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Abstract

Purpose: To derive the isodose line R relative to the prescription dose below
which irradiated normal tissue (NT) regions benefit from a hypofractionated
schedule with an isoeffective dose to the tumor. To apply the formalism to clinical
case examples.

Methods: From the standard biologically effective dose (BED) equation based
on the linear-quadratic (LQ) model, the BED of an NT that receives a relative
proportion r of the prescribed dose per fraction for a given a/s-ratio of the tumor,
(afB)T,and NT, (a/B)nT, is derived for different treatment schedules while keeping
the BED to the tumor constant. Based on this, the “break-even” isodose line R
is then derived. The BED of NT regions that receive doses below R decreases
for more hypofractionated treatment schedules, and hence a lower risk for NT
injury is predicted in these regions. To assess the impact of a linear behavior
of BED for high doses per fraction (>6 Gy), we evaluated BED also using the
LQ-linear (LQ-L) model.

Results: The formalism provides the equations to derive the BED of an NT as
function of dose per fraction for an isoeffective dose to the tumor and the cor-
responding break-even isodose line R. For generic a/S-ratios of («/f)t = 10 Gy
and (a/f)nt = 3 Gy and homogeneous dose in the target, R is 30%. R is doubling
for stereotactic treatments for which tumor control correlates with the maximum
dose of 100% instead of the encompassing isodose line of 50%. When using
the LQ-L model, the notion of a break-even dose level R remains valid up to
about 20 Gy per fraction for generic a/f-ratios and Dt = 2(a/f).
Conclusions: The formalism may be used to estimate below which relative iso-
dose line R there will be a differential sparing of NT when increasing hypofrac-
tionation. More generally, it allows to assess changes of the therapeutic index
for sets of isoeffective treatment schedules at different relative dose levels com-
pared to a reference schedule in a compact manner.
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Other prior studies have developed formalisms using
BED that quantify the differential effect of NT at dif-

Biologically effective dose (BED) and the related
equivalent total dose in 2-Gy-fractions (EQD,) are a
well-established formalism with a widespread day-to-
day clinical use for comparing different fractionation
schemes in terms of their tumor control probability and
expected normal tissue (NT) toxicities.'

ferent relative dose levels r of the prescribed dose
for matched isoeffective treatment schedules for the
tumor*~° The objective of this work is to give additional
information about the effect of hypofractionation on NT
using a compact mathematical formalism and graphical
representation. It explores and illustrates the differential
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effects of hypofractionated treatment schemes for
tumors compared to NT at different relative dose levels
r using clinical examples. Based on the BED formalism
for the linear-quadratic (LQ) model, it derives for given
al/B-ratios of tumor and NT, the relative isodose line
r below which irradiated NT regions benefit from a
hypofractionated schedule with an isoeffective dose
to the tumor using the same relative dose distribution
as the original treatment schedule. This relative dose
level is referred to in the following as break-even dose
level R. Furthermore, BED based on the LQ-linear
(LQ-L) model'? is evaluated using the same scheme to
examine differences with respect to the BED formalism
based on the LQ model for the high dose region (> 6
Gy per fraction), where the applicability of the LQ model
is debated > 1015

2 | MATERIALS AND METHODS

21 | Formalism

Using the LQ model, the BED of a given treatment
schedule of n fractions with d dose per fraction is given
by

BED (n,d,a/B)= n-d <1 +a%3>’ 1)

where a/f8 may be the a/g-ratio of the respective tumor
((a/B)r) or NT ((a/B)nr)."

For a given fractionated treatment planning schedule
(n,d),the BED for an NT region (e.g.,a voxel) with (a/B)nT
that receives a dose per fraction dyt = r - d of the (pre-
scribed) dose per fraction d is then given by:

BED <n,d,r,<9> >=n-r-d 1+ 91 @
B/ Nt <§>
B/NT

using the NT sparing factor r. For a given normofraction-
ated treatment schedule with 2-Gy-fractions, one can
derive a set S of hypofractionated treatment sched-
ules with pairs of (n, d) with an isoeffect to the tumor
(IET) of (a/B)t, that is, a constant BED 4/, by invert-
ing Equation 1. In the following, such a set is denoted as
SBED (g, * = (M1, 1), (M2, o), ... }.

Clinical dose distributions are generally not homoge-
neous in the target. Consequently, IET may correlate bet-
ter with a relative dose t that is different to the prescribed
dose per fraction d, that is, IET may correlate with a
dose t-d (with t # 100%). This is specifically the case
for stereotactic treatments. For instance, it was reported
for stereotactic body radiotherapy (SBRT) of early stage
non-small cell lung cancer (NSCLC) that using BED
of isocentric maximum doses results in better local
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tumor control dose-response relationships than using
the BED of the planning target volume (PTV) encom-
passing doses.'® For such situations, sets of treatment
schedules SBED(Q/@T with a constant BED(a/ﬁ)T at rela-

tive dose level t can be obtained by evaluating:

BED (n, d.t 5)): ~-d<1 ﬁ). 3
<” t(ﬁT ntd\ " am, ) ©

By solving Equation 3 for n and substituting it in Equa-
tion 2, one obtains

IET a a
BED =BED (d,tr,BED , <—> , <—> >
(@/B)nt < (@/B)y B/t \B/;
149
r (Of/,@)NT
= BED(a/ﬁ)T T td (4)
1+
(a/B)y

BED(:/,, can be divided by the BED(/; ~of a
respective reference treatment schedule with the same
BED (4 /p), (i.e., usually a normofractionated treatment
schedule using the same parameters, except that d =
2 Gy) to be independent of the prescribed BED, /g). .

This is referred to in the following as the “normal-

ized BEDI(E%)NT” and represents the therapeutic gain

(<1) or loss (>1) factor compared to a reference
treatment'” for the NT region receiving a relative
dose r.

From differentiation of Equation 4, it follows that one
can derive the relative dose level R (i.e., a relative iso-
dose line) below which NT benefit from a more hypofrac-
tionated schedule to be* %8

a
<5 >NT

R= R<<%>T (%)NT' 1) = BE

The derivative of Equation 4 with respect to d is
monotonically increasing for r > R and is monotonically
decreasing for r < R.Note that R, is independent of both
BED(«/g), and d and that normalized BEDI(E}/%)NT is equal
to one for R.

®)

2.2 | Example applications

Example 1: Late-reacting NTs are commonly approx-
imated by (a/8)yt= 3 Gy, and tumors are typically
approximated by (a/8)t = 10 Gy.">"7 This is referred to
in the following as “generic a/f-values.” For a homoge-
nous dose distribution in the target, IET can be assumed
to correlate with prescribed dose per fraction d, that is,
t=100%.
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Example 2: Henderson et al.'® use a/g-values of
2.45 Gy for chordoma and 2.2 Gy for surrounding central
nervous system (CNS) and peripheral nerve tissues for
CyberKnife treatments of 5 x 8 Gy and compare them to
normofractionated treatments. We evaluated and visu-
alized BEDI(E%) and normalized BEDI(E%) for the LQ

NT NT

using the generic a/f-values and the a/S-values from the
clinical example from Henderson et al. IET is assumed
to correlate with prescribed dose per fraction d, that is,
t=100%.

Example 3: For heterogeneous dose distributions of
stereotactic treatments, often the encompassing pre-
scription isodose line is used to determine isoeffective
treatment schedules with the BED formalism.'® Instead,
as already mentioned, it was found for instance for
stage | NSCLC treated with SBRT that dose-response
and local control correlates better with the maximum
dose dmax than with the PTV encompassing isodose
when comparing different treatment schedules using
BED.'® Assuming a relative dose distribution with a tar-
get encompassing isodose line of 50% and a maximum
dose of 100%, to illustrate a rather large dosimetric
heterogeneity in the target of a factor of two, two sets
of isoeffective treatment schedules for the tumor can
be constructed assuming that IET correlates either with
the target encompassing 50% isodose line (t = 50%)
or the maximum dose of 100% (t = 100%). Using
(a/B)T = 10 Gy and the same normofractionated treat-
ment schedule as reference, for which 2 Gy corresponds
to the 50% encompassing isodose line for both sets, it
follows that two sets of isoeffective treatment schedules
for the tumor can be constructed using Equation 4 with

t = 50% and t = 100% respectively, that is: S°0% and
8100%.

2.3 | Comparison with LQ-L model for
high doses

The LQ model was shown to have shortcomings in
predicting responses for large doses per fraction (>
6 Gy).210.12.19 Some experimental data suggest a tran-
sition from a quadratic to a linear behavior at such
high doses, and several models introducing this behav-
ior have been proposed to describe high dose data more
accurately.'®"920 The LQ-L model is one of these mod-
els that has the advantage of maintaining a relatively
simple functional form."® For the LQ-L model, BED is
given by°

BED (n,d,a/B, Dr, y/a)

B n-d(1+%) fordsDT6
| alor (14 22) + L@=Dy)] ford> Dy
[ ( oc/ﬁ) a ] ()

where Dt is the threshold parameter for the onset
of the linear behavior at high doses, and y deter-
mines the slope in this region (loge cell kill per Gy).
To evaluate the effect of a transition to a linear behav-
ior, we use this formula to compute BED'(E}@NT anal-

ogous to Equation 4. For this purpose, we required a
continuous derivative at Dy, implying that y/a = 1+
(2Dt /(t/B)), and approximated Dt by 2(a/f), as sug-
gested by Astrahan,'® thereby reducing the number of
tissue-dependent parameters in Equation 6 from three
to one, that is, a /(.

We evaluated differences between LQ and LQ-L
model predictions of normalized BED'3ET for generic
a/pB-values.

3 | RESULTS

3.1 | Example applications

Example 1: Two sets of treatment schedules S75 gy,
and Sgzggy,, (both t = 100%) with iso-BED to the
tumor with (a/f)r = 10 Gy of 72 Gy (30 X 2 Gy)
and 93.6 Gy4g (39 x 2 Gy), respectively, are shown in
Figure 1 (left) as dose per fraction d versus number

of fractions n. Values of BED'3ET using the LQ model
(Equation 4) are shown in Figure 1 (right) for the same
treatment schedules as a function of d for different r
with (a/B)r = 10 Gy and (a/B)nt = 3 Gy. Correspond-
ing example BED calculations for a normofractionated
reference treatment schedule and a hypofractionated

treatment schedule are provided in the supplementary

material file. As expected, BED'3ET is constant for r =

R = 30% (Equation 5). For r > R, BED'(EImNT is mono-

tonically increasing when shifting to hypofractionated

schedules with larger d and lower n. Instead, for r < R,

BED'3ETis monotonically decreasing. Hence, when shift-

ing to a hypofractionated schedule, there is a lower risk
for NT injury in NT regions below the 30% isodose line,
while there is a higher risk for NT injury for NT regions

above this isodose line. Normalized BED'SET that quan-
tifies changes in the therapeutic index relative to a nor-
mofractionated treatment is shown for the same generic
alB-values in Figure 2 (left) as a function of dose per
fraction for the two different prescribed BED, /3)_. Inte-
ger fraction numbers n for the two prescribed BED ,, /5,

are indicated by markers. Figure 2 (left) illustrates that

for normalized BED!-! , there is no dependence on
(a/ﬁ)NT

the chosen BED 5, and number of fractions, and that
dose per fraction d is the only remaining parameter
defining the treatment schedule.

Example 2: Using a/B-values from Henderson et al.'®
((a/B) = 2.45 Gy, (a/B)nT = 2.2 Gy) with the LQ model
and { = 100%, results in a break-even isodose R of 90%,
implying that all NT regions with (a/8)nT = 2.2 Gy that
receive a total dose below 36 Gy are additionally spared
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Tumor iso-BED lines (a/B = 10 Gy)

—e— 72.0 Gyio (30.0 x 2 Gy)
93.6 Gy1o (39.0 x 2 Gy)

Dose per fraction [Gy]
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Number of fractions

FIGURE 1

and Sg3 6 gy,,- Right: BEDI3ET for S72ay,, @nd Sgs e ay,, @s a function of d for five normal tissue (NT) sparing factors r. In this example, BED3
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Left: Dose per fraction d versus number of fractions n for two sets of treatment schedules (n, d) with iso-BED to tumor: S7; gy,,

IET

decreases as dose per fraction increases for NT regions where r < (a/B)nt/ (a¢/B8)T = 30% (see text for more details). Markers indicate integer
fraction numbers. Normofractionated treatments with d = 2 Gy are indicated by a grey dashed line here and in the following figures.
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FIGURE 2 Left: Normalized BED|3ET for two sets of treatment schedules: S7,6y,, and Sgz say,, as a function of dose per fraction d for five
NT sparing factors r and generic a/-values. Markers indicate integer fraction numbers. Right: Same as in the left panel, but illustrating the
clinical case from Henderson et al.'® with Sy706 GYyas (5 x 8 Gy) and a/B-values of 2.45 Gy (chordoma) and 2.2 Gy (CNS and nerves). In these

examples, normalized BED'e,ET and normalized BED'ZF; decrease as dose per fraction increases for NT regions where r < (a/g)yr/(a/B); (see

text for more details).

by hypofractionation when administering 5 x 8 Gy. On
the other side, it implies that NT regions receiving higher
doses are less spared compared to a normofractionated
treatment. Henderson et al. estimate for their treatment

plans that r = 60% for the spinal cord at most. Using

Equation 4, this results in a normalized BED'2'?2T of 0.88.

Since the normalized BED'2F2T is below one, this indicates

a decreased risk for spinal cord injury and hence an
improved therapeutic index compared to a normofrac-
tionated treatment. Using a/B-values of 2.45 Gy and

2.2 Gy, Figure 2 (right) visualizes normalized BED'Z'?ZT as
a function of d for different r of interest.

Example 3: Normalized BED'3ET for generic a/pB-values
is displayed in Figure 3 (left) as a function of dose per
fraction at the encompassing isodose line of 50% for
both S%0% (¢t = 50%) and S'%%% (t = 100%). Note that
100% represents the maximum dose per fraction dy,ax,
that rand t are specified relative to d,,x for both sets of
treatment schedules, and that NT receive usually doses
of r < 50%, as they are mostly located outside the tar-
get encompassing isodose line of 50% of d,,ay. Figure 3

(left) illustrates that when IET correlates with the maxi-
mum dose dj,ax (t = 100%), the normalized BED'3ET for

a given r decreases substantially for hypofractionated



% | \MEDICAL PHYSICS

BREAK-EVEN DOSE LEVEL FOR HYPOFRACTIONATION

Iso-BED to tumor with a/ = 10 Gy

Iso-BED to tumor with a/ = 10 Gy
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FIGURE 3 Left:Normalized BED} ' for two sets of treatment schedules: S50%(t = 50%) and S100% (t = 100%) as a function of dose per

fraction at the encompassing isodose line of 50% for three normal tissue (NT) sparing factors r and generic a/g-values. Note that r and t are

specified relative to the maximum dose per fraction dy 4. Right: Normalized BED5

IET as a function of dose per fraction for doses up to 30 Gy as

predicted by the linear-quadratic (LQ) and the LQ-linear (LQ-L) model for five NT sparing factors r and generic a/S-values.

treatments compared to a scenario where the IET cor-

relates with the encompassing isodose line (t = 50%).

As a consequence, also the break-even dose R (Equa-
tion 5) increases from 15% to 30%. Corresponding
example BED calculations for a normofractionated refer-
ence treatment schedule and a hypofractionated treat-
ment schedule are provided in the supplementary mate-
rial file.

3.2 | Comparison with LQ-L model for
high doses

A comparison of normalized BED'3ET (t =100%) as pre-

dicted by the LQ and the LQ-L model for generic o/f3-
values is shown in Figure 3 (right) for five NT sparing
factors and for doses per fraction up to 30 Gy.

4 | DISCUSSION AND CONCLUSIONS
Steep dose gradients achieved by modern intensity
modulated and stereotactic radiation therapy facilitate
conformal treatments that, by sparing NT in the vicin-
ity of the target effectively, allow delivering hypofraction-
ated treatment schedules. From the perspective of the
presented formalism, such steep dose gradients help
to minimize NT volumes that are irradiated with doses
larger than R, thereby minimizing NT volumes near the
tumor that are “punished” by a hypofractionated treat-
ment. An additional sparing of all NT regions receiving
doses smaller than R may then be an incentive to shift
toward a more hypofractionated treatment schedule. It
can be understood as the inverse of the effect present
for hot spots in hypofractionated treatments that was
termed “treble trouble” effect.?’

For the generic a/f-values and a homogeneous dose
in target (Example 1, = 100%), R is 30% and therefore
clinically mostly of little relevance, as dose limiting tox-
icities are usually encountered in higher dose regions.
However, for cases where (a/f)t and (a/f)NT of critical
NT endpoints are more similar, such as the case from
Henderson et al.'® (Example 2), and for cases where
local control correlates with a higher isodose line of a
non-homogenous dose in the target, such as d, 4« (€.9.,
Example 3, Figure 3 [left] with { = 100%), additional NT
protection for isodose levels below R may be a quanti-

fied incentive to shift to a more hypofractionated treat-

ment schedule. Furthermore, the normalized BED!E!
(a/ﬁ)NT

factor provides a metric of the relative change of the
therapeutic index of hypofractionated schedules, com-
pared to a normofractionated treatment. By using an r
value of 100% and larger, it provides also information
about the magnitude of the “treble trouble” effect.
Different authors have used prior to this approaches
similar or equivalent to the one presented here to derive
a break-even dose level R. In the context of high dose
rate (HDR) and low dose rate (LDR) brachytherapy regi-
mens of the cervix, Brenner and Hall® obtained an equiv-
alent relation for R for different HDR and LDR treat-
ments regimens. A similar methodology for HDR and
LDR brachytherapy was also followed by Dale?? Fur-
thermore, several authors have derived similar or equiv-
alent relations for R to optimize fractionation schemes

of external beam radiotherapy*° Compared to these

studies, this work proposes with normalized BEDI(E%)NT

a quantification of the therapeutic gain with respect to a
normofractionated treatment using a relatively compact
formula and graphical representation that depend only
on dose per fraction d, but have no further dependen-
cies on other parameters of the prescribed treatment



BREAK-EVEN DOSE LEVEL FOR HYPOFRACTIONATION

schedule (number of fractions, total dose, tumor BED).
This may be useful for theoretically evaluating different
treatment options or even different planning strategies
for a given patient.

Results presented in this work are valid within the
range of applicability of the BED formalism using the
LQ and the LQ-L model."3'%17 Repopulation effects
have been ignored. However, if tumor repopulation
effects need to be accounted for in a given clinical
scenario, this would result in an additional incentive
to shift to a hypofractionated treatment scheme?3-26
and would not counteract the rationale presented here.
Some have argued that the LQ model is experimen-
tally and theoretically reasonably well validated up to
about 10 Gy/fraction and is reasonable to use up to
about 18 Gyl/fraction,'’ 316 while others disagree with
that view.'%'? In the comparison between LQ and LQ-
L model shown in Figure 3 (left), one can observe, as
expected, differences in model predictions due to a lin-
ear behavior for doses to the NT that are higher than the
threshold Dt used for NT, that is, where r - d > 2 - 3 Gy.
Instead, the onset of a linear response behavior for the
tumor at high doses is less relevant for the shown dose
range, as it occurs only for dose per fractions above 2 -
10 Gy. For high doses per fraction and relative dose lev-
elsr > R,the LQ-L model predicts a decrease of the nor-

malized BED|3ET (i.e.,an improvement of the therapeutic
index), contrary to the LQ model. For doses per fraction

above 20 Gy, the LQ-L model predicts that the normal-

ized BED'3ET for r=100% drops even below one, indicat-

ing an improved therapeutic index for strongly hypofrac-
tionated treatments compared to a normofractionated
treatment. This is caused by the much earlier onset of
the linear behavior at high doses for NT compared to the
tumor, as assumed in this example, and represents an
incentive for strong hypofractionation if these conditions
apply. This behavior has been previously observed by
Astrahan and is discussed in more detail elsewhere.'”
Figure 3 (right) also indicates that for this case and r
up to 100%, the concept of a break-even dose level R
remains valid up to doses of about 20 Gy, even when
assuming a linear behavior at high doses. However, not
only quantitative predictions of the LQ model but also
those of the LQ-L model should be interpreted with
caution at high doses, and adequate high dose model
parameters (Dt and y/a) are not well established and
validated for clinical cases.'” More generally, isoeffect
curves for large fraction doses (>10 Gy) and under-
lying mechanisms are not yet well modelled.'” Tumor
reoxygenation and heterogeneous radiosensitivities are
other potentially influential effects that need dedicated
consideration.26-2°

Another limitation of the presented calculations is
that dose distributions encountered in the clinics are
heterogeneous, and that no volume effects were con-
sidered. Equation 4 allows the computation for cases
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where isoeffect curves for the tumor can be associated
with a certain relative isodose line t, which is not equal
to the prescription dose. Using a single dose point for
the computation of BED in an organ-at-risk (OAR), as in
Equation 4, to assess NT complication probabilities is in
principle only valid for serial organs that are only sensi-
tive to the maximum dose to the OAR. More considerate
approaches*739-32 can be used to construct sets of
isoeffective treatment schedules and to model tissue
responses more accurately, but augment the complexity
of the necessary formalism and do not change the
principal behaviors discussed here. In that respect, it
should also be underlined that BED isoeffect curves
using the LQ model with single dose levels, including all
its shortcomings, remain the standard method of choice
used in clinics to compare different fraction schedules
and lead to clinically acceptable results.31517

In summary, for a given dose distribution and doses
where the LQ model applies, NT regions below the
relative isodose line R = (a/fB)n7/(a/B)T (Equation 5,
assuming t = 100%) are additionally spared when shift-
ing toward a more hypofractionated treatment schedule.
This may serve as a corollary to the BED formalism.
More generally, for two treatment schedules that are
isoeffective to the tumor, differences in BED doses for
NT at a given relative dose level r can be obtained from
Equation 4.
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