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Abstract
To evaluate uveal melanoma cell activity and pathologic features after stereotactic CyberKnife radiosurgery in
specimens from five patients. Specimens from five patients treated by CyberKnife radiosurgery in three fractions
were included in this study. Because of persistent retinal detachment in 3 patients, tumour endoresection was
performed at four, seven and ten month after CyberKnife radiosurgery. At nine and twelve months after treatment,
enucleation of the eye globe was performed in 2 patients because of secondary tumour bleeding and missing
regression. After histomorphological analysis and determination of Ki67-proliferation index, DNA cytophotometry,
fluorescence in-situ hybridization evaluation for chromosome 3 loss, GNA11and GNAQ mutation analysis were
performed. Four of the five tumours included in this study showed variable radiation-induced morphologic changes
in the form of enlargement of cells and nuclei, cytoplasmic vacuolisation and nuclear fragmentation. The DNA
content of a large fraction of tumour cells was hypoploid. On the other hand, single strikingly hyperchromatic
melanoma cells showed marked aneuploidy. The proliferation fraction in the three endoresected tumours was very
low (<1%), but it was elevated in the enucleation cases. Monosomy 3 was detected in two of the endoresection
cases, but none of the enucleation cases. None of the patients experienced a local tumour recurrence, but two of the
patients developed liver metastasis. Many melanoma cells seemed to be vital within the first 6 months after
CyberKnife radiosurgery, but obvious radiation-induced morphologic changes, including tumour necrosis, hypoploid
DNA content plus low Ki-67 index could indicate sublethal cell damage.
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Introduction

Uveal melanoma (UM) is the most common primary intraoc-
ular malignancy in adults [1, 2]. The incidence of this malig-
nancy in the Caucasian population is 2 to 8 cases per million
individuals per year [3–5]. Further, 50% of patients show an
aggressive disease course and develop metastases [6].

Several therapeutic options are available for the treatment
of UM, including resection or enucleation and eye globe-
sparing modalities such as brachytherapy and teletherapy with
proton beam [6–8]. Small tumours are generally treated with
radioactive plaque brachytherapy with iodine-125, and
ruthenium-106 or palladium-103, which is the primary treat-
ment method of choice. However, with this method, the treat-
ment depth is not reliable for large UM. When ruthenium
plaques are used, optimal treatment responses are attained in
tumors with diameter in the range of 8–10 mm [7–9]. Recent
advances have led to the establishment of a new stereotactic
radiosurgery approach in the form of the GammaKnife (Elekta
AB, Sweden), CyberKnife (CK) (Accuracy Inc., U.S.A.) or
linear accelerator-based radiosurgery systems [10–13].

Previous reports show good tumour control and low recur-
rence rates after brachytherapy [14–17]. According Damato
and colleagues the rates of tumour recurrence following
brachytherapy were 1%, 2%, and 3% at 2, 5, and 7 years,
respectively [14]. Also, brachytherapy combined with
transpupillary thermotherapy leads to excellent tumour con-
trol with 3% recurrences after 5 years [17]. There have been
reports on the histopathologic changes in enucleated eyes after
brachytherapy in UM [18–22]. Histopathologic examinations
of UM specimen after brachytherapy revealed higher degrees
of necrosis, balloon cell degeneration, inflammation, vascular
damage and fibrosis in irradiated UM than in non-irradiated
UM cases [19, 21]. Radiation therapy previous to enucleation
significantly reduced numbers of mitotic figs. [18, 20–22].
The histopathological tumor cell activity features after stereo-
tactic CK radiosurgery to treat uveal melanoma are rarely
described. The objective of this study was to evaluate uveal
melanoma cell activity by morphological analysis, immuno-
histochemistry and DNA cytophotometry after stereotactic
CK radiosurgery in specimens from five patients.

Material and Methods

Patients and Treatment Modalities

The study was performed according to the tenets of the
Declaration of Helsinki, and was approved by the uni-
versity institutional review board (No. A2015–0171).
All the subjects provided their written informed consent
for participation.

Cybernknife Radiosurgery Modalities

For CK radiosurgery, complete immobilization of the eyeball
was achieved by induction of retrobulbar anesthesia for each
fraction, and planning imaging, treatment planning and treat-
ment itself were performed in less than 3 h, the duration the
anesthesia is effective. In the five patients, who underwent CK
radiosurgery, a total dose of 60 Gy was delivered in three or
four fractions in patients 1–4, and a total dose of 45 Gy was
delivered in three fractions in patient 5 (Table 1).

Decision Rational for Endoresection or Enucleation
after Cyberknife Radiosurgery

After CK radiosurgery, an ophthalmologic examination includ-
ing funduscopy and B-wave-ultrasonography was performed
in each patient every 3 month. Because of persistent tumour
induced retinal detachment in 3 patients, endoresection was
performed between four and seven months after the CK proce-
dure. Further, tumour bleeding and missing regression was ob-
served in 2 patients after 8 months and after 13 month, leading
to the decision to enucleate the eyes (Table 1). For patient 1–5,
the primary mean apical tumour height was 7.4 ± 2.9 mm.

Specimen Processing

In patients 1–3, about 300 ml of bloody cell solutions of the
endoresected tumour specimens were sent immediately to the
Institute of Pathology, University Pathology, University
Medical Center Rostock. The fresh cell solutions were processed
as follows: After centrifugation (2500 rpm, 10 min), 4 to 8 slides
were prepared from the cell concentrates and stained with
Papanicolaou, May-Grunwald-Giemsa, hematoxylin & eosin
(H&E) and peroxidase-Schiff (PAS) according to standard
protocols.

Because the samples had not been heparinized, cell clots were
present in the fresh cell solutions. The cell clots were fixed in 4%
formalin and embedded in paraffin to prepare cell blocks. The
blocks were cut into 2-, 3- or 5-μm sections and mounted on
charged slides for special staining, immunohistochemical analysis,
fluorescence in-situ hybridization (FISH) and mutation analysis.

The enucleated eyeball specimens (cases 4 and 5) were
processed as follows: After fixation in 4% formalin, the spec-
imen was cut into serial sections (lateral to medial). After
paraffin embedding, the tissue blocks were cut into 2- to
3-μm sections and stained with H&E and PAS. Then, these
sections were mounted on charged slides and used for immu-
nohistochemical staining. Additionally, 5-μm sections on
charged slides were prepared for FISH. Enucleated tumours
were classified according to the 8th edition of the Union for
International Cancer Control / American Joint Committee on
Cancer TNM classification and graded according a modified
Callender classification [23, 24].
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Morphological Evaluation

To assess the extent of therapy-induced changes, the following
morphological features were evaluated: nuclear changes such
as nuclear swelling, nuclear vacuolisation, karyorrhexis,
karyopyknosis, and formation of apoptotic bodies, and degen-
erative cytoplasmic changes such as cytoplasmic vacuolization,
necrosis, inflammation, production of histiocytes, fibrosis, and
vascular changes such as hyalinisation and occlusion.

Immunohistochemistry

Primary antibodies against Melan A (clone A103; DAKO
Germany GmbH) (1:100, 20 min at 97 °C and pH 9), mela-
nosome (clone HMB45; DAKO Germany GmbH) (1:50,
20 min at 97 °C and pH 9) and Ki67 (clone Mib-1; DAKO
Germany GmbH) (1:500, 20 min at 97 °C and pH 9) were
used. The standard immunoperoxidase technique was per-
formed with an automated immunostainer (DAKO link) and
diaminobenzidine as the chromogen. Melanoma or lymphatic
tissues were used as the positive control.

DNA Ploidy Analysis

The DNA content was analyzed by image cytometry with a
computer-aided image analysis system (AHRENS-ICM). The
system measures the optical density on Feulgen-stained histo-
logical sections. Three-micrometer sections of the formalin-
fixed/paraffin-embedded cell blocks (cases 1–3) or tissue
blocks (specimens 4 and 5) were used.

Briefly, the slides were fixed in 4% buffered formalin,
placed in 5 N HCl at room temperature for acid hydrolysis,
stained in Feulgen solution for 1 h, and then rinsed thoroughly
with water for 15 min. DNA cytophotometry was performed
within 14 days after the slides were prepared.

The integrated optical density (IOD) of >400 tumour cells
and > 30 reference cells (retinal cells and lymphocytes) was
measured (wavelength, 570 nm). Digital images of the

selected nuclei were converted into pixels and quantified with
respect to the IOD, which integrates the DNA content and
morphological features of the target nuclei, such as size,
shape, contour, granularity, and chromatin texture as previous-
ly described [25]. The DNA histograms were interpreted as
follows: hypodiploid cells (n < 1.6c), diploid cells (n = 1.8–
2.2c), near diploid cells (n > 2.2–2.4c), mild aneuploidy (n >
2.4–5c), tetraploidy (n = 4c), and severe aneuploidy (n > 5c)
(the criteria are modified from Schilling et al.’s criteria) [26].

Fluorescence-In-Situ Hybridization

Five-micrometer paraffin-embedded tissue/cell block sections
were dewaxed with Roti-Histol (Roth, Karlsruhe, Germany)
and incubated in an ethanol series (with decreasing concentra-
tions) and finally in water. The FISH procedure was per-
formed with the ZytoLight FISH tissue implementation kit
(Zytomed Systems, Berlin, Germany) according to the manu-
facturer’s recommendations. Probes for the centromere of
chromosome 3 (CEN3; ZyOrange, Zytomed Systems) and
chromosome 8 (CEN 8; ZyGreen, Zytomed Systems) were
mixed at a ratio of 2:1, and 15–20 μl of the mixture was used
for hybridization. After hybridization and washing, the slides
were counterstained with DAPI/antifade solution (Zytomed
Systems). At least 100 interphase tumour cell nuclei were
counted. The cut-off limit for the deletion (monosomy 3)
was >15%, and for chromosomal gain, it was 10% of the
nuclei with three or more signals [27].

GNAQ and GNA11 Mutation Analysis

DNAwas extracted from FFPE sections by deparaffinization,
proteinase K digestion and subsequent clean-up using Wizard
DNA Clean-up System (Promega, Mannheim, Germany) ac-
cording to standard protocols as previously reported [28]. The
following genomic regions of interest were amplified by PCR:
GNAQ exon 4 (forward primer: GCTTTGGTGTGATG
GTGTCA, reverse primer: TCATGGACTCAGTTACTACC

Table 1 Characteristics of five patients with choroidal melanoma who underwent CyberKnife radiosurgery

Patient no. Age (y) Sex lt. Apical tumor
height (mm)

Dose Follow-up sonography Reason for endoresection/
enucleation

1 47 m l 9.7 2 × 12 Gy
2 × 18 Gy

Tumour height stable, reduction in vascularization Persistent retinal detachment

2 66 f r 9.6 3 × 20 Gy Reduction in tumour height and vascularization Persistent retinal detachment

3 68 f r 7.0 3 × 20 Gy Tumour height stable, slight reduction in vascularization Persistent retinal detachment

4 70 m r 7.99 3 × 20 Gy Initial increase, followed by a reduction in tumour
height, increase in vascularization at 6 months after
CK radiosurgery

Tumour re-growth

5 57 m l 3.17 3 × 15 Gy Reduction of tumour height, new peripapillary tumor
growth 11 months after CK radiosurgery

Tumour re-growth

f female, lt laterality, l left globe, m male, r right globe
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TGA), GNAQ exon 5 (forward primer: TTTCCCTA
AGTTTGTAAGTAGTGCT, reverse primer: CCATTCCC
CACACCCTACTT), GNA11 exons 4 (forward primer:
TGCTGTGTCCCTGTCCTG, reverse primer: CACACCGG
GCAAATGAGC), and GNA11 exons 5 (forward primer:
GATTGCAGATTGGGCCTTGG, reverse pr imer :
CTTGGCAGGTGGGGAAGG). Twenty-five microliter of
reaction mixtures contained 0.2 μl MyTaq polymerase with
5 μl 5x PCR buffer (Bioline, Luckenwalde, Germany), 1 μM
of each primer set and 75 ng of template DNA. PCR reaction
was carried out as follows: reactions were started at 95 °C for
1 min. This was followed by 35 cycles at 95 °C for 15 s, 58 °C
(GNAQ/GNA11) for 15 s and 72 °C for 10s. As control, 10 μl
of each PCR product were visualized on an agarose gel. PCR
products were purified with alkaline phosphatase (Thermo
Scientific, Darmstadt, Germany) and exonuclease I (Thermo
Scientific). Subsequently, sequencing reaction was performed
using BigDye Terminator v1.1 Cycle Sequencing Kit
(Applied Biosystems, Darmstadt, Germany) with each pair
of forward and reverse primers, followed by analysis on a
3500 genetic analyzer (Applied Biosystems). The sequence
data were compared with reference sequences (GNAQ:
ENSG00000156052, GNA11: ENSG00000088256) using
SeqScape Software v2.7 (Applied Biosystems).

Statistical Analysis

Statistical analysis was performed using the Statistical
Package of Social Sciences (Version 22.0, IBM, U.S.A.).
Descriptive statistical tests were used to analyze continuous
and categorical variables. Mean and standard deviation were
calculated for continuous variables, and frequencies and rela-
tive frequencies were calculated for categorical variables.

Results

Clinicopathological Characteristics Prior
to Endoresection or Enucleation

Patient data on tumour height, localization, CK treat-
ment modalities and ultrasonographic follow-up are pre-
sented in Table 1. Doppler-coded ultrasound examina-
tion and fundus photography revealed a (slight) reduc-
tion in tumour vasculature in patients 1–3, and an in-
crease in vascularisation in patient 4. CT scans showed
regression of the apical tumour height in patients 1–3 (a
reduct ion of 0.17 ± 0.55 mm) pr ior to tumour
endoresection. Patient no. 2 was a 66-year-old female
in whom liver metastases were diagnosed 6 months af-
ter CK treatment. In patient no. 4, follow-up sonogra-
phy revealed missing tumour regression 6 months as
well as bleeding after CK radiosurgery. Moreover, liver

metastases were found 11 months after CK treatment. In
patient 5, a new peripapillary tumour was found
11 months after CK treatment.

Cyto/Histomorphological Assessment

In specimens 1–3, vital epitheloid melanoma cells or
epitheloid and spindle cell type A and B were found,
many of which displayed at least moderate degenerative
features such as vacuolisation of the cytoplasma and
karyoplasma (Fig. 1a–c). Many tumour cells in speci-
mens 1–3 showed slight to moderate nuclear swelling
and hypochromasia (Fig. 1a–c). Nuclear pyknosis and
a few karyorrhectic figures and apoptotic bodies were
observed in each specimen (Fig. 1c). Some fibrotic tis-
sue fragments and a varying numbers of pigmented tu-
mour cells as well as melanophages were observed in
all three endoresected specimens (Fig. 1a–c). Also, hy-
aline vascular changes were seen in tiny edematous tu-
mour fragments in specimens 1–3. In the smears, a
background of necrotic debris and blood was observed
(Fig. 1a–c). Vital melanoma cells of the epitheloid type
were found in each case, but their number was consid-
erably reduced in specimen 2 due to obviously exten-
sive tumour necrosis (>50% tumour necrosis). In speci-
men 1 and 2, some lymphocytes were found, and in
specimen 3, a relevant lymphohistiocytic inflammatory
cell component was present. No mitotic figures were
observed in one of the 3 endoresected specimens.

In specimen 4, a mushrooming head of an 8-mm tall
pigmented choroidal tumour was found. The tumour had
caused exsudative serous detachment of the overlying
and adjacent retina (Fig. 1d). The Bruch membrane
was intact. The detached retina showed photoreceptor
atrophy and microcystic retinal degeneration. The mela-
noma was composed of vital epitheloid cells and type B
spindle cells (Fig. 1e). The melanoma cells were
admixed with several melanophages. No tumour necro-
sis was observed. An initial invasion of the sclera and
venous invasion were demonstrated. Single mitotic fig-
ures were found in the H&E-stained sections. After rou-
tine histomorphological work-up the tumour was classi-
fied as UM with mixed cell type according modified
Callender’s classification and staged as T2a tumour.

In specimen 5, the choroidea showed focal fibrosis and
thickened vascular channels with many melanophages and
single bizarre epitheloid cells with striking cytopathic cell ef-
fects (Fig. 1f). Adjacent to the optic disc, a small tumour
nodule of 2.5-mmheight and predominant epitheloid cell mor-
phological features was observed (Fig. 1f). Additionally, an
initial scleral invasion, tumour invasion in an emissary canal
and perineural invasion were found. Partial invasion of the
optic nerve was seen, but no extrascleral extension of the
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tumour was observed. In all specimens, variable strong
MelanA and melanosome immunoreactivity was observed

(Fig. 1g). The tumor was classified as UM with mixed cell
type and staged as T4a tumour according TNM classification.

Fig. 1 Cytological and histological assessment of endoresected and
enucleated specimens after CyberKnife radiosurgery. (a) Specimen 1:
May-Grunwald-Giemsa (MGG)-stained smear displaying partially
pigmented atypical epitheloid cells with degenerative features such as
hypochromasia and vacuolisation of the cytoplasm. Note the bloody
and necrotic background and the few pigment-laden macrophages
(MGG, 100x). (b) Specimen 2: Papanicolaou-stained smear with vital,
partially pigmented tumour cells and necrotic detritus in the background
(Pap, 100x). (c) Specimen 3: Papanicolaou-stained smear with vital,
partially pigmented epitheloid and spindle-shaped tumour cells and
necrotic detritus and blood in the background (Pap, 20x). The inset
shows vital epitheloid tumour cells and two karyorrhectic figures
(MGG, 100x). (d) and (e) Specimen 4: A mushroom-shaped pigmented

choroidal melanoma with exsudative serous detachment of the overlying
and adjacent retina is seen. The partially heavily pigmented melanoma
displays epitheloid and spindle cell type B tumour cells (H&E, 4x). (f)
Specimen 5: The choroidea showed focal fibrosis and hyalinised vascular
channels (x) with melanophages and single bizarre epitheloid cells with
cytopathic effects. Beside this area, a small tumour nodule of
predominant epitheloid cell morphology was seen. Additionally, an
initial invasion of the sclera and emissary canal was demonstrated
(H&E, 10x). (g) Specimen 2: The proliferation index was <1% in
tumour cells (Ki67 immunohistochemistry, 10x). (h) Specimen 3: The
proliferation index was <1% in melanoma cells, but elevated in the
reactive lymphocytic infiltrate (Ki67, 10x)
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Proliferation Index

The proliferation fraction in specimens 1–3 was <1% (Fig.
1h). In specimen 3 some reactive bystander lymphocytes
showed Ki67 expression (about 2%). Ki67 index was slightly
elevated in specimen 4 (2%) and moderately elevated in spec-
imen 5 (10%).

DNA Ploidy Analysis

In all specimens, beside many cytomorphologically vital near
diploid or slightly aneuploid tumour nuclei (2.30c–2.93c),
many hypoploid tumour cells and often hypochromatic or
apoptotic tumour nuclei or nuclear fragments were observed
(<1.6c). This visualised extensive tumour cell degradation.
Additionally, single highly aneuploid and hyperchromatic tu-
mour cells were observed (5c–33.7c) (Fig. 2).

Fluorescence-In-Situ Hybridization Findings

In specimen 1 and 2 a prognostically relevant monosomy of
chromosome 3 was detected (40%) (Fig. 3a and b). Due to
strong melanin pigmentation and tumour necrosis in specimen
2, strong background fluorescence was present, which ham-
pered the analysis. In specimen 4, the nuclear count was ex-
tremely difficult because of cellular overlap. In specimen 5, one
to three red signals of chromosome 3, and three to five green
signals of chromosome 8 were observed and indicate aneuploi-
dy of the tumour cells. The results are listed in Table 2.

GNAQ and GNA11 Mutation Analysis

AGNA11 exon 5 (Q209L) mutation was detected in specimen
1, 4 and 5. In specimen 3 no GNA11 exon 4 or 5 or GNAQ
exon 4 or 5 mutation was found (wild-type). Similarly in

Fig. 2 DNA cytophotometry of a choroidal melanoma after CyberKnife
radiotherapy. In case 4 the integrated optical density (IOD) of 548 tumour
cells and 55 reference cells was measured (wavelength, 570 nm). The

DNA histograms show a range of hypodiploid (n < 1.6c) to severe
aneuploid tumour cells (n > 5c)
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specimen 2 wild-type situation was seen inGNAQ exon 4 and
GNA11 exon 5. The analysis of GNAQ exon 5 and GNA11
exon 4 failed.

Discussion

GammaKnife radiosurgery was introduced in 1987 as a treat-
ment option for eye melanomas [29]. The advantages are the
possible preservation of the globe, the possible restoration of
visual function and the availability of a non-invasive treatment
option for large tumours [30].

There have been reports on the histopathologic changes in
enucleated eyes after different forms of radiotherapy for uveal
melanoma [18–22, 30–32]. However, the histopathological
findings of the enucleated tissue after stereotactic CK or
GammaKnife radiosurgery are rarely described. In one such
study, Fernandes et al. demonstrated retinal damage and
radiation-related retinal vascular changes such as fibrinoid
necrosis and hyalinisation [33]. Further, Song et al. reported
50% - 100% tumour necrosis and the absence of mitotic ac-
tivity in four of five tumours with persistent exsudative retinal
detachment after CK radiosurgery [34].

The present study reports for the first time about CK radio-
surgery induced cytomorphologic changes and aneuploidy

findings in uveal melanoma after tumour endoresection or enu-
cleation. Gragoudas et al. evaluated the timeline of the histo-
pathologic changes that occurred after treatment of uveal mel-
anomas with proton beam therapy and enucleation [31]. The
early effects were inflammation, which decreased with time.
However, the incidence of fibrosis increased significantly with
time, from 15% of the enucleation cases within 12 months
(early cases) to >60% of the enucleation cases at more than
30 months (late cases) after irradiation. Moreover, tumour ne-
crosis and blood vessel damage were observed early, and the
prevalence of these changes was found to be constant over
time. After exclusion of tumours with evidence of growth after
irradiation, mitotic figures became progressively less common
as the interval between irradiation and enucleation increased,
and no mitotic figures were observed at more than 30 months
after irradiation [31]. In the present study, the early findings
were tumour necrosis and hemorrhage, which were observed
in the endoresected specimens of patients 1–3; these findings
are consistent with those of Gragoudas et al. The authors de-
scribed necrotic changes in 50% of tumours that had been
irradiated within the preceding year [31]. On the other hand,
in patient 5, the extent of the widespread tumour necrosis could
only be indirectly estimated owing to the extensive degenera-
tive changes that occurred as a result of loss of tumour tissue,
tissue edema, fibrosis and hyaline vascular changes, which oc-
curred 12 months after irradiation and correspond to early irra-
diation effects described by Gragoudas and co-workers [31].
Heindl and colleagues also investigated the effects of brachy-
therapy on choroidal melanomas and showed that tumour ne-
crosis, balloon cell degeneration, fibrosis and vascular changes
corresponded significantly with the effects of the previous irra-
diation [19]. Similarly, Klaus and co-workers noted that fibrosis
was only seen in the enucleated specimens after brachytherapy
[18, 19]. In line with the study of Song et al., cytological
changes, such as nuclear swelling, karyorrhexis, cytoplasmic
vacuolization and hyaline vascular changes, which were ob-
served in the endoresection specimens 1–3 and in specimen
5, could be interpreted as the cytomorphologic substrates of
acute irradiation damage [34]. The described morphological

Fig. 3 Fluorescence-in-situ hybridization of chromosome 3 and 8. (a) and
(b): Fluorescence-in-situ hybridization specimen 1 (a) and 2 (b)
demonstrating monosomy of chromosome 3. Note: One red signal

(chromosome 3) and two green signals (chromosome 8) were observed in
two of three tumour cells in 3a and one tumour cell in 3b (enlarged in inset *)

Table 2 Inter-phase FISH of chromosome 3 and 8 in irradiated
choroidal melanoma tissue

Patient No. Chromosome 3 Chromosome 8

1 Monosomy Disomy

2 Monosomy Disomy

3 Disomy Disomy

4 Not evaluable Not evaluable

5 Aneuploidy Aneuploidy

Probes for the centromere of chromosome 3 (CEN 3; ZyOrange,
Zytomed Systems) and chromosome 8 (CEN 8; ZyGreen, Zytomed
Systems) were used
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changes were observed in the interval of 6–12 months between
CK radiosurgery and endoresection or enucleation pointing to a
longer-lasting irradiation effect in the first months after CK
radiosurgery.

Most uveal melanomas show a significant reduction in size
after radiotherapy, but complete disappearance is not common
[35]. Kang and colleagues reported the cumulative rate of
tumour regression to be 18.8% in the first year and 42.8% in
the second year after GammaKnife radiosurgery [30]. In the
present study, the endoresection cases showed slight tumour
regression, but the interval between irradiation and
endoresection was only 6 months, which was too short to
determine whether local tumour control could have been
achieved or not [12].

The primary goals of radiotherapy in choroidal melanomas
are ensuring local tumour control and preservation of the eye
[11]. Regardless of local tumour control, some studies report-
ed 4–18% metastasis 2–6 years after brachytherapy of uveal
melanomas [19]. The underlying cause may have been chro-
mosomal aberrations such as monosomy 3 and gains in chro-
mosome 8q, which seem to directly affect the biological be-
havior of choroidal melanomas [27, 36–38]. In the present
study, in two endoresection cases, prognostically significant
monosomy 3 was detected. One of those two patients was
diagnosed with liver metastasis 6 months after the initial di-
agnosis. Irrespective of the extent of tumour necrosis, espe-
cially in specimens 1–3, many tumour cells were preserved, as
a result of which consecutive molecular studies could be con-
ducted. FISH analysis of monosomy 3 was possible, as was
Sanger sequencing for mutations inGNAQ andGNA11 exon 4
and 5. In 60% of specimens a GNA11 exon 5 mutation was
detected, confirming driver mutation frequency in UM as pre-
viously shown [28].

In specimens 1–3 (no tumour re-growth), no mitotic figures
were observed and the Ki67 index was <1%. Ki67 immunore-
activity in single cells was probably observed in reactive by-
stander lymphocytes. In specimens 4 and 5 (tumour re-growth)
vital melanoma cells displayed a Ki67 index of 2% and 10%,
respectively. In the literature, the significance of Ki67 frequen-
cy in irradiated melanomas is unclear. Biological tumour be-
havior in the presence of vital and proliferating tumour cells
should be interpreted with caution. Chiquet and co-workers
described a significant lower proliferation rate in choroidal mel-
anomas after irradiation than in non-irradiated cases [39, 40].
The Ki67 score correlates with adverse prognostic parameters
such as the mitotic index, largest tumour diameter, shrinking
fibrosis and lack of obliterated vessels, and therefore the Ki67
score has a negative correlation with overall survival [40].
Using immunohistochemical proliferation markers in tumour
cells treated with neoadjuvant therapy showed significantly
lower proliferation activity than that in untreated tumours [18,
39–41]. However, according to Schilling, only a negligible
Ki67-index (tumour cell proliferation) and the presence of

hypoploidy in DNA cytometry is a reliable indicator for
irradiation-induced loss of proliferation potential [26].

Limitation of the present study are due to low number of
cases and heterogeneity of specimens (enucleated or
endoresected specimen). Furthermore, due to a short interval
between CK radiosurgery and secondary endoresection/
enucleation only early irradiation effects in UM could be ob-
served. Consecutively, early and late irradiation-associated
changes in UM after CK radiosurgery should be analysed in
a greater number of cases to gain insight in time-dependent
tumour cell degradation, tumour shrinking and also irradiation
side-effects in neighboring eye tissues.

In summary, many uveal melanoma cells seemed to be vital
shortly after CK radiosurgery. Also, uveal melanoma cells
displayed obvious radiation-induced morphologic changes af-
ter CK radiosurgery. Early irradiation effects in melanoma
tissues are comparable to irradiation-induced changes after
brachytherapy, protein beam radiation therapy and further ir-
radiation therapies in UM.
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