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A B S T R A C T

Background: Classical radiation protocols are guided by physical dose delivered homogeneously over the
target. Protocols are chosen to keep normal tissue complication probability (NTCP) at an acceptable level.
Organs at risk (OAR) adjacent to the target volume could lead to underdosage of the tumor and a decrease
of tumor control probability (TCP). The intent of our study was to explore a biology-based dose escalation:
by keeping NTCP for OAR constant, radiation dose was to be maximized, allowing to result in heterogeneous
dose distributions.
Methods: We used computed tomography datasets of 25 dogs with brain tumors, previously treated with
10x4 Gy (40 Gy to PTV D50). We generated 3 plans for each patient: A) original treatment plan with
homogeneous dose distribution, B) heterogeneous dose distribution with strict adherence to the same NTCPs
as in A), and C) heterogeneous dose distribution with adherence to NTCP < 5%. For plan comparison, TCPs
and TCP equivalent doses (homogenous target dose which results in the same TCP) were calculated. To enable
the use of the generalized equivalent uniform dose (gEUD) metric of the tumor target in plan optimization,
the calculated TCP values were used to obtain the volume effect parameter a.
Results: As intended, NTCPs for all OARs did not differ from plan A) to B). In plan C), however, NTCPs
were significantly higher for brain (mean 2.5% (SD±1.9, 95%CI: 1.7,3.3), 𝑝 < 0.001), optic chiasm (mean
2.0% (SD±2.2, 95%CI: 1.0,2.8), 𝑝 = 0.010) compared to plan A), but no significant increase was found for
the brainstem. For 24 of 25 of the evaluated patients, the heterogenous plans B) and C) led to an increase in
target dose and projected increase in TCP compared to the homogenous plan A). Furthermore, the distribution
of the projected individual TCP values as a function of the dose was found to be in good agreement with the
population TCP model.
Conclusion: Our study is a first step towards risk-adaptive radiation dose optimization. This strategy utilizes
a biologic objective function based on TCP and NTCP instead of an objective function based on physical dose
constraints.

1. Background

Classical radiation protocols are guided by physical dose, delivered
homogeneously over the target. Such fixed radiation protocols provide
a safe measure for a treated population, as the risk for complications
can be set to an acceptable level. Due to the individual patient’s tumor
size and location, however, fixed protocols might relatively underdose
certain patients: if tumors are smaller or not close to organs at risk,
radiation dose could safely be escalated for this individual patient.
Escalated radiation dose levels will then potentially lead to better
tumor control [1,2]. In general, dose can be escalated homogeneously

∗ Corresponding author.
E-mail address: stephan.radonic@uzh.ch (S. Radonic).

throughout the whole or parts of the target, where different dose levels

are prescribed to ‘‘boost’’ regions containing most tumor cells [3–

5]. Alternatively, intensity-modulated radiation therapy (IMRT) can

‘‘paint’’ higher doses to more radio-resistant biologic targets such as hy-

poxic areas, identified in functional imaging such as positron emission

tomography (PET) [6–8]. Both selective boosting techniques can lead to

substantial increases in tumor control probability (TCP), if subvolumes

up to 60%–80% receive a modest 20%–30% additional dose above the

minimal peripheral (prescribed) dose [9,10]. Tome et al. [10] calcu-

lated TCP increases with both, increasing boost dose ratio and boosted
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volumes, finding a saturation/plateau (=maximum increase in TCP)
after boost dose ratios of 1.2–1.3. Only if the very highest proportions
of the tumor volumes could be boosted (>90%–95%), the plateau was
again overcome, and an additional gain in TCP was seen [10]. A 15%
dose increase (1.15 ratio boost of dose) to 60%–80% of the volumes,
achieved an increase of 6%–11% in TCP [10]. Apart from the technical
complexity of dose-painting, the tumor-biologic fluctuations during a
patient’s treatment make this approach highly complex [11,12]. Such a
complex individualistic approach remains a long-term objective of col-
laborative effort in current radiation research. Another way to exploit
advanced radiation therapy delivery tools could be to use the expected
risk for radiation toxicity (late complications). A patient’s accepted
risk of late complications is usually set below 5% [13–15]. These 5%,
however, are often not exhausted in classical radiation plans with
homogeneous physical dose distribution, therefore in many patients the
risk is much lower. Assigning a fixed risk of toxicity would lead to the
chance to exploit the patient’s highest accepted dose, and potentially
increase the individual and the population’s tumor control. We want to
explore such a ‘‘biology-based’’ dose escalation: by holding the normal
tissue complication probability (NTCP) for organs at risk constant, we
want to maximize the radiation dose in all regions possible. While this
idea is not a novelty [16–18], it is not commonly used. We aim for
treatment plans with the highest amount of tumor control, allowing
heterogeneous dose distribution. Tumor dose will be limited by the
expected toxicity, using biological response models (TCP/NTCP) during
treatment planning. These models help to understand the potential
consequences of such a heterogeneous dose on tumor control, as an
addition to the physical quantities of absorbed dose and volume [19–
25]. Surprisingly, model predictions deflect the ‘‘conventional wisdom’’
that the minimum tumor dose is the major determinant of tumor
control: a modest underdosage in a partial volume might not reduce
TCP if the dose can be compensated in another region [10,26,27]. In
order to compare the effects of non-uniform dose distributions, a metric
for characterizing these distributions is needed. The equivalent uniform
dose (EUD) provides such a possible metric. The first applications
of the biology-based generalized EUD (gEUD) in treatment planning
were considered useful, improving the sparing of organs at risk while
maintaining the coverage of the target dose [28–30]. As an additional
advantage, the gEUD considers tissue-specific characteristics during
the planning process, which cannot be done with the simple dose-
volume-based optimization [28]. Similar approaches for EUD versus
regular planning objectives (albeit with strong dose homogeneity re-
quirements) have been made before and consistently show that regular
plans, based on dose-volume-based objective functions, have generally
higher amount of doses in the organs at risk [30]. This is because in
dose-volume-based objectives, the optimization process will stop, once
the goals are met, while the gEUD based optimization process has the
advantage to continue until the best solution is found.

Herein, we investigated a possible advantage of deliberate heteroge-
neous radiation dose delivery on tumor control. We used the concepts
of gEUD and tested the possibility for future clinical application. For
this planning study, we used datasets from our dog patients with brain
tumors and generated 3 plans for each patient: (A) (classical) homoge-
neous dose distribution within the planning target volume (PTV), (B)
heterogeneous dose distribution with concurrent strict adherence to the
same NTCPs as in (A), and (C) heterogeneous dose distribution with
adherence to a prior defined NTCP in the organs at risk, as deemed
clinically acceptable for a prospective clinical study. We used prior
derived gEUD values as planning constraints [31]. As a readout, TCP
and NTCPs were compared between the three groups.

2. Methods

2.1. Study aim and design, patient and tumor characteristics

We aimed to investigate a possible advantage of deliberate hetero-
geneous radiation dose delivery on tumor control. For this, we used a

theoretical planning approach and included pre-existing datasets from
dogs with magnetic resonance imaging (MRI) or computed tomography
(CT) imaging confirmed meningioma. These brain tumor patients were
treated with radiation therapy at the Division of Radiation Oncology
of the Vetsuisse Faculty, University of Zurich between September 2017
and March 2020. The target volumes and organs at risk (OAR) were
contoured in a facility internal standardized manner as previously
published by our research group [32]. In brief, the gross tumor volume
(GTV) was delineated on co-registered contrast-enhanced CT or MR
images. The margins for the clinical target volume (CTV), accounting
for subclinical microscopic disease extension, was defined to be 2 mm
for meningeal and pituitary tumors and 3–5 mm for glial tumors,
respecting anatomical boundaries such as bone. The CTV margin then
was extended 3-dimensionally by 2 mm to define the PTV, accounting
for setup uncertainties in daily image-guided photon treatment. The
PTV margin had been established earlier with the prior described
individually fitted positioning device, consisting of a bite block and
a vacuum cushion (BlueBag BodyFix, Elekta AB, Stockholm, Sweden).
Further, brain, brainstem and GTV/brain ratio were documented.

2.2. Treatment planning

Treatment was planned as deliverable with volumetric modulated
arc therapy (VMAT)/ RapidARC. Each dataset was planned with three
plans (Table 1). D2%, D50% and D98% is the dose to 2%, 50% and
98% of the volume.

(A) Plan 1_hom: homogeneous dose distribution within the PTV,
with a prescription of 10 × 4 Gy (40 Gy to PTV D50) [32,33]. For
the homogeneous plans (Plan 1_hom), the dose was prescribed
to 𝐷50%, and 𝐷98%(= 𝐷𝑛𝑒𝑎𝑟−𝑚𝑖𝑛) and 𝐷2%(= 𝐷𝑛𝑒𝑎𝑟−𝑚𝑎𝑥) was re-
ported [34,35]. For adequate PTV coverage, also 𝐷98∕95 had to
be fulfilled: 98% of the target volume had to be covered by 95%
of the prescribed dose (i.e. 98% of PTV receives ≥ 38 Gy), in
order to achieve a steep DVH.

(B) Plan 2_het1: heterogeneous dose distribution with 10 fractions
and concurrent strict adherence to the same NTCPs as in (1). For
the heterogeneous plans with concurrent strict adherence to the
same NTCPs as in plan A (Plan 1_hom), only 𝐷98% was fixed, in
addition to the NTCP adherence. PTV coverage was limited only
in the upper dose, for patient safety reasons - 𝐷2% was fixed at
𝐷2∕130 (i.e. max 2% of PTV received ≥ 52 Gy). 𝐷50% could be
as high as possible, as long as NTCP adherence was met.

(C) Plan 3_het2: heterogeneous dose distribution with 10 fractions
and adherence to a prior defined NTCP in the organs at risk, as
deemed clinically acceptable for a prospective clinical study. For
the heterogeneous plans with adherence to the defined NTCPs
(of 5%) (Plan3_het2), only 𝐷2% was fixed at D2/130 (i.e. max
2% of PTV receives ≥ 52Gy). Again, 𝐷50% could be as high as
possible, as long as the NTCP adherence of 5% was met. Hence,
for these plans, no uniform prescription was applicable.

We planned with the treatment planning software Eclipse™ Planning
system version 15.3, including Photon Optimizer (PO) with fine settings
(1.25 mm) (Varian Medical Systems, Palo Alto, CA). We used the same
VMAT specifications for all plans and calculated with AAA 15.1.51 and
a fine grid of 1.25 mm. For the first plan variant (Plan 1_hom), OAR
absorbed dose was minimized at the planning radiation oncologist’s
discretion, as done in clinical routine. The actual dose corresponding to
the calculated gEUD (gEUD is formally explained in Section 2.7) was
then inserted as a constraint in the optimization (Plan 2_het1). Plan
2_het 1 was normalized to correspond the first plan (Plan 1_hom) in
the respective NTCPs of the organs at risk. For control purposes the
NTCP-values were extracted from both plans [36,37].
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2.3. Biology-based constraints for optimization

For the third plan variant, gEUD values corresponding to NTCP of
5% for the respective OARs were extracted; we took parameter sets
from Burman et al. (a = 6.25, m = 0.14, TD50 = 65 Gy for brainstem,
a = 4, m = 0.15, TD50 = 60 for brain, and the optic chiasm a =
4, m = 0.14, TD50 = 65 Gy): alpha/beta value = 2 Gy, which are
based on fits to human normal tissue data compiled by Emami et al.
as previously described. The gEUDs were plotted against NTCP from
a 30 × 2 Gy protocol used for human glioma irradiation [24,31,38].
In order to adjust for fraction size and fraction number in the new
10-fraction protocol, the parameter gEUD was then converted to a
biologically equivalent gEUD using the linear-quadratic (LQ) model.
The biologically equivalent gEUD for NTCP 5% for brainstem and brain
was used as an upper limit (upper gEUD) during plan optimization.

Hence, in Plan 1_hom, dose prescription follows the published
guidelines [34,35]. For the deliberately heterogeneous planned plans,
we move away from classical prescription: the conditions now only
include a fixed (either same-risk or at 5%) NTCP. Furthermore, the
upper constraint of D2/130 of the original prescription was the upper
limit for future patients’ safety.

2.4. Obtaining model parameters

In [39], a novel analytical population TCP model was derived. The
model was fitted to clinical survival data of dog patients [33,40,41] un-
dergoing radiation therapy for a brain tumor. Through this procedure,
model parameters were obtained which enabled the calculation of TCP.
In [39,42], the population TCP model was derived by analytically incor-
porating variations of tumor volume sizes. As in [42], it was assumed
that the underlying frequency distribution of the present tumor volume
sizes in the population is exponentially distributed. However, it was
conjectured that there is a minimal tumor volume below which tumors
are unlikely to be clinically observed [39,42]. Thus the frequency
distribution is given by

𝑓 𝑜𝑏𝑠
𝑉𝑎𝑣𝑔 ,𝑉𝐶

(𝑉 ) =
𝑉𝑎𝑣𝑔 + 𝑉𝐶

𝑉 2
𝑎𝑣𝑔

(
1 − exp

(
−

𝑉

𝑉𝐶

))
exp

(
−

𝑉

𝑉𝑎𝑣𝑔

)
(1)

which results in modifying the exponential distribution by a detection

rate 1 − exp
(
−

𝑉

𝑉𝐶

)
, where 𝑉𝑎𝑣𝑔 is the average volume of tumors in

a patient population and 𝑉𝐶 is a surrogate measure which describes
the limited clinical observability of small tumor volumes [39]. The
population TCP is then given by [39]

∫
∞

0

(𝑉avg + 𝑉𝐶 )

𝑉 2
avg

exp

(
−

𝑉

𝑉avg

)(
1 − exp

(
−

𝑉

𝑉𝐶

))
exp(−𝜌𝑆𝑉 ) 𝑑𝑉 (2)

=
𝑉avg + 𝑉𝐶

(𝜌𝑆𝑉avg + 1)(𝜌𝑆𝑉avg𝑉𝐶 + 𝑉avg + 𝑉𝐶 )
(3)

where 𝑆 is the survival model function, which for the LQ model is given
by 𝑆(𝐷, 𝑑𝑓 , 𝛼, 𝛽) = 𝑒−𝛼𝐷−𝛽𝑑𝑓𝐷 𝑒𝛾𝑇 . 𝑇 is the overall treatment time and

𝛾 =
log(2)

𝑇𝐷
with 𝑇𝐷 being the tumor doubling time [43,44]. For fitting

the model to clinical data, as in [39] 𝛼

𝛽
was constrained to 𝛼

𝛽
= 8 Gy,

𝑉avg = 3.37 cm3 and 𝑉𝐶 = 1.6 cm3 as determined from the clinical data.

In order to determine the errors of the obtained parameters, we used
the bootstrapping method [45]. From the dataset of clinical data 𝐷 we
randomly select observations 𝑑𝑖 with replacement to create bootstrap-
ping samples 𝑆𝑛 = {𝑑𝑖,…}. A particular data point 𝑑𝑖 can occur multiple
times in a bootstrapping sample 𝑆𝑛. For each sample 𝑆𝑛 the fitting
procedure is performed and yields a set of fitting parameters with the
corresponding 𝜒2: 𝑝𝑛 = {𝛼, 𝑎, 𝑇𝐷}𝑛. From the sets of fitting parameters
{𝑝1,… , 𝑝𝑁} a frequency distribution can be calculated for each fitting
parameter as well as for 𝜒2. From the frequency distributions we can
obtain the 95% intervals and other statistics.

2.5. Estimation of tumor control probability

The TCP as modeled by Nahum and Tait [46] is given by

𝑇𝐶𝑃 = 𝑒−𝑁𝑆 (4)

where 𝑁𝑆 is the number of surviving clonogenic cells. Webb and
Nahum [47] derived a model for the TCP with non-uniform clonogenic
cell density and non-uniform dose.

For each voxel of the CTV, the absorbed dose for the respective
fraction is recorded. The recorded dose values are used to calculate the
cell survival of the particular CTV voxel. The cell survival at fraction 𝑓

of a voxel 𝑖 is given by

𝑆
𝑓

𝑖
= 𝑆(𝐷

𝑓

𝑖
, 𝛼, 𝛽) (5)

where 𝑆 is the survival model function and 𝐷
𝑓

𝑖
is the dose [Gy] which

the voxel 𝑖 is exposed to at fraction 𝑓 . In case of the LQ Model [48] the
cell survival function is given by

𝑆(𝐷
𝑓

𝑖
, 𝛼, 𝛽) = 𝑒−𝛼𝐷

𝑓

𝑖
−𝛽(𝐷

𝑓

𝑖
)2 (6)

In [43], the LQ-model is combined with an assumed tumor repopu-
lation factor. Furthermore, in [49], the dependence of the survival rate
on the elapsed time is characterized by an exponential decrease. The
cell survival in voxel 𝑖 after 𝑀 fractions is

𝑆𝑖 =

𝑀∏
𝑓=0

𝑆
𝑓

𝑖
(7)

The patient survival (TCP) after a follow-up period 𝜏 is then given by

𝑇𝐶𝑃 =

𝑁∏
𝑖=0

𝑒−𝜌𝑖𝑉𝑖𝑆𝑖𝑒
𝛾𝑇 𝑒𝑎𝜏 (8)

where 𝑉𝑖 is the volume and 𝜌𝑖 is the cell density at voxel 𝑖. Here, a
homogenous (∀𝑖 ∶ 𝜌𝑖 = 𝜌) cell density 𝜌 = 107 cells/cm3 was assumed
inside the CTV. 𝑒𝛾𝑇 accounts for the effective tumor-cell repopulation
rate, where 𝛾 = ln(2)∕𝑇𝐷, 𝑇𝐷 being the tumor doubling time and 𝑇 being
the treatment time. For the treatment time 𝑇 in days, seven-fifth times
the number of fractions 𝑀 was used if 𝑀 > 5, else it was assumed
to be equal to the number of fractions. 𝑒𝑎𝜏 characterizes exponential
dependence of the survival rate on the elapsed time. The TCPs were
calculated for a follow-up time of 3 years.

In a Monte Carlo procedure we sampled the calculation parameters
𝑝𝑖 = 𝛼, 𝑎, 𝑇𝐷𝑖 from the distribution {𝑝1,… , 𝑝𝑁} obtained by bootstrap-
ping in Section 2.4 and used them to calculate a TCP distribution. From
the TCP distribution we can obtain the error margins. This was done by
calculating the 15.87 and 84.13 percentiles of the distribution, which
correspond to ±1𝜎.

2.6. TCP equivalent dose

It is common practice to plot and evaluate the TCP against the
prescribed dose. In classical RT where the dose distribution inside
the clinical target volume (CTV) is more or less homogenous, this is
an appropriate procedure. However, this is not suitable for an inho-
mogeneous dose distribution. As the TCP is a product of the TCPs
of individual voxels, also the mean dose is not a viable measure for
comparing different inhomogeneous plans. Thus, here we introduced
the concept of the TCP equivalent dose. The TCP equivalent dose of an
RT plan with inhomogeneous dose distribution within the CTV, is equal
to the dose of a perfectly homogeneous RT plan which would yield the
same TCP.

𝑇𝐶𝑃ℎ𝑜𝑚

!
= 𝑇𝐶𝑃ℎ𝑒𝑡 (9)

𝑒−𝜌𝑉 𝑒
−𝐷hom

(
𝛼+𝛽𝑑ℎ𝑜𝑚−

7
5

𝛾
𝑑ℎ𝑜𝑚

)
+𝑎𝜏

=

𝑁∏
𝑖=0

𝑒−𝜌𝑖𝑉𝑖𝑒
−𝐷𝑖 (𝛼+𝛽∗𝑑𝑖−

7
5

𝛾
𝑑𝑖

)+𝑎𝜏

(10)
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We assume that all 𝑁 voxels are of equal size 𝑉𝑖 =
𝑉

𝑁
and that the cell

density ∀𝑖 ∶ 𝜌𝑖 = 𝜌 is homogeneous. Thus
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logarithm on both sides yields

−𝜌𝑉 𝑒
−𝐷hom

(
𝛼+𝛽𝑑ℎ𝑜𝑚−

7
5

𝛾

𝑑ℎ𝑜𝑚

)
+𝑎𝜏

= −𝜌𝑉𝑖

𝑁∑
𝑖=0

𝑒

(
−𝐷𝑖(𝛼+𝛽∗𝑑𝑖−

7
5

𝛾

𝑑𝑖
)+𝑎𝜏

)
(13)

−𝐷hom

(
𝛼 + 𝛽𝑑ℎ𝑜𝑚 −

7

5

𝛾

𝑑ℎ𝑜𝑚

)
+ 𝑎𝜏 = log
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which finally leads to

𝐷hom =

log

(
1

𝑁

∑𝑁

𝑖=0
𝑒

(
−𝐷𝑖(𝛼+𝛽∗𝑑𝑖−

7
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7
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)

(15)

For the calculations we used parameters from Table 1. For all patients
the prescribed fractionation in the homogeneous plan was a 10 × 4.0 Gy
scheme (40 Gy to PTV D50), thus 𝑑ℎ𝑜𝑚 = 4.0 Gy. It shall be noted that
the resulting number of fractions when applying 𝐷hom from Eq. (15) in
fractions of 𝑑ℎ𝑜𝑚 = 4.0 Gy, can differ from the 10 fractions used in the
original homogeneous dose plan.

2.7. Generalized equivalent uniform dose

Ideally, we could use the previously established TCP and TCP
equivalent dose variables directly for RT planning. As it is our goal
to create RT plans with deliberate inhomogeneous dose distributions,
with which real canine patients can be treated, the RT planning has to
be done using the commercial Varian Eclipse TPS used at our facility.
The aforementioned TCP and TCP equivalent dose variables are not
available to us in Varian Eclipse for use during treatment plan optimiza-
tion. However, Varian Eclipse enables using the generalized equivalent
uniform dose (gEUD) as an optimization objective for treatment plan-
ning. Particularly for treatment planning with deliberate heterogeneous
dose distributions, the gEUD is a useful tool. For tumors, the equivalent
uniform dose (EUD) is defined as the biologically equivalent uniform
dose which would match the cell kill in the tumor volume of the actual
nonuniform dose distribution.

𝑔𝐸𝑈𝐷 =

(
1

𝑁

𝑁∑
𝑖=1

(
𝐷𝑖

)𝑎
) 1

𝑎

(16)

where 𝑁 is the number of voxels in the tumor, 𝐷𝑖 is the dose in
the voxel 𝑖 and 𝑎 is a tumor specific parameter which is a model for
the dose-volume effect. To determine 𝑎 we used the orthogonal least
squares methods. In a first step for all 𝑁𝑝 patients the gEUD values
(𝑔𝐸𝑈𝐷𝑘)𝑎 were computed for 𝑎 values in the interval [−100.0,−0.2]
with step size 0.2. Also the 𝑇𝐶𝑃𝑘 values were calculated as described
in Section 2.5. Next, as illustrated in Fig. 1, the orthogonal distance
(𝛥⊥𝑘

)𝑎 was obtained. The angle 𝛺 was calculated using the derivative
of the population TCP function (Eq. (3))

𝛺 = arctan

(
𝜕(𝑇𝐶𝑃𝑝𝑜𝑝)

𝜕𝐷

||||𝐷=(𝑔𝐸𝑈𝐷𝑘)𝑎

)
(17)

also

cos(𝛺) =
(𝛥⊥𝑘

)𝑎

𝛥(𝑇𝐶𝑃𝑘)𝑎
(18)

where

𝛥(𝑇𝐶𝑃𝑘)𝑎 = |𝑇𝐶𝑃𝑝𝑜𝑝((𝑔𝐸𝑈𝐷𝑘)𝑎) − 𝑇𝐶𝑃𝑘| (19)

Fig. 1. Illustration of the orthogonal least squares fitting.

with that (𝛥⊥𝑘
)𝑎 is given by

(𝛥⊥𝑘
)𝑎 = cos(𝛺)𝛥(𝑇𝐶𝑃𝑘)𝑎 (20)

For each value of 𝑎 the sum of the orthogonal distances was com-
puted

𝜒2
𝑎
=

𝑁𝑝∑
𝑘=1

(𝛥⊥𝑘
)𝑎 (21)

We then found the 𝑎𝑜𝑝𝑡 value for which the sum of the orthogonal
distances is smallest

𝑎𝑜𝑝𝑡 = argmin
𝑎∈[−100.0,−0.2]

{
𝜒2
𝑎

}
(22)

The TCP values for the heterogeneous plans variant 1 and 2 were
analyzed in two ways. First, by fitting all data points from every RT
plan of all patients together, producing a single 𝑎𝑜𝑝𝑡 value. Second, by
grouping patients into three classes based on tumor volume and fitting
each category separately, resulting in three distinct 𝑎𝑜𝑝𝑡 values.

2.8. Plan comparison

Normal tissue complication probability (NTCP) of brain, brainstem
and optic chiasm was computed as previously described and docu-
mented for each of the three different treatment plans [32]. The gEUDs
of the PTV (assumption a = −10) and the sum of monitor units (MU)
of each treatment plan were computed as well.

2.9. Statistical analysis

Patient data were coded in Excel and analyzed in SPSS version
26. Normality assumption of continuous variables was tested with
the Kolmogorov–Smirnov and Shapiro–Wilk-tests. Descriptive statistics
such as mean and standard-deviation (SD) (brain volume, NTCPs, actual
doses (gEUDs of organs at risk as well as PTVs)) median and inter-
quartile range (IQR) for non-normally distributed continuous variables
(GTV, GTV/brain-ratio) were computed. In addition, 95% confidence
intervals (95%CI) for the true mean and true TCP increase were com-
puted. Pearson’s correlation was used to test for associations between
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target and brain volumes and NTCP. Paired-sample t-tests were con-
ducted to compare the NTCPs of organs at risk, the gEUDs of the PTV
as well as the TCPs between the homogenous and heterogenous plans.
Results of statistical analysis with p-values <5% (0.05) were interpreted
as statistically significant.

3. Results

3.1. Patient and tumor characteristics

CT datasets of 25 dogs with meningeal tumors were used for treat-
ment planning. Demographics, OAR and tumor volumes of all dogs
are depicted in as raw data, deposited in the open repository Harvard
Dataverse [link will be added in final version]. Data was normally
distributed according to Kolmogorov–Smirnov and Shapiro–Wilk-tests,
except for GTV, CTV, PTV, optic chiasm volume, GTV/brain-ratio, and
TCP of both heterogeneous plans (Plan 2_het 1 and Plan 3_het 2).

The median target volumes were as follows: GTV was 2.4 cm3 (IQR
2.3), CTV 5.2 cm3 (IQR 3.4), and PTV 10.9 cm3 (IQR 5.3). Mean
brain volumes were 83.4 cm3 (SD±16.7), reflecting typical variation
according to breed and dog body weight. Mean brainstem volume was
7.2 cm3 (SD±2.3) and median optic chiasma volume 0.08 cm3 (IQR
0.06), respectively. The median ratio of the GTV/brain ratio (relative
tumor volume, GTVbrain) was 3.1% (IQR 2.2).

3.2. Plan comparison

For planning optimization we used gEUD(a=4) = 30.13 Gy for brain,
gEUD(a=6.3) = 33.35 Gy for brainstem, and gEUD(a=4) = 35.74 Gy for
the optic chiasm (chosen to keep NTCP ≤5%).

The gEUDs of the PTV, the dose relevant for tumor control, was
higher for all deliberately heterogeneous planned plans: there was a
significant difference in the gEUDs from Plan 1_hom (mean 39.93 Gy,
SD±0.19) to Plan 2_het 1 (with the same NTCP) (mean 42.96 Gy,
SD±0.90) conditions; t(24) = −16.7, 𝑝 < 0.001). As expected, the
differences in gEUDs were even larger from the Plan 1_hom to the Plan
3_het 2 (with the 5% NTCP) (mean 46.00 Gy, SD±3.4) conditions; t(24)
= −8.95, 𝑝 < 0.001). But also the 2 deliberately heterogeneous planned
variants differed significantly: Plan 2_het 1 (mean 42.96 Gy, SD±0.90)
vs. Plan 3_het 2 (mean 46.00 Gy, SD±3.4) conditions; t(24) = −4.62,
𝑝 < 0.001). Median TCP of Plan 1_hom, Plan 2_het 1, and Plan 3_het 2
was 0.45 (IQR 0.27), 0.93 (IQR 0.12), and 1 (IQR 0.15), respectively.
Figs. 2 and 3 depict two examples of DVHs from homogenously and
deliberately heterogeneously planned patients.

In 5 of the 8 patients that were actually treated with an organ risk
above the later tolerated 5%, the gEUD in the Plan 3_het 2 decreased.
These 5 patients had tumors in the brainstem and were actually treated
with corresponding NTCPs between 9.04–16.05%. The 3 patients with
NTCPs close to and just above 5% were easily to be escalated with the
heterogenous planning method. The NTCP distribution is graphically
displayed for the three plan variants and different organs at risk in
Fig. 4.

In the homogenous plans reflecting the treated situation, mean and
median TCPs (Plan 1_hom) were rather low, with 42% (SD±20; 95%
CI: 34, 51) and 50% (IQR: 27), respectively, ranging from 5%–86%.
Mean and median TCPs of the same-risk plans (Plan 2_het 1) were
89% (SD±12; 95%CI: 84, 94) and 93% (IQR: 12) respectively, ranging
from 53%–100%. The TCPs of the same-risk versus the homogeneous
plans were significantly higher (mean 47% (SD±16, 95%CI: 40, 53),
conditions; t(24)=−14.39, 𝑝 < 0.001. Mean and median TCPs of the
fixed-risk plans (Plan 3_het 2) were 87% (SD±24; 95%CI: 77, 97)
and 99% (IQR: 15) respectively, ranging from 8%–100%. Also the
TCPs of the fixed-risk versus the homogeneous plans were significantly
higher (mean 45% (SD±31, 95%CI: 32, 58), conditions; t(24)=−7.16,
𝑝 < 0.001). When the TCPs of the same-risk and fixed-risk plans were

Fig. 2. DVH of patient with a meningioma in the cranial fossa: orange: PTV, red:
CTV, yellow: GTV: The ■ -DVHs represent the homogenous plan (Plan 1_hom), ▴

-DVHs the heterogenous plan with the same NTCP (Plan 2_het 1), and the  -DVH the
heterogenous plan with the NTCP set at 5% (Plan 3_het 2) for brain (magenta) and
optic chiasm (deep purple). The gEUD of the PTV increased to 107.4% in Plan 2_het
1, translating in a TCP increase of 69 percent points, and to 120.3% Plan 3_het 2,
translating to a TCP increase of 77 percent points. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. DVH of patient with a meningioma in the caudal fossa (close to brainstem)
and an initial NTCP of 5.7% in the brainstem: orange: PTV, red: CTV, yellow:
GTV: GTV: The ■ -DVHs represent the homogenous plan (Plan 1_hom), ▴ -DVHs the
heterogenous plan with the same NTCP (NTCP 5.7%, dark blue: brainstem = Plan 2_het
1). The gEUD of the PTV increased to 105.4% in Plan 2_het 1, translating in a TCP
increase of 29 percent points. In spite of a lower NTCP of 5% in the  -DVH (Plan
3_het 2), the gEUD of the PTV increased to 109.3% in Plan 3_het 2, translating also
to a TCP increase of 29 percent points. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

compared, significance was lost: mean 2% (SD±23, 95%CI: 7, 12),
conditions; t(24)=−0.45, p =0.656).

Monitor units were lower in both heterogenous plan variants: Plan
1_hom (mean 880 MU, SD±105) and Plan 2_het 1 (with the same
NTCP) (mean 743 MU, SD±86) conditions; t(24)=7.01, 𝑝 < 0.001);
and Plan 3_het 2 (with 5% NTCP) (mean 777 MU, SD±105) condi-
tions; t(24)=3.65, 𝑝 = 0.001). The monitor units between the two
heterogenous plans did not differ significantly.

3.3. Model parameters

Fitting the population TCP including the volume variations with
the detection rate limitation modified volume frequency distribution
(Eq. (3)) to clinical data [33,40,41] yielded the parameter set 𝛼=0.37
Gy−1, 𝛽 = 0.046 Gy−2, 𝑎 = 0.7 yr−1 and 𝑇𝐷 = 4.5 d with 𝜒2 = 0.285. The
95% - confidence intervals determined by the bootstrapping method
can be found in Table 1.
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Fig. 4. NTCP distribution for the three plan variants and different organs at risk: (a)
Brain, (b) Brainstem, (c) Chiasm.

3.4. TCP and TCP equivalent dose

In order to compare the homogeneous plans with the two dif-
ferent heterogeneous plans regarding TCP, in Fig. 5 the individual
TCPs (Eq. (8)) for all plans and patients are plotted against their TCP
equivalent doses. The error margins were also calculated for the TCP

Table 1
Model parameters and 𝜒2 obtained from fitting the population model
(Eq. (3)) and their 95% confidence intervals obtained from bootstrapping.

value 95% CI

𝛼 [Gy−1] 0.37 [0.34–0.46]
𝑎 [yr−1] 0.7 [0.16–1.47]
𝑇𝐷[𝑑] 4.5 [1.89–7.31]
𝜒2 0.285 [0.05–0.38]

Fig. 5. Individual patient TCP values (as in Eq. (8)) resulting from Plan1_hom
(blue dots), Plan2_het1 (red cross) and Plan3_het2 (green triangle) plotted versus
corresponding TCP equivalent dose values (as in Eq. (15)). Also plotted is the population
TCP with its 68.2% confidence interval (light blue). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Differences (Deltas) between the TCP of the respective heterogeneous plans and
the homogeneous plan plotted as a function of the difference in the corresponding TCP
equivalent dose: the tight cloud of red crosses represents same risk patients, while the
green triangles represent patients with a fixed-risk, close to an OAR (left) or further
away (right). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

equivalent doses. As the errors 𝜎(𝐷𝑇𝐶𝑃𝑒𝑞𝑢𝑖𝑣
)were < 0.5 Gy for all points,

we omitted them from the plot. Also plotted therein is the population
TCP with its 68.2% confidence interval (corresponding to ±1𝜎). Further
in Fig. 6 the 𝛥𝑇𝐶𝑃𝑠 between the two heterogeneous plans and the
homogeneous plan were plotted.

In Fig. 5, plotting the individual TCP values alongside the ensem-
ble population TCP reveals a clustering around the ensemble values,
indicating a good agreement. Further it was shown that heteroge-
neous plans in almost all cases lead to a higher TCP. On average the
Plan2_het1 led to almost the same TCP increase as the Plan3_het2,
however with a smaller increase in TCP equivalent (homogeneous)
dose. In Fig. 6 it can be seen that Plan2_het1 (same-risk) leads to a
smaller variation in TCP and TCP equivalent dose (tight cloud of red
crosses), while for the Plan3_het2 (fixed-risk, green triangles) patients
with tumor close to brainstem and optic chiasm are distributed at
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Table 2
Obtained 𝑎 parameters for the gEUD model; 𝐚̃ are the median 𝑎 values from the bootstrapping procedure.

Volume 𝑉 [cm3] 𝑎 𝐚̃ 68.8% CI 95% CI # data pnts. 𝑁

<4 −24.8 −24.4 [−22.6, −27] [−21.5, −33] 5
4–6 −24.6 −23.7 [−20, −29.1] [−17.4, −43.5] 12
>6 −19.2 −19.3 [−16.1, −24.5] [−13.9, −30.5] 8
all −19.8 −19.5 [−16.8, −23.9] [−15.4, −35.1] 25

Fig. 7. TCP values plotted against the gEUDs computed with 𝑎𝑜𝑝𝑡: (a) Single fit for all
patients (b) Distinct fits for three different volume categories.

the lower end of TCP increase, while other patients can maximally
benefit from heterogeneous, fixed-risk planning. For a single patient
(1 out of 25) the Plan3_het2 even resulted in a TCP decrease. This
was due to the very specific tumor location in that particular patient,
which was very close to the brainstem. In the original homogenous plan
(Plan1_hom) the NTCP was 15.91%. Limiting the NTCP in Plan3_het2 to
5% therefore led to a decrease in both TCP equivalent dose and TCP.
This, however, might have prevented excessive brainstem toxicity in
this patient.

3.5. Equivalent uniform dose

Table 2 holds the obtained 𝑎 values from both the categorized
and simultaneous fitting. It also contains the corresponding confidence
intervals and median 𝑎̃ values. In Fig. 7a the TCP values for the
Plan2_het1 and Plan3_het2 are plotted versus against their respective
𝑔𝐸𝑈𝐷 values calculated with the 𝑎 parameter obtained from simulta-
neous fitting to all data points (RT plans). The plotted cohort TCP was
calculated for the mean tumor volume. In Fig. 7b the same was plotted
but with categorization depending on the tumor volume.

4. Discussion

Prior work documented dose escalation using biology-based plan-
ning to increase the EUD without increasing expected risk of toxic-
ity [10,50,51]. By setting a NTCP (or a gEUD for that matter) that is
influenced by organ type, dose and volume, the treatment planner has
to actively deprioritize the common goals of physical dose adherence.
This leads to a somewhat uncomfortable situation: the comparison of
two treatment plan options for the same patients do not have to fulfill
an overlap in a steep PTV dose-volume histogram (DVH) anymore, but
a plan’s strength will be judged in the still less familiar term, the gEUD.
In this study we tested the extent on how much the gEUD of most PTVs
can be escalated by (a) using the same expected toxicities as the patient
was treated and (b) by setting the expected toxicities at the chosen risk
of 5%.

Our plan comparisons showed that the gEUD of the PTV and the
TCP was higher for both of the heterogeneous plans (same-risk as
well as fixed-toxicity), except for one patient with a tumor next to
the brainstem. NTCP (for optic chiasm and the brain), on the other
hand, was the same for the homogeneous (Plan 1_hom) and the same-
risk heterogeneous plan (Plan 2_het) as expected, and highest in the
fixed-risk heterogeneous plan (Plan 3_het).

Commonly used techniques such as stereotactic (body) radiation
therapy (SRT/SBRT) or brachytherapy already allow dose heterogene-
ity within the tumor core [52,53]. In these techniques, heterogeneous
(mostly hotter) areas in the tumors are tolerated up to about 1.3–1.4x
the prescribed dose [54], but also underdosed volumes (0.5–0.7x the
prescribed dose) can be found [55,56]. Such heterogeneous areas are
usually caused by technical/physical reasons of beam application and
not out of biological purpose. Furthermore, the stereotactic as well
as brachytherapy approach has a limited range of indications. Our
approach is different in that our dose escalation was actively forced
and limited only by the organs at risk. Hereby, rather than satisfying
physical constraints, the treatment plans were intended to produce
a higher percentage of tumor control, while limited by the expected
normal tissue damage. By using biological response models (gEUD/
NTCP) during treatment planning, our herein proposed approach can be
referred to as a biologically-based, in part risk-adaptive, personalized
treatment planning approach. The EUD can be derived directly from
an individual treatment plan dose-volume histogram and reflects the
distribution of dose throughout a volume of interest. The TCP can
then be derived from these dose calculation points by computing the
expected number of surviving (tumor) clonogens, according to Poisson
statistics [57]. Fogliata et al. [58] tested the performance of the gEUD
objective in the Varian photon optimizer using different parameter
values for 𝑎. They found that this tool can be useful in reducing organ
at risk (OAR) dose for a range of parameter values [58]. As a current
general draw-back there is a lack of consensus in parameter values
of a. As a starting value for the gEUD optimization, however, some
published values of the n parameter of the Lyman–Kutcher–Burman
NTCP model could be considered (a = 1/n, and n values have been
summarized) [28,59]. One danger of escalating dose within a tumor, is
the potential risk of late toxicity, e.g. necrosis of normal structures such
as vasculature and stroma within the PTV. As we intend to treat dog
patients with sinonasal and brain tumors with such heterogeneously
planned protocols, we limited our D2 at D2/130 (e.g. max 2% of PTV
receives ≥ 52 Gy). Due to the moderately hypofractionated protocols in
veterinary medicine, this was considered a safe approach for the dogs.
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Fig. A.1. Overview of the methodology. The blue hexagons represent entities that have been created or assembled through our previous work. The orange hexagons represent
entities which are results of this work. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

It was the goal, however, to increase the dose in as much of the tumor
volume as possible, in order to increase TCP. In tumors containing high
number of cells, little benefit of boosting by more than a 1.1 ratio was
found by Tome et al. [10], unless a large part of the tumor volume
(>90%) could be boosted. Furthermore, they observed that a maximum
increase in TCP of about 16% could be expected. Smaller tumor and hot
dose ratios of 1.5 given to 80% of the volume provided a larger gain
of about 27% [10].

The herein calculated plans with the fixed-risk adherence (Plan
3_het) resulted in a 1.15 ratio of boost dose (gEUD). Our approach aims
to increase the dose in as much volume as possible, which would be in
line with the findings of Tome et al. [10]. When increasing dose by any
means, radiosensitivity of the individual cell also remains important.
In a clinical setting the radiosensitivity of individual cells is unknown
and impossible to define. Nevertheless, a tumor cell can only be killed
once. Any excessive dose to this cell must be considered ‘‘wasted’’. In
the concept of gEUD, however, this wasted dose will also increase the
gEUD value but will not lead to increased TCP. This concept of wasted
dose could also happen in a regular boost scenario.

Some limitations are worth noting: using human Quantitative Anal-
yses of Normal Tissue Effects in the Clinic (QUANTEC) based con-
straints, a potential risk for animals might occur. It is not known in
detail, if animals’ tissues react comparably. This limitation is known

and an inherent problem in veterinary radiation oncology. However,
the framework of interpolating human dose-volume constraints to an-
imal tissues guided us through other theoretical calculations (brain
tumors, anal sac adenocarcinoma) that were later tested in animals
and safely so [31–33,60,61]. The human NTCP does not seem to
underestimate toxicity in animals so far, and if it overestimates, we
err on the safe side of the patient. For human patients, more data was
gained from radiation protocols applied to brain, brainstem and optic
nerve structures [36,37,62]. We herein assumed, that similar organs
react in a similar manner in dogs, taken into account the different
relative volume parameters. Validation of the use of gEUD organ targets
in the clinical setting is achieved by forward planning with gEUD organ
targets and then extracting NTCP data from the actual calculated plan.

5. Conclusion

Our study is a first step towards risk-adaptive radiation dose opti-
mization. This strategy utilizes a biological objective function based on
TCP and NTCP instead of an objective function based on physical dose
constraints. A true risk-adaptive optimization, however, maximizes
the objective function for different tumor risk regions while at the
same time minimizing or limiting normal tissue complication probabil-
ity [50]. The different tumor risk regions are often not known in detail
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or could even change over the course of treatment, as seen in areas of
fluctuating hypoxia or other microenvironmental conditions. However,
the increases in TCP found herein with the use of organ-at-risk adaptive
optimization warrant further investigation of this approach. Future
work should therefore focus on clinical outcomes including follow-up
designed to evaluate if TCP and complications are within the predicted
range.
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Appendix

An overview of the methodology used in this study is given in
Fig. A.1.
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