Radiotherapy for
ocular tumours

Abstract

Ocular tumours present a therapeutic
challenge because of the sensitive tissues
involved and the necessity to destroy the
tumour while minimising visual loss.
Radiotherapy (RT) is one of several
modalites used apart from surgery, laser,
cryotherapy, and chemotherapy. Both
external beam RT (EBRT) and brachytherapy
are used. Tumours of the bulbar conjunctiva,
squamous carcinoma and malignant
melanoma, can be treated with a radioactive
plaque: strontium-90, ruthenium-106
(Ru-106), or iodine-125 (I-125), after excision.
If the tumour involves the fornix or tarsal
conjunctiva, proton therapy can treat the
conjunctiva and spare most of the eye.
Alternatively, an I-125 interstitial implant
can be used with shielding of the cornea and
lens. Conjunctival mucosal-associated
lymphoid tissue lymphoma can be treated
with an anterior electron field with lens
shielding and 25-30 Gray (Gy) in 2 Gy
fractions. Discrete retinoblastoma (RB), too
large for cryotherapy or thermolaser, or
recurrent after these modalities, can be
treated with plaque therapy, 1-125, or Ru-106.
For large RB, multiple tumours, or vitreous
seeds the whole eye can be treated with an
I-125 applicator, sparing the bony orbit, or
with EBRT, under anaesthetic, using X-rays
or proton therapy with vacuum contact
lenses to fix the eyes in the required
position. Post-enucleated orbits at risk for
recurrent RB can be treated with an I-125
implant with shielding to reduce the dose to
the bony orbit. Uveal malignant melanomas
can be treated with plaque or proton therapy
with excellent local control. Preservation of
vision will depend on the initial size and
location of the tumour.
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Introduction

Ocular tumours tend to cause loss of vision and
the development of an inflamed and painful
eye. Malignant tumours also threaten patients
with death from local spread or metastatic
disease.

Ocular treatment is aimed at conserving the
eye with as much useful vision as possible
while eradicating any risk to life. Most
ocular tumours are treated with some form
of radiotherapy (RT).

Ionising radiation is highly effective
therapeutically, but is also harmful to healthy
tissues. It is therefore necessary to administer a
sufficiently high dose of radiation to the
tumour while minimising the collateral
damage to adjacent tissues.

There are several types of ionising radiation,
which can be delivered by a variety of
techniques and with a selection of protocols.
These have advanced significantly over the past
decades so that the current range of therapeutic
options can be confusing to non-specialists.

In this review we describe ionising radiation,
how this is delivered to the eye and how
different ocular tumours are irradiated.

Ionising radiation

Ionising radiation can be classified as
electromagnetic or particulate.

Electromagnetic radiation

Electromagnetic radiation includes X-rays and
y-rays. These are physically identical in nature
and properties but differ in the way they

are produced.

X-rays are produced in an electrical device
that accelerates electrons to high energy,
directing them on to a target such as tungsten.
Part of the kinetic energy of the electrons is
converted into X-rays.! Low-energy X-rays,
100-250kV, are produced in an X-ray tube.
High energy X-rays, 4-18 MV, are produced
by a linear accelerator (linac).
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y-rays are emitted by radioactive isotopes as the
unstable nucleus breaks up and decays in an attempt to
reach a stable form. Isotopes used in ophthalmology
include cobalt-60 (Co-60), iridium-192 (Ir-192), and
iodine-125 (I-125).

Particulate radiation

Particulate radiations occur in nature and include
electrons, protons, neutrons, oc—particles, negative
7 mesons, and heavy charged ions.

High-energy electrons are accelerated in a linear
accelerator and emerge without impinging on a target.
They are less penetrating than X-rays because of their
low mass.

f-rays are physically identical to electrons but are
emitted from radioactive isotopes as they decay, for
example, Strontium-90 (Sr-90), ruthenium-106 (Ru-106).

Therapeutic protons are produced by accelerating
protons in a cyclotron.

Radiation techniques

RT is described according to whether the source of
radiation is far (tele) or near (brachy) the target tissue.

Teletherapy

Teletherapy, otherwise known as external beam RT
(EBRT), includes X-rays, Co-60 y-rays, and electrons.
Increasingly sophisticated methods of delivering RT have
been developed to reduce the dose to surrounding
normal tissues while maintaining a tumouricidal

dose to the tumour. These include: (a) single or multiple
collimated (shaped) fields; (b) three-dimensional
conformal RT (computerised tomograhic planning, each
field individually shaped); (c) intensity modulated

RT (multiple fields, static or dynamic gantry, inverse
planning to treat the target volume to full dose while
restricting the dose to sensitive structures, and variation
in intensity within each beam with a multileaf collimator
to achieve this); and (d) stereotactic RT (multiple shaped
beams or arcs all concentrating on the target volume).
The patient must be immobilised to allow accurate
delineation of the target volume, planning the shape
and direction of the beams, and accurate treatment
delivery.

Proton therapy uses the spread out Bragg peak, which
has a sharp lateral penumbra and no exit dose (Figures 1
and 2). This results in tight conformity to the tumour
with minimal dose to the surrounding normal tissues.
The integral dose, which is the total dose to normal
tissues, is lowest with proton therapy. This is an
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Figure 1 Depth dose curves for different radiation beams.
Courtesy of Professor Dan Jones, iThemba LABS, Faure,
Cape Town.
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Figure 2 Spread out Bragg peak (SOBP) of a proton beam.
Courtesy of Professor Dan Jones, iThemba LABS, Faure,
Cape Town.

important consideration when treating children, to
minimise the risk of second malignancies.

Stereotactic radiation may be delivered with a y-knife
(multiple Co-60 sources in a helmet), stereotactic linac
(multiple arcs of beams), and cyberknife (a more mobile
linac with small beams). All of the above are much more
expensive than conventional RT, and the integral dose
is greater than with proton therapy.

Treatment is usually delivered in multiple small
fractions over a period of weeks. This increases tumour
damage by allowing time for reoxygenation and
reassortment of cells in the cell cycle making them more
sensitive to RT. It also spares normal tissues by allowing
time for sublethal damage to be repaired in between
fractions.! Conversely, stereotactic RT or proton therapy
is delivered in one or a few large fractions, but to small



discrete volumes, thus minimising the volume of
surrounding normal tissue irradiated.

Brachytherapy

Brachytherapy is the placing of radioactive sources close
to or into a tumour. Localised RT for uveal melanoma
and retinoblastoma (RB) was initiated by Moore et al?3
using radon seeds, Subsequently, Stallard* developed
radioactive applicators using radium-226. These were
later superseded by Co-60 plaques.’ Lommatsch was the
first to use Ru-106 plaques® and Sealy et al” was the first
to use I-125 to treat ophthalmic tumours. Table 1 shows
the characteristics of the various isotopes used, including
whether f or y emitters, the half-life (time taken to decay
to half the activity), energy, half value layer in tissue
(mm of tissue required to reduce the energy to half),
useful range in tissue, sclera to apex dose, and the
amount of lead (Pb) required to block the radiation

by 95%. Brachytherapy can be delivered by means

of plaques, applicators, and interstitial implants.
Brachytherapy is usually delivered at a low-dose rate
between 0.4 and 1Gray (Gy)/h, which simulates
multiple small fractions.

Dosimetry

The dose prescribed usually refers to the energy
absorbed per unit mass of tissue at a specified point;
for example, the apex of the tumour with a plaque,

the isodose encompassing the tumour with an implant,
and the intersection of the beams with EBRT.

One Gy in Systéme International (SI) units indicates
the absorption of 1 joule of energy by 1 kilogram of tissue
and is equivalent to 100 cGy or 100rads.

Equal doses of different types of radiation do not
produce equal biological effects.

Relative biological effectiveness (RBE) is used to
compare different forms of radiation.

For example, the RBE of protons is 1.1, whereas
that of neutrons and carbon ions is 3.

Table 1 Properties of radioisotopes
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RT techniques for different sites
Conjunctiva

Bulbar conjunctiva The most common malignant
tumours of the bulbar conjunctiva are squamous cell
carcinoma and malignant melanoma (Figure 3). The
standard treatment for these tumours is excision together
with adjunctive therapy consisting of cryotherapy,
chemotherapy, or RT. RT is usually delayed until the
conjunctiva has healed.

RT can be administered with a hand-held Sr-90
applicator delivering 60 Gy to the surface in four
fractions once a week or 50 Gy in five daily fractions.
Such treatment yields excellent rates of local control
for squamous cell carcinoma, with minimal morbidity,
provided that the plaque is sufficiently large to
encompass the entire tumour bed (Figure 4).8 Tumours
that are larger than the available applicator, or those that
penetrate the sclera, are best treated with a custom-made
1-125 plaque giving 60 Gy at 2-3 mm (Figure 5). The dose
given for conjunctival melanoma after excision is 100 Gy
in 4 weekly fractions of 25 Gy. These bulbar tumours can
also be treated with a Ru-106 plaque, which is applied
either immediately after excision, delivering a dose of
130Gy at 2mm (Sauerwein, personal communication)
or when the conjunctiva has healed with a dose of 100 Gy

at 1-2mm.?

Figure 3 Squamous cell carcinoma of the conjunctiva.

5r-90 Ru-106 Pd-103 1125 Ir-192 Co-60
Emission B B Y X4y Y Y
Half-life 28.8 years 374 days 17 days 60 days 74 days 5.26 years
Energy (MeV) 227 3.54 0.021 0.027 0.38 1.25
HVL in tissue (mm) 15 2.4 11 20 116
Useful range mm 2 5-6 13
Sclera:apex dose 5-10 x 3.5x 3%
Mm Pb to reduce dose by 95% 1 (Ag) 0.06 0.25 15 60

Abbreviations: Co, cobalt; HVL, half value layer; I, iodine; Ir, iridium; Pb, lead; Pd, palladium; Ru, ruthenium; Sr, strontium.

HVL tissue mm: depth at which radiation is reduced by half.
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Figure 4 Sr-90 plaque.
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Figure 5 1-125 conjunctival plaque.
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Figure 6 Electron isodose curve showing central shielding. Reprinted with permission from Elsevier.

Palpebral conjunctiva and fornix Mucosal-associated
lymphoid tissue lymphoma is radiosensitive but requires
treatment to the entire conjunctiva. This is achieved

by EBRT with an anterior electron beam together

with a central corneal/lens block (Figure 6) and bolus
to compensate for the dose to the skin surface.!’

A relatively low dose of 25-30 Gy in 2-2.5 Gy per
fraction gives excellent local control. Complications,
mainly cataract and to a lesser extent dry eye, do occur,
but are less common and severe if the dose does

not exceed 2 Gy per fraction.1? Despite achieving
local control, the disease may be disseminated in

Eye
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10% of patients at diagnosis and in a further 10%
subsequently.

Malignant melanoma and squamous cell carcinoma
require a higher dose of radiation. This can be achieved
with proton therapy, which can be shaped and
compensated to treat the whole conjunctiva while
minimising the dose to the rest of the eye.!> A dose of
32 Gy (RBE) in six fractions is given followed by a boost
to the tumour bed of 14 Gy (RBE) in two fractions. The
local control rate was 70% (14/20) in previously treated
patients with malignant melanoma, with 13 (65%)

maintaining good vision but most developing a dry eye.!41>



I - 125 Eyelid Implant

Figure 7 Diagram of implant to eyelid including palpebral
16

conjunctiva. Reprinted with permission from Elsevier.

Figure 8 X-ray of eyelid implant showing metal shield, which
protects the cornea and lens. Reprinted with permission from
Elsevier.!®

An alternative approach is brachytherapy delivered by
implanting plastic tubes containing I-125 seeds into the
eyelid. A stainless steel perilimbal shield attached to the
extraocular muscles protects the cornea and the lens
(Figures 7 and 8). A dose of 55-60 Gy over 5 days gave
excellent local control in 13 of 14 patients with retention of
good vision in 7 patients but with a dry eye in 5 patients.!®

Intraocular tumours

Retinoblastoma  Small localised RBs (ie, group A and B
eyes) can be treated with transpupillary thermotherapy
(TTT) or cryotherapy with or without chemotherapy.
Discrete tumours that are >4 mm, group C eyes with
localised vitreous seeds or tumours that have failed
cryotherapy or TTT can be treated with an I-125 or Ru-
106 plaque. The usual dose with I-125 is 40 Gy delivered
in 4-5 days to the apex of the tumour with excellent local
control rates of around 90%.17 An anterior inactive
extension to custom-built plaques facilitates the
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Figure 9 1-125 plaque showing anterior unloaded extension.

positioning for tumours in the posterior pole of the eye
(Figure 9).18 The dose used with Ru-106 plaques in Essen
is 80 Gy to the apex, although most tumours responded
with a dose of at least 50 Gy.!° There is no comparative
dosimetry of I-125 and Ru-106 and there appears to

be a disparity in the doses used. They cannot simply
be transposed from one isotope to the other.

RT to the whole eye may be necessary for some group
C eyes and most group D eyes if other methods fail
(ie, systemic chemotherapy + TTT, intraarterial, or
intravitreal chemotherapy).

This can be done with EBRT, using the Schipper?’
technique to spare the lens and anterior eye. With this
technique, suction contact lenses are placed on both eyes
of the anaesthetised child and attached by rods to the
extension of the D-shaped collimator of the linear
accelerator so that the anterior edge of the beam, along
the central beam axis, falls just posterior to the lens.

A dose of 40 Gy in 1.8-2 Gy fractions is given.”! In Essen,
there were recurrences at this dose and therefore

50 Gy is used.?? Alternatively, proton therapy can be
administered with a single beam either encompassing the
tumour or irradiating the whole posterior globe. The
dose to the bony orbit is minimised by using an anterior
oblique field and rotating the eye according to the
tumour location.?? Another approach is an 1-125
applicator, ‘claws’, developed by Sealy. It consists of four
‘claws’ loaded with I-125 seeds that are placed between
each of the extraocular muscles and attached anteriorly
to a pericorneal ring, which is itself attached to the four
extraocular muscles (Figures 10 and 11). A dose of 40 Gy
is given to the centre of the eye over 4 days. This has
shown excellent results with local control and retention
of vision in 85% of 13 group A—C eyes and a local control
rate of 58% in 38 group D eyes with eye retention in
39%.24%5 The design of the ‘claws’ applicator ensures
considerable protection of the bony orbit. This results
in good long-term cosmesis and there is no recorded
incidence of second non-ocular malignancy.

Eye
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Figure 10 Insertion of one of the ‘claws’ of an I-125 applicator
between the extraocular muscles and to be attached to the
pericorneal ring, which is itself attached to the extraocular
muscles. Reprinted with permission from Elsevier.24

Figure 11 X-ray of ‘claws’ applicator. Reprinted with permis-
sion from Elsevier.2

Orbital RT is indicated in patients who are at risk for
a local recurrence (ie, stage I, intrascleral and stage 2,
microscopic extrascleral disease or optic nerve resection
margin involvement). Such RT is preferably administered
with brachytherapy so as to reduce the radiation dose to
the bony orbit. Six plastic tubes are prepared, each with
I-125 seeds and a longitudinally sectioned hypodermic
needle to shield them from the bony orbit. The tubes are
implanted through the eyelids around the bony orbit
to reach the apex of the orbit together with a seventh
centrally placed unshielded train of seeds. A Pb disc with
seeds glued to its posterior surface is secured under the
eyelids (Figure 12). A dose of 40 Gy in 4 days is given
with excellent local control of 100%. Good cosmesis is
achieved provided attention is paid to the ocular
prosthesis.?® If a prosthetic implant is in situ, the central
train can be omitted and the dose in the remaining trains
adjusted accordingly.?” The implant can also be used if

Eye

Figure 12 Lateral X-ray of an orbital implant with super-
imposed isodose lines. The bold 50cGy/h covers the implant
back to the apex of the orbit. Reprinted with permission from
Elsevier.20

there is macroscopic orbital disease (stage III), provided
that tumour does not extend to the apex or erode the
bone. In such cases, EBRT should be given either with
a wedge pair of fields with Co-60 or X-rays, or with a
single-electron field delivering a dose of 40 Gy in 2 Gy
fractions. Systemic chemotherapy is also necessary.

Uveal melanoma Uveal melanoma can be treated with
plaque, proton therapy, or stereotactic RT. Plaque RT can
be administered with Ru-106, I-125, or palladium 103
(Pd-103) plaques. Because of f§ emission Ru-106 plaques
are less penetrating and therefore should be reserved for
tumours <6 mm in height (Figure 13). I-125 and Pd-103
are both low-dose y emitters whose rays can be shielded
completely behind the plaque and reduced laterally by
the edges of the plaque. The energy of Pd-103 is 21 keV
compared with 27-35keV of 1-125, which would reduce
the dose of radiation to other structures in the eye.
However, the short half-life of only 17 days is a
disadvantage because it limits the repeated use of the
seeds. I-125 plaques can treat tumours up to 10-13 mm
but obviously the rate of complications increases with
the height of the tumour. Ru-106 plaques are bought
ready-made in a variety of 16 different sizes and shapes.
I-125 plaques can be custom built to any shape or size,
usually with a 2-mm margin around the tumour. Using
a computer program and a variety of seed strengths, a
constant dose and dose rate can be given to the apex

of the tumour whatever the height. Both Ru-106 and
I-125 plaques can be notched for tumours adjacent to the
optic nerve or shaped to treat round or over the limbus
for tumours of the ciliary body or iris (Figure 14).28
Alternatively, the COMS circular plaques with five sizes
and matching inner silastic moulds for easy placement of
the seeds can be used; however, these cannot be placed
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Figure 13 Comparative dose distributions of proton therapy, Ru-106, and I-125 plaques. Tumour thickness =8 mm. Courtesy of

Dr Dirk Fluehs, Universistatsklinikum, Essen.

Figure 14 X-ray of notched I-125 plaque for a malignant
melanoma adjacent to the optic nerve.

close to the optic nerve.?’ The same plaque has been
used with Pd-103.%° The dose given by various centres
varies considerably. Doses for Ru-106 vary from 60 to
130 Gy with the majority giving 80-100 Gy. Doses for
1-125 vary from 60 to 100 Gy with the majority giving
80-90 Gy. Char et al®! found no difference in local control
whether 70 or 80 Gy was given with an I-125 plaque.

Complications are present even at lower doses. The dose
rate should be between 0.4 and 1 Gy/h. Ideally, treatment
should take less than a week so that the plaque/seeds
can be reused in a regular weekly operating schedule.
The dose for Pd-103 was 81 Gy. The local control rate
with plaque therapy is between 90 and 95%.32-3¢

Plaques can also be used after local resection,
transsleral, or transretinal, in which case only the tumour
bed would be treated to 2-3 mm by 50-60 Gy 1-125 or
100 Gy Ru-106.%

Proton therapy has been used for uveal melanomas
since 1975. It involves the attachment of clips to the sclera
at known distances from the tumour for localisation;
immobilisation of the patient with a cast and bite-block;
and meticulous planning from three-dimensional
modelling using all available clinical, radiological, and
ultrasonographical data. From this data the beam profile,
depth and width of the SOBP, and the ideal eye position
can be calculated. The position of the eye is fixed
according to the location of the tumour by fixing the
contralateral eye on a specified point. Doses of 60 Gy in
four fractions 33% and 70 Gy in five fractions*’ have been
used. This latter dose has been reduced to 50 Gy also
in five fractions, but without any significant difference
in either local control or complications.? Local control
with protons is about 95% in most series. 3340

Stereotactic RT with a y knife started with 55 Gy in one
fraction, reducing slowly over several years of experience
to 31 Gy. With a stereotactic linear accelerator, 60-70 Gy
in five fractions was given but this was then reduced
to 50 Gy.*!
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Choroidal haemangioma Choroidal haemangiomas have
been treated with a Pd-103 or I-125 plaque, 30 Gy; proton
therapy 18-20Gy in 4 fractions; and photon therapy
20-25Gy.42% These doses are sufficient to ensure

local control of the lesion and the secondary retinal
detachment. It is important that treatment is instituted
before visual loss is severe and prolonged.

Choroidal metastases The treatment of choroidal meta-
stases depends on the primary site and the extent of
metastases.

If the primary tumour usually responds to hormone
therapy or chemotherapy, then this would be the first
option. If the primary tumour is not hormone- or chemo-
sensitive or the choroidal metastases are unresponsive to
systemic treatment, they can be treated with RT; either
with a plaque for a solitary metastasis with a reasonable
life expectancy or EBRT. The dose of EBRT depends on
life expectancy (eg, 20 Gy in 5 fractions for lung origin
with a short life expectancy, 30-40 Gy in 3 Gy fractions
for metastases from a breast carcinoma with a longer
life expectancy.

Conclusions

RT alone, or combined with other modalities, is
important in the treatment of ocular tumours. The
challenge to control the tumour with minimal morbidity
to the eye continues as more sophisticated techniques
become available. Cooperation between all specialities
involved is of paramount importance.
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