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A B S T R A C T

Re-treatment, using megavoltage photon radiotherapy, can benefit carefully selected patients with new or re-
current tumours. Such re-treatments may involve the further exposure of tissues such as the brain or spinal cord.

A time-dependent model has been developed, which incorporates data from all published radiobiological
experiments concerned with the in vivo re-irradiation of the spinal cord using photons. It allows an estimation of
the increasing recovery in tissue tolerance with elapsed time after the initial treatment course. In accordance
with the experimental evidence, the recovery rate depends on the biological effective dose (BED) of the initial
treatment. Various degrees of conservatism have been introduced in the model to allow for potential changes in
CNS tissue tolerance due to patient age, chemotherapy, surgery etc.

An estimation of the re-treatment dose-fractionation schedule is made easier by the use of a downloadable
Graphical User Interface (GUI). Worked examples of its use are given for conventional photon (X-ray) based
treatments, and also for protons, where relative biological effectiveness (RBE) considerations must be respected
within the BED estimates. The model provides boundary conditions for clinical practice. The responsible clin-
ician can choose to use more ‘forgiving’ BED values and from this to calculate the re-irradiation dose-fractio-
nation schedule.

For protons, greater care is required since the inter-relationship between linear energy transfer (LET) and RBE
can lead to significant over-dosage relative to accepted CNS tolerance doses, especially with the use of scanned
proton beams. LET and RBE factors are important in order to deliver safe and effective re-treatment doses.

1. Introduction

The decision to recommend radiotherapy is never trivial, and is
based on careful assessments of the potential benefits and associated
risks. Re-treatment using photon-based Radiotherapy, although less
commonly used, requires additional care in terms of patient selection,
as either a radical or palliative approach to recurrent or metastatic
tumour, or for new cancers occurring in an adjacent site. Parts of the
central nervous system (CNS) are irradiated not only when treating
tumours that originate in the CNS, but also when treating cancers that
originate in other tissues. For example, thoracic treatments may incur a
significant dose exposure to the spinal cord, and head and neck cancer
therapy can involve a significant dose to areas of the CNS, such as the
optic chiasm and brainstem, which have the same level of radiation
tolerance as the spinal cord.

Over the past few years, a retreatment model has been developed
that includes an allowance for the influence of the time between two
separate photon-based radiation treatment courses [1–3], along with
many patient related safety features. The latest version of his model is
now freely available as a downloadable Graphic User Interface (GUI)
and is discussed in more detail below. It is specifically focused on spinal
cord tolerance for photon-based treatments.

The increasing availability of proton therapy in many parts of the
world raises the possibility of using the associated Bragg peak to reduce
the normal tissue volumes irradiated in retreatment situations, espe-
cially where cancers arise in close proximity to previously irradiated
tissues. However, as with photon re-treatment, considerable care is
required for patient selection with proton therapy and the technical
aspects of treatment must be fully understood. Particularly important is
the inter-relationship between linear energy transfer (LET), the relative
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biological effectiveness (RBE) and the degree of normal tissue dose-
sparing that can be achieved. This may be especially important when
using scanned proton beams, since there is evidence that the RBE does
not decline with tissue depth, when compared with the RBE reduction
seen with passively scattered beams [4–6]. With scanned beams higher
LET values can be found outside the clinical target volume, which is
probably the result of a higher local fluence and hence shorter inter-
track distances [7].

The present publication is specifically designed to initiate clinical
users (clinicians and physicists) to the use of the GUI in a safe and
relatively straight forward way. Users should attempt to replicate the
results of the worked examples using the GUI. These examples are
presented in a graduated way, from the relatively easy to the more
difficult, ending with examples of proton retreatments. What needs to
be done in order to make further progress towards safer and more ef-
fective re-treatments in other tumour sites is considered within the
discussion below.

2. Methods

It is important to state that for any iso-effective calculations using
either photon only treatments, or indeed for protons, with a photon-
based numerator for RBE estimations, both need to be based on an iso-
effective dose curve derived using the linear quadratic model using an
α/β value of 2 Gy, which is the most appropriate for CNS tissue. This
value is used exclusively for all the BED estimates made throughout this
publication. For a human standard tolerance dose equivalent to 50 Gy
in 25 fractions of 2 Gy, a BEDTOL of 100 Gy2, is associated with a risk (R
%) of 0.1185%), which is seen to be an excellent predictor of spinal
tolerance to prevent the development of myelopathy (see Fig. 1). The
BED associated with a risk level of 0.1% (BED0.1%) is around 99.32 Gy2
[3]. The principal data sets used for these estimates were mainly based
on research by Kian Ang in humans (for the risk estimates) and in
rhesus monkeys for the time course of recovery, and are given in detail

in graphical form in an earlier publication [3]

2.1. For photon therapy

The spinal cord re-treatment model is described fully elsewhere [3]
and readers are strongly advised to consult and be familiar with the
concepts and features of the model. This model incorporates all the
known data on spinal myelopathy following re-irradiation from animal
experiments, which have been linked to:-

1) a radiation-induced myelopathy dose-response curve for humans,
adopting a degree of conservatism, which ‘protectively’ shifts the
dose response curve slightly to the left,

2) a dose-dependent recovery function which requires an initial op-
erative threshold dose that is 35% of the BED for spinal cord tol-
erance. Beyond this threshold, recovery occurs more rapidly after a
time interval of> 70 days.

Such links are necessary to comply with the results of the various
experimental data sets.

The software rapidly estimates the BED of the given initial treat-
ment course, expressed as a percentage of the designated tolerance
BED. The time related function then provides an estimate of the BED
that may be given to preserve a designated degree of risk if given in a
designated number of fractions as a dose per fraction.

This is explained in detail for users of the downloadable graphical
user interface (GUI). This is used to enter the initial total dose (Dinit)
and number of fractions (n) used for that initial course of treatment,
plus the level of risk considered acceptable (R%) for a specific re-
treatment. These parameters are then automatically converted into the
input parameter, BED1(%), which is the ratio of the BED initially de-
livered (termed BEDinit) divided by the BED associate with the treat-
ment the risk considered acceptable at retreatment (termed BEDR%).

Thus

= ×BED (%) (BED /BED ) 1001 init R%

The degree of risk must be entered with care. As indicated the
BEDR% value is based on the risk level accepted for re-treatment. In the
GUI, the acceptable risk (R%) is set at a default value of 1% (BED1% =
109.6 Gy2), but this can be changed, for example to the more de-
manding level of 0.1% (one in a thousand risk, BED0.1% − 99.32 Gy2),
or in specific circumstances increased. The risk level sets the threshold
for the bio-effectiveness of initial and retreatment radiotherapy courses.
The other input factor is the elapsed time (t) between the initial and
planned re-treatment, expressed in years.

It is then necessary to insert the number of dose fractions (nr) that
might be ideally used for the re-treatment schedule. The model then
estimates the output parameter BED2(%), which is the allowable re-
treatment BED (referred to as BEDret), where BED2(%) = (BEDret/ac-
ceptable BEDR%)× 100. From this information, the GUI then auto-
matically provides the dose per fraction for the proposed number of
fractions for the re-treatment (nr). This could, for example, depend on
whether the proposed purpose treatment is either curative or palliative.
The acceptable BED used for retreatment calculations (BEDR%) is based
on the risk acceptable on retreatment which is unlikely to be the
maximum risk acceptable for the initial treatment, conventional toler-
ance (BEDTOL).

There is also a conservative factor (C) range feature which essen-
tially adjusts the original dose response curve to the left, thus reducing
the threshold dose level of the bio-effect. The degree of conservatism
required should be accessed by responsible clinicians in accordance
with their assessment of the individual patient’s clinical history, so that
allowances can be made for previous surgery, chemotherapy, age, other
medical conditions which can adversely affect tolerance, or combina-
tions of these. Any value ranges between 0% and 20% conservatism
(the later ultra-cautious) is permitted within the calculation

Fig. 1. Total Dose is plotted against number of dose fractions yielding the curve
shown for spinal cord paralysis, obtained using the LQ model with α/β=2Gy
for an iso-effect to the standard tolerance value of 50 Gy in 25 fractions of 2 Gy.
The grey points correspond to ‘safe’ treatment schedules previously used by the
first author. The red points refer to dose fractionation schedules often used to
treat squamous cell cancers, which exceed the predictions of the iso-effect
curve. Clinical radiotherapy may utilise the grey dose-fractionation data points
for palliative cancer treatment close to the spinal cord. The red data points
represent situations where curative tumour doses are given. Great care is taken
to ensure to obtain sufficient spinal cord dose sparing so that the spinal cord
total doses are below the curve [reproduced with permission of Institute of
Physics Publishing from Jones (2017) [15]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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programme. Mild chemotherapy, may suggest a 5% change, but in-
tensive chemotherapy with drugs that sensitise the CNS will demand
more, say 10% and extremes of age should require at least 10%.
Significant de-vascularising surgery should require at least 10%.
Further discussion of this issue is available elsewhere [3].

The original Graphical User Interface (GUI) can be downloaded
from the supplementary information provided with the original pub-
lication [3], with updates available at [http://thomaswoolley.co.uk/
codes]. This facilitates estimates of allowable dose per fraction and
number of fractions for re-treatment. Estimates should be regarded as a
boundary value not to be exceeded.

The GUI also includes a Graphic which shows the relationship be-
tween BED1(%) and BED2(%), with the additional option of the avail-
able rodent data being superimposed.

The responsible clinicians may then carefully review the re-
commended number of fractions and dose per fraction and decide
whether any further reduction is necessary according to a particular
clinical situation. A rounding down of the final estimated dose per
fraction in the direction of safety is recommended. It is perhaps useful
for clinicians to consider the analogy of the lines of a tennis court to
represent the model results: these must be respected and the aim of the
user should be to operate within those lines. The model essentially
provides the maximum permissible dose per fraction which can always
be rounded down or reduced to better comply with local protocols.

2.2. For proton therapy

There are a number of proton radiobiology models for the estima-
tion of RBE [8]. In the present paper, the simple efficiency model for
any ion beam is used for estimating the LET-determined proton RBE
[9–12]. This incorporates saturation-effects for the relationship be-
tween the reference radiation radio-sensitivities (α and β) and their
maximum values at the turnover positions of the LET/RBE relationships
at a LETU value of 30.5 keV/µm, which is compatible with the data of
Belli et al. [13]. A short Mathematica® (Wolfram Centre, Long Han-
borough, Oxfordshire, UK) code for estimating the RBE of protons for
different LET value and dose/fraction, and based on the reference ra-
diation (photon) α and β radio-sensitivities, is given in the Appendix
(B). For the CNS tissue α=0.06 Gy−1 and β=0.03 Gy−2 values were
assumed to provide a/ β ratio of 2 Gy within the RBE estimates. These
RBE values can then be used to convert proton dose to photon dose or
vice versa. All doses used refer to the physical dose: the Gy-RBE dose
convention for protons is not used in order to avoid confusion. Gra-
phical displays of the biological effective dose (BED) are estimated for
protons, assuming variable LET values of 2, 3, 5, 7.5 and 10 keV/µm,
which covers the range found by Grassburger et al. in their clinical
studies [14], but assumes a reference LET of around 0.22 keV/µm. For
the conventional international policy of adopting a single RBE of 1.1 for
proton therapy, regardless of dose per fraction and LET, then the re-
ference radiation BED is assumed to be identical to the proton treatment
BED for comparative purposes.

The degree of normal tissue dose sparing is defined as the dose in
the critical organ at risk divided by the prescribed tumour dose and
expressed as a percentage.

In the case of treatments with protons, either for re-treatment or for
each of two treatment courses, the GUI can still be used, but it is es-
sential to use a photon equivalent dose/fraction input (see Appendix
(A)), as well as to convert the final estimated photon dose/fraction, into
an appropriate proton dose, using the estimated RBE.

The GUI [3] was used to generate the results given below in the
form of a number of worked examples.

3. Results

An iso-effect curve, utilising a 2 Gy α/β value for CNS tissue [15], is
shown in Fig. 1, along with points that represent a variety clinically

varied ‘safe’ dose-fractionation schedules and more typically prescrip-
tion doses for the treatment of cancer. This data forms the basis of the
calculations presented below, including the numerator for any proton
RBE estimates.

3.1. Worked examples

In working through the following worked examples, which are re-
lated to either photon (examples 1–4) or proton (examples 5–6) re-
treatments, it is very strongly recommended that the text is read in
conjunction with direct reference to the GUI, as provided in Wooley
et al. [3], since this will greatly enhance the understanding of what data
was entered, in order to undertake the calculations, and to how the
results are illustrated. For this reason the terminology and abbrevia-
tions used in the present text directly match those displayed on the GUI,
In practice the GUI only accepts the basic input information of previous
total dose, number of fractions and demands entry of the number of
retreatment dose fractions. The essential further input is the risk level,
and since this is set at a default value of 1% might require to be changed
to lower or higher risk levels depending on the clinical situation.

3.1.1. Photon treatments
Worked Example 1. After a maximum initial spinal cord dose of
46.5 Gy in 30 fractions, to a fit young patient, it is decided to re-treat
that patient 18months later. There is a history of two separate
intervening 6 cycle courses of chemotherapy, containing Cis-platinum
and anthracycline, but no history of any spinal surgery. What maximum
dose could be given at retreatment in either10, 15, or 20 fractions if a
conservative factor of around 10% is used?

The resulting proposed retreatment doses/fraction for the differing
proposed fraction numbers are given in Table 1, with suggested
downwards adjustment of the estimated doses provided by the GUI to
deliver a practical safe total dose. The GUI derived BED0.1% used in the
calculations; including conservatism (10%) was 88.36 Gy2.

Worked Example 2. After an initial palliative treatment, prescribed as
20 Gy in 5 fractions, re-treatment is necessary. There are no adverse
factors likely to influence CNS tolerance. The maximum initial dose to a
section of the spinal cord was 20.8 Gy (4.16 Gy/fraction). What re-
treatment dose can be permitted for time intervals of 3, 6 and
12months prior to re-treatment, given either as a single does or as 5
or 10 dose fractions?

The prosed retreatment single doses and doses/fraction for the dif-
fering fraction numbers are given in Table 2, which also includes sug-
gested practical doses, in parentheses, after the estimated doses.

Special care is required for clinical situations that occur within
1–6months, especially if the ‘initial treatment course’ has a low BED
value relative to BEDR%, as in the following practical examples.

Worked Example 3. After separate but consecutive treatments for 2
thoracic spinal column metastases (vertebrae D8 and D10), using a
rapidly delivered Linac based treatment technique in a single treatment
session, a new metastasis arises in D9, 3months later, and further
treatment is given one month after that, i.e. 4 months after the initial
dose. There are no adverse factors likely to influence CNS tolerance.
The cumulative spinal cord dose near to D9 from the initial treatments

Table 1
Estimated treatment parameters obtained using the GUI for worked example 1
for a 0.1% risk of myelopathy after retreatment.

GUI input settings: Risk= 0.1%, conservative factor=10.0%, t= 1.5 yr

Number of dose fractions (nr) 10 15 20

Estimated dose/fraction (Gy) 2.97 2.3 1.9
Practical dose/fraction (Gy) 2.9 or 2.8 2.25 or 2.2 1.85 or 1.8
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was estimated to be 3 Gy. What dose can now be given there as a
rapidly delivered single dose or in three fractions, assuming either a
0.1% or a 1% level of risk?

Note that the BEDinit will be reduced by the duration of time taken
to deliver the treatment of the two initial lesions, but since the treat-
ment is given ‘rapidly’ the influence of repair during treatment [16] is
neglected in order to provide a safer constraint. This given dose cannot
be ignored in any subsequent treatment. For a single 3 Gy treatment,
the maximum BEDinit is 3(1+ 3/2)= 7.5 Gy2. Based on this potential
overestimate of the initial BED, the estimated re-irradiation doses are
given in Table 3, for either a 1% or 0.1% level of acceptable risk for a
single treatment session and for 3 separate treatment sessions. The re-
sults are given in Table 3. The GUI derived BED1% and BED0.1% values
used in calculations were 109.6 Gy2 and 99.32 Gy2, respectively.

The next example considers a long delay occurring early within an
interrupted treatment course.

Worked Example 4. A young, fit patient received 10.8 Gy in 6 fractions
as part of an intended full course treatment of 45 Gy in 25 fractions
(BEDinit 85.5 Gy2), but then defaulted from therapy for 5 weeks. What
subsequent dose might then be given if the acceptable risk were taken
to be either 1% or 0.01%? There are no adverse factors likely to
influence CNS tolerance.

On re-starting treatment, the previously delivered dose cannot be
ignored. Spinal tolerance would be exceeded if the previously dose,
given in 6 fractions, was neglected and the previously intended full
treatment dose given as a second course, since the total BED would then
be 10.8(1+1.8/2)+ 45(1+ 1.8/2)= 106.02 Gy2, which exceeds
conventional tolerance (BEDTOL= 100 Gy2) and could even be ex-
ceeded in regions with doses which exceed the prescribed dose. The
initial irradiation was associated with a BEDinit of 20.52 Gy2. The results
are presented in Table 4, with a slightly higher dose/fraction for the
remaining 19 fractions, or at a reduced dose/fraction for a revised 24
fraction schedule. The GUI derived BED1% and BED0.1% values used in
calculations were 109.6 Gy2 and 99.32 Gy2, respectively. No allowance
for tumour repopulation has been made; this would require separate
estimations of the tumour BED depending on the tumour type [17,18].

3.1.2. Proton treatments
A plot showing the relationship between the degree of normal tissue

pecentage dose sparing and the BED for protons with differing LET

values is given in Fig. 2. The normal tissue sparing is defined as the
ratio of dose to the optic chiasm divided by the prescribed tumour dose
and is expressed as a percentage. Three horizontal lines are also dis-
played Fig. 2, indicative of the BED values for the standard neurological
tolerance and also for a 10 or 20% level of conservatism (i.e. BED values
of 100, 90 or 80 Gy, respectively), which would refer to equivalent
photon doses in 2 Gy fractions of 50 Gy, 44–46 Gy and 40 Gy. The
lowermost curve is that of the reference radiation (megavoltage pho-
tons) but also applies for protons, but only on the assumption that a
fixed RBE of 1.1 is correct, and so exactly matches the BED of the re-
ference radiation. If this assumption is incorrect [19], then the LET-RBE
modelled BED values, which vary with LET, are probably more realistic.
The information displayed in Fig. 2 is based on the example of a pre-
scribed total tumour dose of 70 Gy, given in 35 fractions, for an ethmoid
sinus cancer described in a publication by Grassburger et al. [14],
where the LET at the level of the optic chiasm was around 7.5 keV/μm,
and to have received a dose of 24.5 Gy, that is around 35% of that
prescribed to the tumour (i.e. the degree of normal tissue sparing is
35%). This appears to be safe, because the three BED tolerance levels
are not breached (i.e. the optic chiasm has received lower BED values
below tolerance) if the dose-sparing is below approximately 40%.

It can be seen that the degree of normal tissue dose sparing, relative
to the prescribed dose, must be increased to counteract the effect of
increasing LET, and in any re-treatments it is recommended that the

Table 2
Estimated treatment parameter using the GUI for worked example 2 for a 0.1%
risk of myelopathy after retreatment.

GUI input settings: Risk= 0.1%, conservative factor= 0%, BED1% 99.32 Gy2

Time to re-treatment (t) 0.25 0.50 1.0

Re-treatment (Gy)
(Single dose)

8.87 (8) 10.97 (10) 12.02 (10–11)

Re-treatment dose/fraction (Gy)
(5 fractions)

3.51 (3.4) 4.43 (4) 4.89 (4 to 4.5)

Re-treatment dose/fraction (Gy)
(10 fractions)

2.26 (2.2) 2.9 (2.8) 3.23 (3)

Table 3
Estimated maximum treatment dose obtained using the GUI for worked ex-
ample 3, for different risks of myelopathy on retreatment, with suggested
practical doses given in parentheses.

GUI initial settings: conservative factor= 0%, t= 0.32 years

Risk= 1% Risk=0.1%

1 treatment session 13.32 Gy (13 Gy) 12.59 Gy (12 Gy)
3 treatment sessions 7.31 Gy (7 Gy) 6.89 Gy (6.5 Gy)

Table 4
Estimated results using the GUI for worked example 4, with suggested practical
doses suggested in parentheses.

GUI initial settings: conservative factor= 0%, t= 0.1 years

Risk= 1% Risk= 0.1%

19 Fractions 2.22 Gy (2.1 Gy) 2.05 Gy (2 Gy)
24 Fractions 1.90 Gy (1.8 Gy) 1.75 Gy (1.7 Gy)

Fig. 2. Plots of CNS BED (using an α/ β=2Gy) against the percentage degree
of achievable normal tissue dose sparing for variations in proton LET values
between 2 and 10 keV/μm. The lower most curve plotted is that for a reference
megavoltage photon radiation, which would be identical to that for a proton
treatment had a fixed RBE of 1.1 been assumed to produce an iso-effect. The
horizontal lines represent three possible CNS tolerance levels for spinal cord
and other serially organised nervous tissues such as the brainstem and optic
chiasm, which from above downwards are namely BED values of 100, 90 and
80 Gy2 which respectively represent 0% conservatism (blue), 10% conservatism
(yellow) and 20% conservatism (purple). The higher LET values shown have
been linked to a RBE model that produces higher BEDs values for the CNS. For
patient safety, the treatment conditions should fall below the relevant hor-
izontal lines, which require a more favourable degree of normal tissue sparing.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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LET determined BED values are used in calculations if protons are used
after initial photon treatment or in the case of two proton courses, as in
the following worked examples.

Worked Example 5. An initial radiation treatment is associated with a
spinal cord dose of 47.5 Gy in 30 fractions of photons (1.58 Gy/
fraction). For the treatment of a recurrence, 18months later, proton
therapy is proposed. Treatment planning provides two choices for a
proton physical dose per fraction of 1.6 Gy, associated with either a
spinal cord LET of 1.5 or 5 keV/μm. There is no other history that might
influence spinal cord tolerance. What dose could be given if a 0.1% risk
of myelopathy is accepted? Compare the results with those based on the
use of a fixed RBE of 1.1.

(a) For re-treatment using a LET of 1.5 keV/μm, the RBE for the spinal
cord (α/β=2Gy) is estimated to be 1.14 (see Appendix B for
method). Thus based on retreatment given in 23 fraction the GUI
indicates an estimated total re-treatment dose of 43.01 Gy given at
1.87 Gy/fraction (photons), or a BEDret of 1.87× 23(1+1.87/
2)= 83.23 Gy2. The proposed proton dose/fraction of 1.6 Gy
would, based on the estimated RBE of 1.14, be equivalent to
1.82 Gy/fraction of photons (1.6 Gy× 1.14). This is acceptably
close to, but lower than, 1.87 Gy/fraction calculated using the GUI
and is consequently safer. The proposed re-treatment dose using
protons is thus 23 fractions of 1.6 Gy.

(b) For re-treatment using an LET of 5 keV/μm, the spinal cord RBE is
now estimated to be 1.47 for again a proton dose/fraction of 1.6 Gy
(see Appendix B). From the calculation in section (a) the GUI in-
dicates a re-irradiation photon BEDret of 83.23 Gy2. Since the
photon equivalent dose of this higher LET beam for a 1.6 Gy/frac-
tion re-treatment is now higher, namely 2.35 Gy (1.47×1.6 Gy) of
photons, a reduced number of dose fractions must be used if the
planned dose/fraction is to be retained. This is found by solving for
N in the equation N×2.35(1+ 2.35/2)= 83 Gy2 (the BEDret being
slightly rounded down from 83.23 to 83 Gy2). The calculated value
of N (16.2) is then rounded down; the use of a dose of 16 fractions
of 1.6 Gy is proposed for these higher LET protons.

(c) For a generic fixed RBE of 1.1, the retreatment dose/fraction
equivalent of 1.6 Gy of protons would be 1.76 Gy of photons. In
order to achieve a BEDret value of around 83 Gy2, would require a
total of 25 fractions [found by solving the equation
N×1.76(1+ 1.76/2)= 83; N=25], rather than 23 fractions for a
more appropriate RBE of 1.14, and 16 fractions for a higher RBE of
1.47.

For each case the actually delivered BEDret for 25 fractions of
1.6 Gy, initially based on a generic RBE of 1.1 can then be estimated:-

(a) 25×1.6×1.14(1+1.6×1.14/2)= 87.19 Gy2 for RBE=1.14
and

(b) 25×1.6×1.47(1+1.6×1.47/2)= 127.95 Gy2 for the RBE of
1.47.

These values are both significantly above the BEDret value of
83.23 Gy2 calculated by the GUI and so would be associated with a
significantly increased risk of myelopathy, namely 0.25% for an LET of
1.5 keV/µm and 55% for an LET of 5 keV/µm. Even for an initial dose,
not involving retreatment, the respective equivalent total doses in 2 Gy
fractions (EQD-2) would have been 43.6 Gy and 63.97 Gy, with only the
former being safe.

Worked Example 6. A Proton therapy treatment is given, such that the
optic chiasm received 30 fractions of 1.3 Gy (physical dose). Two years
later, with no adverse history, re-treatment is required. What
retreatment dose would be safe for a 0.1% risk under the following
conditions:-

(a) A proton LET of 3 keV/μm, RBE of 1.32, an equivalent photon dose
of 1.716 Gy/fraction or a total equivalent photon dose of 51.48 Gy;
a BEDint of 95.65 Gy2,

(b) A proton LET of 1.5 keV/μm, RBE of 1.15, an equivalent photon
dose 1.495 Gy/fraction or a total with equivalent total dose of
44.85 Gy; a BEDint of 78.38 Gy2.

If retreatment is also given in 30 fractions and with the same as-
sumed LET values, and by using the above equivalent total doses in 30
fractions the GUI estimates (a) 1.57 Gy and (b) 1.67 Gy/fraction of
photons, which respectively provide BEDret values of 83.7 and
91.62 Gy2 for re-treatment.

It is then necessary to estimate the number of 1.3 Gy fractions of
proton to provide these photon BEDret values.

For (a) this is found by solving for N the following equation:
N× 1.3× 1.32(1+ 1.3×1.32/2)= 83.7; or N=26.25, i.e. 26 frac-
tions of 1.3 Gy for protons.

For (b) this is found by solving for N in the following equation:
N× 1.3× 1.15(1+ 1.3×1.15/2)= 91.62; N=35.07, i.e 34 fractions
of 1.3 Gy for protons.

4. Discussion

The clinical literature on the issue of re-treatment is complex,
consisting largely of retrospective data, often without reference to BED
values determination or the associated EQD2 derivation and with in-
sufficient attention given to the role of the elapsed time between the
initial and re-treatment courses, a continuous variable, which must
reflect tissue recovery.

Clinicians must be extremely cautious in the interpretation of any
currently published data, which may claim that a specified total re-
treatment dose can be given, without using a BED or EQD-2 approach to
correct for fractionation effects, unless such conclusions are based only
on low dose/fraction radiotherapy in both the initial and subsequent re-
treatment courses. Also, the notion that re-treatment is possible after a
single time point has elapsed, e.g. 6 months or a year following the
initial treatment course, is unfounded. This does not give sufficient
flexibility, since time is a continuous variable and the safe dose will
increase with time after any initial treatment and will also depend on
the size of that initial dose.

It is also important for clinicians to specify the most relevant iso-
dose surface, or tissue positions, at which any re-treatment calculations
should be made. This applies to all forms of radiotherapy and especially
where significant dose gradients are present, as in radio-surgical ap-
plications or if protons are used (where in addition LET maps may be
especially informative).

The re-treatment model used is dependent on the validity of the
linear quadratic (LQ) model, which appears to fit longstanding data
based on clinical experience well, as shown in Fig. 1. It is important to
realise that the LQ model is itself conservative and protective for
normal tissues with low α/ β values: if straightening of the dose re-
sponse curve does sometimes occur at higher doses (e.g. between say
7–12 Gy in some in vitro experiments, although rarely is the associated
increase in treatment time for the large doses considered when doses
are delivered at a fixed dose-rate), then the LQ predicts lower survival
fractions, and lower iso-effective doses. Further descriptions of how to
model such effects is provided by Jones and Dale [2019] [20] and are at
present only considered appropriate only for BED estimates in a tu-
mour.

It remains to be seen if more experiments in animals will be per-
formed to establish further knowledge, for example on the effects of
relatively low dose exposure in the initial course of treatment, and their
influence at subsequent re-treatment times? Experiments in primates
are costly and there are ethical considerations making further work
difficult unless precise clinical questions need to be asked that can only
be addressed adequately in primates. Alternative approaches could
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include the setting up of a national or international data bases, allowing
an analysis of similar groups of patients and studies/protocols that
could also allow more precise analysis of the allowances that should be
made for chemotherapy effects, local surgery/pressure effects/trauma,
age, medical conditions etc. [21].
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Appendix A

The photon equivalent doses (deq) are the physical proton dose×RBE, and can be used within the standard BED equation, namely:

= +BED N d d. (1 /2)eq eq

where 2 Gy is the α/β ratio.

Appendix B

To obtain RBE values

(1) Programming the Simple efficiency model LET-RBE in Mathematica® [http://www.wolfram.com/mathematica/] uses the following definitions
and steps. References 9–12 provide further information.

The control megavoltage photon reference LET is given by letc=0.22 keV/µm
The maximum bio-efficiency LET for protons, letu , is assumed to be 30.5 keV/µm, the proton physical dose is allocated as dhi. Further values are

allocated for:

the reference-radiation β value; βlow,
the reference-radiation α value; αlow,
the α/β ratio is then expressed as αlow/βlow;

The operative LET value is letx and a value is allocated e.g. letx=5;
The α value at the maximum bio-effectiveness (αu) is
= − −αu Exp αlow10.57/3.92(1 [ 3.92 ])

The α value at the operative LET is then given by

= + − − −Ahi αlow au αlow let let let let( )( )/( )x c u c

Likewise for β, the value at the maximum bio-effectiveness is

= − −u Exp βlowB 0.06(1 [ 50 ])

The β value at the operative LET is then

= + − − −hi βlow βu βlow let let letu letcB ( )( )/( )x c

The dlow dose is then found to be:

= − + + +Dlow blow alow Sqrt alow ahi blow dhi bhi blow dhi1/(2 )( [ 4 4 ]2 2

This is divided by the dhi proton dose to give the RBE (rbe), namely

=Rbe dlow dhi/

(2) The resulting short Mathematica® [http://www.wolfram.com/ mathematica/] code will provide an estimate of RBE after entering values for dhi
and letx:
dhi= _; letx= _;
blow=alow/2; alow=0.06; au=10.57/3.92 (1-Exp[-3.92 alow]);
ahi=alow+(au-alow) (letx-letc)/(letu-letc);
bu=0.06 (1-Exp[-50 blow]);
bhi=blow+(bu-blow) (letx-letc)/(letu-letc);
dlow=1/(2 blow) (-alow+\[Sqrt](alow2+4 ahi blow dhi+4 bhi blow dhi2));
rbe=dlow/dhi;
letc=0.22; letu=30.5; print rbe

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ejmp.2019.04.005.
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