnosed in 151 patients (84.36%) among 179 analyzed patients during
follow-up and was the most frequently reported complication. This frequency is higher
than in other studies but at the same time our study is characterized by a longer observation
period [26,28,30,33,41]. Only older age was found to be statistically significant for a higher
risk of cataract development. This parameter also turned out to be a risk factor for the
development of cataract in the studies by Espensen et al. and Seibel et al. [41,52]. Greater
largest base dimension and near-maximum dose delivered to the lens are remaining risk
factors for this complication identified by Espensen et al. [41]. Puusaari et al. showed
increasing tumor height to be a risk factor for cataract development [28]. Other researchers
have pointed out the key role of the larger tumor size, especially its height and anterior
location [53]. Tarmann et al. reported anterior tumor location, and also an elevated
irradiation dose (90 Gy) to the tumor apex, as risk factors for cataract development [54]. It is
worth noting that, in our study, the association with a higher risk of cataract among patients
with a baseline BCVA in the range < 0.1, no light perception > compared with patients
with a baseline BCVA ≥ 0.5 reached borderline statistical significance. We have not found
poorer baseline BCVA as a risk factor for cataract in other studies. Taking into account
the age of the studied patients and the time of cataract appearance in the population of
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patients not treated with radiotherapy, it seems reasonable to suspect that some of the
cases of this diagnosis are simply due to the age of the patients. The positive aspect is that,
although cataract is the most common complication in our study group, it can be easily
treated surgically.

4.5.2. Maculopathy

Maculopathy turned out to be the second most common complication in our study.
A total of 158 patients (52.67%) developed maculopathy during follow-up. This is almost
identical to the result of the study by Puusaari et al., in which the 5-year cumulative
incidence of maculopathy was 52% [28]. Studies by Espensen et al. and Summanen et al. on
patients treated with ruthenium brachytherapy showed a maculopathy rate of 29% and 24%,
respectively [41,53]. In a systematic review examining brachytherapy and proton therapy,
Tseng et al. reported a maculopathy incidence ranging from 8% to 56% [26]. In multivariate
analysis, younger age turned out to be a risk factor for the development of maculopathy,
similar to Chang et al.’s study [27]. Tumor location also proved to be statistically significant,
because patients with tumors involving the macula and/or optic disc were much more
likely to develop maculopathy than those with tumors located at the equator or anterior to
the equator, which is consistent with the results of other researchers [53,54]. Tarmann et al.
also showed a mushroom tumor shape and pre-existing retinal detachment as risk factors
for this complication [54]. In our study, the shape of the tumor did not prove to be a risk
factor, and we did not analyze the effect of pre-existing retinal detachment on this topic. In
contrast to Puusaari et al.’s results, in our study female sex turned out to be a risk factor
for maculopathy [28]. Our results showed that moderately pigmented tumors compared
with heavy-pigmented tumors were associated with an increased risk of maculopathy.
Interestingly, the presence of systemic hypertension was associated with a lower risk of
developing this complication. Unfortunately, we did not find any results regarding the
influence of these factors in other publications. Moreover, I-125 brachytherapy was found
to be associated with a higher risk of maculopathy than Ru-106 COB brachytherapy.

4.5.3. Retinopathy

The third most common complication was retinopathy, which was diagnosed in
140 patients (46.67%) during follow-up. In the studies by Hasegawa et al., Seibel et al., and
among patients treated with I-125 brachytherapy in Guleser et al.’s study, the incidence
was 54.7%, 68.1% and 39.3% respectively [25,35,55]. Taking into account patients treated
with I-125, Ru-106 brachytherapy and proton therapy in Zemba et al.’s review paper, the
incidence of retinopathy falls within a wide range, 10–68.1% [17]. Seibel et al. pointed
to the central location of tumor and greater tumor thickness among midperipheral and
peripheral tumors as independent risk factors for radiation retinopathy [55]. The results
of our study also showed the key role of location, because tumors located anterior to the
equator were associated with a substantially lower risk of this complication in comparison
to tumors involving the macula and/or optic disc. In our study, tumor thickness did not
prove to be a risk factor for retinopathy, but unlike Seibel et al. we did not perform separate
analyses for patients with tumors in different locations. Younger age was found to be
statistically significant for a higher risk of retinopathy development, similar to the study
conducted by Chang et al. [27]. Younger age, distance to optic nerve less than 6 mm and
increasing the maximum dose to the fovea were found to be risk factors for retinopathy in
Hasegawa et al.’s study [25]. In multivariable analysis, Ru-106 COB brachytherapy was
associated with an evidently reduced risk of retinopathy compared to I-125 brachytherapy,
as it turned out for maculopathy. Additionally, we would like to mention that, interestingly,
the presence of systemic hypertension was found to be of borderline statistical significance
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as a factor preventing the development of retinopathy, and light-pigmented or amelanotic
tumor was found to be of borderline statistical significance as a factor favoring development
of this complication compared to heavy-pigmented tumor. We did not find similar results
in the studies we assessed.

4.5.4. Optic Neuropathy

A total of 88 patients (29.33%) developed optic neuropathy during follow-up. In the
studies by Hasegawa et al., Seibel et al. and Pagliara et al., the incidence was 20.4%, 41.0%
and 5.4% respectively [25,55,56]. Risk factors for optic neuropathy in Hasegawa et al.’s
study were White race (vs. Others), distance to optic nerve of less than 6 mm as well as
increasing the integral radiation dose in the eye, while in Seibal et al.’s study these were a
short distance to the optic disc and the dose applied to the optic disc [25,55]. In our study,
tumors located within the equator of the eyeball and anterior to it were associated with
a decrease in the risk of optic neuropathy compared to locations involving the macula
and/or optic disc. An increase in the tumor’s largest base diameter was associated with
a higher risk of developing this complication. The finding of these two risk factors is
consistent with Tarmann et al.’s results [54]. Our results also indicate, in the case of optic
neuropathy, that younger age and the use of I-125 brachytherapy compared to the use of
Ru-106 brachytherapy with CCB and COB plaques as risk factors for this complication.

4.5.5. Secondary Glaucoma

Different researchers have different approaches to defining and assessing glaucoma as
a complication of radiotherapy [17,26]. Some of them assess only neovascular glaucoma
as a complication, while others treat it more generally and assess secondary glaucoma
as a complication [20,25,30,54]. We chose the second, more general solution. A total
of 83 patients (27.7%) developed secondary glaucoma during follow-up. It was most
common among patients treated with I-125 brachytherapy (55 patients, 53.92%) and least
common among patients treated with Ru-106 COB brachytherapy (2 patients, 5.26%). In
the studies by Tarmann et al., Pors et al., Puusaari et al. and Schönfeld et al., the incidence
of this complication was 10.5%, 15.2%, 60% and 23.5% respectively [28,30,54,57]. It is
worth noting that the studies by Tarmann et al. and Pors et al. concerned the use of
Ru-106 brachytherapy, while Puusaari et al. concerned the use of I-125 brachytherapy
and Schönfeld et al. concerned proton therapy [28,30,54,57]. Tarmann et al. show a
mushroom-like tumor shape and a higher tumor distance to the optic disc as risk factors
while Pors et al. pointed out that glaucoma incidence was correlated with tumor ciliary body
involvement [30,54]. A greater radiation dose to the opposite retina, tumor height and IOP
at diagnosis were associated with secondary glaucoma in Puusaari et al.’s studies [28,58].
Our study also found that greater tumor thickness was associated with an increased risk of
secondary glaucoma. Furthermore, a higher incidence of glaucoma was associated with
baseline BCVA weaker than 0.5 and the use of I-125 brachytherapy compared to Ru-106
CCB brachytherapy. It is worth paying attention to the fact that, in our study, similarly to
the studies cited above, the incidence of glaucoma among patients treated with Ru-106
brachytherapy was several times lower compared to I-125 brachytherapy. To our great
surprise, the location of the tumor in the left eye compared to the right eye was also
associated with a higher risk of developing secondary glaucoma in multivariate analysis.
Unfortunately, we have not found similar results in the available publications regarding the
impact of poor baseline visual acuity and tumor location in the left eye on the development
of secondary glaucoma. Regarding the higher risk associated with poorer baseline visual
acuity, a clue could be the higher risk of developing glaucoma in patients with myopia and
hyperopia but we have not analyzed it in detail yet [59,60]. Unfortunately, we currently do
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not know how to explain the higher risk of developing secondary glaucoma when the left
eye is affected.

4.5.6. Vitreous Hemorrhage

Of the 295 patients analyzed, 56 (19%) were diagnosed with vitreous hemorrhage
during the follow-up. In Hasegawa et al.’s study, it occurred in 6.7% of patients [25]. In
Tarmann et al. and Summanen et al.’s studies, it was 17.5% and 15% respectively [53,54].
Risk factors for vitreous hemorrhage that showed statistical significance in multivariable
analyses performed by other investigators include: being of White race, the integral radi-
ation dose, tumor thickness more than 5 mm and a mushroom-shaped tumor [25,53,54].
Our results regarding tumor parameters were largely consistent with those obtained in the
studies mentioned above. In our study, the following were associated with a higher risk of
vitreous hemorrhage: greater tumor thickness, a mushroom-shaped tumor compared to a
domed shape, and the tumor location including the macula and/or optic disc compared to
all other locations.

4.5.7. Hyphema

While reviewing the literature, we did not find hyphema as a complication following
radiotherapy for uveal melanoma. At the same time, since we decided to present all
complications that occurred in the group of patients we studied, and the relationship
between the occurrence of hyphema and radiotherapy was clear, we present it as a post-
radiation complication of the treatment analogously to vitreous hemorrhage. During the
follow-up period, hyphema was diagnosed in 25 patients (8.3%) and was most common
among patients treated with I-125 brachytherapy (17 patients, 16.67%) and least common
among patients treated with Ru-106 CCB brachytherapy (1 patient, 1.15%). Unfortunately,
due to the insufficient number of identified cases, we refrained from performing univariable
and multivariable analyses of potential risk factors for this complication because their
credibility would be low.

4.5.8. Retinal Detachment

Of the 222 patients analyzed, 17 (7.7%) were diagnosed with retinal detachment during
the follow-up. In the studies by Espensen et al. and Puusaari et al., the incidence of this
complication was respectively 36% and 25% [23,28]. In the Tarmann et al. study, retinal de-
tachment occurred in 18.9% of patients but they include both those who developed a retinal
detachment or where retinal detachment increased [54]. Zemba et al., in their systematic
review, report the incidence of this complication from 7.3% to 38%, varying for different
treatment methods [17]. Differences in the criteria for assessing this complication between
different studies make their comparison difficult. Unfortunately, due to the insufficient
number of identified cases, we refrained from performing univariable and multivariable
analyses of potential risk factors for this complication because their credibility would be
low. It is worth noting that exudative retinal detachment diagnosed before radiotherapy of
the tumor often resolves within a few or a dozen months after treatment [17].

4.5.9. Keratopathy

There are not many studies devoted to the occurrence of radiation-induced complica-
tions of the ocular surface after radiotherapy for uveal melanoma, except those devoted to
iris melanoma. This may be due to the fact that they usually do not have as strong a negative
impact on visual acuity as, for example, optic neuropathy or maculopathy, or perhaps less
importance is attached to examining patients for them or they simply occur less frequently.
In our study only seven patients (2.3%) developed keratopathy during follow-up. Ker-
atopathy was most common among patients treated with I-125 brachytherapy (6 patients,

https://doi.org/10.3390/cancers18060944

https://doi.org/10.3390/cancers18060944


Cancers 2026, 18, 944 27 of 34

5.88%) and least common among patients treated with Ru-106 brachytherapy with CCB
and COB plaques, in which no patient was diagnosed with this complication. In Convay
et al.’s study, the incidence of keratopathy or dry eye was 23.8% [61]. We have included
corneal abnormalities resulting from radiotherapy, e.g., corneal haze, in the broad concept
of keratopathy, but some researchers use the narrower term to assess corneal complications,
which is keratitis. The incidence of it in Quivey et al.’s study was 3.8% [62]. Unfortunately,
due to the small number of identified cases, we refrained from performing univariable
and multivariable analyses of potential risk factors for this complication because their
credibility would be low.

4.5.10. Dry Eye

As in the case of keratopathy, there are not many studies devoted to dry eye after
radiotherapy for uveal melanoma. In our study only four patients (1.3%) developed dry
eye during follow-up. It was most common among patients treated with proton therapy
(2 patients, 2.74%) and least common among patients treated with Ru-106 brachytherapy
with CCB and COB plaques, in which no patient was diagnosed with this complication.
In Thariat et al.’s study, a five-year incidence of dry eye syndrome and severe dry eye
syndrome was 23.0% and 10.9% respectively [63]. Quivey et al. reported an 8% incidence
of dry eye after I-125 brachytherapy [62]. Ocular surface complications such as dry eye are
considered more common with proton therapy than with brachytherapy [17]. We suspect
that the significantly lower incidence of dry eye syndrome among our patients than in
the cited studies may be due to its underdiagnosis, as we did not routinely perform tests
for it during the follow-up, such as the Schirmer test and tear break-up time (TBUT) test.
Therefore, its true incidence may be higher. Unfortunately, in this case too, due to the small
number of identified cases, we refrained from performing univariable and multivariable
analyses of potential risk factors for this complication because their credibility would
be low.

To summarize, the most important factors which influenced the development of the
four complications were the patient’s age (younger age increased the risk of maculopathy,
retinopathy, and optic neuropathy, and older age increased the risk of cataract), the location
of the tumor (maculopathy, retinopathy, optic neuropathy and vitreous hemorrhage), and
the treatment method used (maculopathy, retinopathy, optic neuropathy and secondary
glaucoma). Next in line was tumor thickness, the increase in which was associated with a
higher risk of two complications (secondary glaucoma, vitreous hemorrhage). The remain-
ing factors in the multivariable analysis influenced the occurrence of one complication,
except for the presence of diabetes at baseline, the role of which was not statistically signifi-
cant in the development of any complication. It is worth noting that the treatment method
used and the thickness of the tumor are closely related, because the treatment method is
largely selected based on the thickness of the tumor [8,17,20,26,29].

4.5.11. Summary of Number of Complications

The overall summary of the number of complications per patient shows a very large
variation in this regard. This number varied greatly from 36 patients (12%) in whom
no complications of radiotherapy were observed throughout the entire follow-up period
to as many as eight complications in two patients (0.67%). Hasegawa et al. presented
results in which as many as 41.8% of patients had no complications, while their maximum
number was four and was found in only 0.9% of patients. However, it should be noted
that, compared to our study, the Hasegawa et al. study included only patients treated with
iodine, and the median follow-up period was almost three times shorter than in our study
(33.6 months vs. 89 months) [25].
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4.6. Treatment of Complications of Radiotherapy

Over time, we have gained access to newer and more advanced methods of treating
radiation-related complications [64,65]. Unfortunately, we still cannot cope effectively with
all of them. Cataract surgery (94 patients) and anti-VEGF injections (91 patients) were the
most common treatments for radiation complications among the patients we analyzed. This
corresponds to the most common complications in our study, cataract, maculopathy and
retinopathy, and also those frequently reported by many other researchers [17,20,26,28,30].
All patients had an opportunity to benefit from treatment for complications, whenever
medically possible. In this study, we did not compare the outcomes of patients who
received treatment for complications and those who did not. However, we are considering
conducting such an analysis in the future, with particular emphasis on the impact on
visual acuity.

4.7. Treatment of Failures of Radiotherapy

Analysis of the effectiveness of retreatment in the absence of efficacy of primary
treatment was not the subject of this study. However, it is worth emphasizing that subse-
quent radiotherapy treatment due to failure of the primary treatment is associated with an
additional dose of radiation and, therefore, it also contributes to the occurrence of radiation-
related complications. Additional TTT or other methods used also have an impact on the
condition of the eye. We decided not to exclude from the analysis patients who required
repeated treatment, even though to some extent they most likely worsen the results in
terms of the number of post-radiation complications and visual acuity, because in fact
this is the result of imperfections in the initial treatment. It is worth remembering this
when analyzing the results of this and other studies. Unfortunately, except for Tarmann
et al.’s study, none of the studies we found on radiation complications included detailed
information on the outcomes of patients who underwent repeated radiotherapy due to
failure of the primary treatment, and most often there is no mention of such patients [54].

4.8. Strengths and Limitations

The strengths of our study include a relatively large number of analyzed patients,
despite the use of very restrictive inclusion and exclusion criteria. Their use was intended
to obtain the most reliable results as possible into the actual impact of the analyzed factors.
Another advantage is the long follow-up period of 88.63 months on average (median
89 months), which is often several times longer than in many studies on ocular radiation
complications we found and cited above. Thanks to this, we were able to record a greater
number of complications that appeared later. Another advantage of the study is its detailed
nature. We recorded the occurrence of all diagnosed complications, not just selected ones.
We analyzed the influence of as many as 12 factors that could influence the occurrence of
the six most common complications. Analyses of the influence of factors on the occurrence
of the four remaining rarest complications were not performed, only because of their
small number, which prevented a reliable analysis. Another advantage was the use of the
radiotherapy method as a risk factor for ocular complications, which is rarely practiced. A
similar method was used by Shields et al. and Aziz et al. but to assess the effect on visual
acuity [20,43]. Also unique is the inclusion of as many as three treatment methods in one
study. Taking into account the division of brachytherapy into two types depending on the
applicator used, which was aimed at finding possible differences between them, it can be
treated as an analysis of four therapy ways.

Our study also has weaknesses that we would like to point out. This is a retrospective
study and therefore it has imperfections typical of this type of research. One of them is
the lack of some data. Patients sometimes missed their scheduled follow-up appointments
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for various reasons and often showed up for the examination with a delay of several
months or more. This is important when assessing the time to onset of complications,
as we can assume that their presence would have been detected earlier if all planned
follow-up visits had taken place. This leads to a longer average time from treatment to
the onset of complications. Generally, however, in all studies of this type, we can assume
that complications appear sooner than the analysis suggests, because of the delay in their
detection due to the intervals between follow-up visits. It is important to note that over
the years, patients were examined and treated by different doctors, nurses, and support
staff. The medical equipment used has also partially changed. Despite the consistency
of procedures, assessment criteria, and decision-making recommendations, it must be
assumed that they were not entirely identical for all patients. This seems inevitable for
retrospective studies in real-world hospital settings, especially if part of the decision,
e.g., regarding the choice of therapy or treatment of complications, rests with the patient.
Differences also exist in the treatment of complications. Patients at different times opted
for the proposed procedures, such as cataract surgery or anti-VEGF injections. Moreover,
patients typically had the option of having their complications treated at our center or
closer to their home, often hundreds of kilometers away. Therefore, many patients opted
for treatment of complications in hospitals closer to their home. On the one hand, such
non-identical procedures may have some impact on the study results, but on the other
hand, it greatly facilitates the treatment convenience for patients, and their well-being
is paramount.

4.9. Clinical and Research Implications

Many researchers are working on improving radiotherapy for uveal melanoma in
order to reduce the number of radiation-related complications and maintain better visual
acuity [66]. At the same time, some studies show that a solution that improves visual
outcomes may risk reducing local control and increasing mortality [67]. Therefore, it is a
kind of balancing act in search of the golden mean that simultaneously combines improved
results in terms of complications and the preservation of vision, as well as local control.

Among the factors with the greatest influence on the development of complications in
our study, it is worth noting that the patient’s age and tumor location are non-modifiable
factors. The treatment method used and the thickness of the tumor are closely related,
because as mentioned above the treatment method is largely selected based on the thick-
ness of the tumor [8,17,20,26,29]. The treatment method is a modifiable factor, and the
tumor thickness status, seemingly unmodifiable, may not be obvious. New research on
systemic treatment also offers hope for reducing tumor thickness, which is thus becoming
a modifiable factor. This may enable the use of more sparing methods of radiotherapy,
increasing the chances of preserving useful vision [68,69]. The radiation dose to structures
critical for vision, such as the macula and optic disc, is also related to the location and
size of the tumor and the treatment method used. Higher doses of radiation absorbed by
these structures are associated with a greater risk of complications and decreased visual
acuity [22]. Among others, sensitizing cancer cells to radiation seems to be a promising
approach, which would make it possible to limit the necessary radiation dose delivered
to the tumor and thus also to reduce the dose for the surrounding healthy tissues [70,71].
However, we must remember that due to the existing risk to the patient’s life, we should
always approach new vision-saving methods with great caution.

In our opinion, one of the key elements to achieving the goal of reducing the number of
complications and maintaining good visual acuity after radiotherapy for uveal melanoma is
the precise identification and very good understanding of the factors that have an adverse
effect on eye function. Knowing them allows us to optimize the direction of further research.
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We believe that the results we present in this article successfully fulfill this role. We are
also working on a paper dedicated to the assessment of demographic, clinical and physical
risk factors for visual acuity deterioration, which will complement the current article
and contribute to defining key factors associated with the deterioration of eye function
after radiotherapy.

5. Conclusions
Our study demonstrated an association between demographic, clinical, and physical

factors and the occurrence of ocular complications after radiotherapy for uveal melanoma.
The most important factors were the patient’s age, location of the tumor, treatment method
used and to a lesser extent the tumor thickness. The remaining analyzed factors played
a lesser role. We believe that the results of our study may contribute to the improvement
in existing, and the development of new, therapeutic methods that reduce the number
of complications and preserve visual acuity while maintaining or improving local tumor
control after radiotherapy for uveal melanoma.
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Abbreviations
The following abbreviations are used in this manuscript:

UM uveal melanoma
BT brachytherapy
PT proton therapy
SRT stereotactic radiotherapy
SRS stereotactic radiosurgery
TTT transpupillary thermotherapy
PDT photodynamic therapy
Ru-106 ruthenium-106
I-125 iodine-125
COMS Collaborative Ocular Melanoma Study
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IOL intraocular lens
BCVA best corrected visual acuity
USG ultrasonography
UBM ultrasound biomicroscopy
AJCC American Joint Committee on Cancer
OCT optical coherence tomography
CGE Cobalt Gray Equivalent
Anti-VEGF anti-vascular endothelial growth factor
TCA triamcinolone acetonide
SD standard deviation
Ru-106 CCB brachytherapy ruthenium-106 brachytherapy with CCB plaque
Ru-106 COB brachytherapy ruthenium-106 brachytherapy with COB plaque
Ru-106 CCB (in tables) ruthenium-106 brachytherapy with CCB plaque
Ru-106 COB (in tables) ruthenium-106 brachytherapy with COB plaque
I-125 (in tables) iodine-125 brachytherapy
mm millimeter
Gy gray
HR hazard ratio
CI confidence interval
TBUT tear break-up time
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