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Objectives: Glioblastoma (GBM) is the most common
malignant primary brain tumor with local recurrence
after radiotherapy (RT), the most common mode of
failure. Standard RT practice applies the prescription
dose uniformly across tumor volume disregarding radio-
logical tumor heterogeneity. We present a novel strategy
using diffusion-weighted (DW-) MRI to calculate the
cellular density within the gross tumor volume (GTV) in
order to facilitate dose escalation to a biological target
volume (BTV) to improve tumor control probability
(TCP).

Methods: The pre-treatment apparent diffusion coef-
ficient (ADC) maps derived from DW-MRI of ten GBM
patients treated with radical chemoradiotherapy were
used to calculate the local cellular density based on
published data. Then, a TCP model was used to calculate
TCP maps from the derived cell density values. The dose
was escalated using a simultaneous integrated boost
(SIB) to the BTV, defined as the voxels for which the

INTRODUCTION

Glioblastoma Multiforme (GBM), a WHO Grade four
glioma, is the most common malignant primary brain
tumor." The standard treatment for patients younger than
70 years old and Karnofsky Performance Status (KPS) more
than 70 is 60 Gy radiotherapy delivered in 30 fractions (2
Gy per fraction) with concurrent and adjuvant temozolo-
mide chemotherapy. For patients older than 70 years old
and/or KPS less than 70, treatment to 40.05 Gy in 15 frac-
tions with concurrent and adjuvant temozolomide chemo-
therapy can be considered.” However, long term control is

expected pre-boost TCP was in the lowest quartile of the
TCP range for each patient. The SIB dose was chosen so
that the TCP in the BTV increased to match the average
TCP of the whole tumor.

Results: By applying a SIB of between 3.60 Gy and 16.80
Gy isotoxically to the BTV, the cohort’s calculated TCP
increased by a mean of 8.44% (ranging from 7.19 to
16.84%). The radiation dose to organ at risk is still under
their tolerance.

Conclusions: Our findings indicate that TCPs of GBM
patients could be increased by escalating radiation
doses to intratumoral locations guided by the patient’s
biology (i.e., cellularity), moreover offering the possi-
bility for personalized RT GBM treatments.

Advances in knowledge: A personalized and voxel level
SIB radiotherapy method for GBM is proposed using
DW-MRI, which can increase the tumor control proba-
bility and maintain organ at risk dose constraints.

hard to achieve with median survival time of 15-18 months
and 2-year survival rate of 26-33%.>* Most recurrences
after radiotherapy occur inside the irradiated area, at a rate
from 58 to 92%°~° suggesting that the prescribed radiation
dose is not sufficient for control, therefore increasing the
radiation dose should reduce local recurrences. However,
clinical trials where the dose was escalated uniformly across
the tumor have shown an increase in toxicity because of
the associated increased dose to the surrounding healthy
tissues and organs at risk (OARs).!% An alternative
strategy is to identify intratumoural areas with a higher risk
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of progression to escalate the dose isotoxically, i.e., respecting
the same dose-volume constraints for OARs as per the standard
treatment (of 60 Gy in 30 fractions). This is called isotoxic dose
escalation, achievable by “dose painting” as proposed by Clifton
Ling.'?

Over the last 20 years, many clinical trials have been conducted
using functional imaging (e.g., PET or MRI) to identify radio-
resistant areas within various tumors.'*"'® Compared with
conventional anatomical imaging modalities such as CT and
T1/T, weighted MRI, functional imaging can provide additional
information on tumor heterogeneity by providing information
on organ physiological function.'” In turn, this data could facili-
tate the planning and delivery of radiotherapy.'® For GBM, some
studies employed functional imaging techniques, such as positron
emission topography (PET) and magnetic resonance spectrum
imaging (MRSI) to define the high-risk areas.'”** In addition,
since tumor cell density is considered as an important factor
that determines the treatment outcome,>*® use of diffusion-
weighted magnetic resonance imaging (DW-MRI) allows us to
measure the in vivo density of cells inside the body.**

Standard radiobiological theory dictates that the radiation dose
should increase in proportion with the number of tumor cells
in order to increase the probability to stop a tumour’s growth or
even eradicate it.>"*> DW-MRI-based dose painting can identify
area with insufficient dose to achieve control and then direct a
boost of dose accordingly. DW-MRI is converted into apparent
diffusion coefficient (ADC) maps, which are inversely correlated
with tumor cell density.**~*?

Since ADC values have been demonstrated as a significant asso-
ciation with overall survival,">** in our study, we use ADC maps
to calculate tumor cell density and derive voxelised (3D) cell
distributions. A personalized biological model is employed to
calculate the voxel-level tumor control probability (TCP) that
corresponds to the planned dose distribution for each patient
treatment. This in turn is used to change the radiotherapy plan,
by following a dose painting method to escalate the dose focally
at specific intratumoural areas, which showed a higher disease
burden, in order to increase the TCP.

METHODS

In our work, pre-treatment ADC maps were derived from
DW-MRI of ten GBM patients treated with radical chemoradio-
therapy (60 Gy in 30 fractions) and are used to calculate the cell
density (per voxel) in their gross tumor volumes (GTVs) using
an empirical formula, shown below.*? Since GTVs are defined
on the radiotherapy planning CT, as per routine clinical prac-
tice, to correspond to the macroscopically manifested malig-
nancy based on CT and MRI (T1, FLAIR), a rigid registration
between ADC maps and the planning CT images was performed
to register the GTV structure on the ADC images. A Poissonian
linear quadratic (LQ) TCP model (with radiosensitivity param-
eters of @ = 0.12 Gy !, = 0.015 Gy ***) was used to calculate
the three-dimensional (voxelated) TCP maps that correspond
to the cell density distributions within the GTVs, as determined
from the corresponding ADC maps. Those GTV regions with
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TCPs in the lowest quartile of the TCP range for each patient
were designated as the GTV subvolumes with a higher risk for
recurrence after radiotherapy and labeled the biological target
volume (BTV). The BTV dose was escalated using a simulta-
neous integrated boost (SIB) aiming to increase the TCP within
the BTV to the median TCP value for each case in turn. The SIB
dose itself was defined as that required to achieve this objective
for each case individually. Finally, radiotherapy treatments were
simulated using the clinical plans as a baseline and incorporating
the corresponding BTVs and the associated SIB dose derived for
each patient case. Dose constraints to the surrounding organs at
risk (OARs) were not changed from the baseline standard clin-
ical plans, and personalized SIB plans were created accordingly.

Dataset

We studied 10 patients with GBM who were treated between 2018
to 2019 with standard radical chemoradiotherapy of 60 Gy in 30
fractions with concomitant and adjuvant temozolomide. Our
study was approved by the local ethics committee and written
informed consent was obtained by the patients before their treat-
ment. All enrolled patients had CT and anatomical MR imaging
acquired before radiotherapy and used for treatment planning
purposes. After segmenting the tumor-related target volumes
and healthy organs at risk according to standard clinical proto-
cols, volumetric-modulated arc therapy (VMAT) treatments
were planned using the Eclipse 13.6 system to be delivered by a
True Beam linear accelerator (Varian Medical Systems, Palo Alto,
California). All the patients received prior surgery and the GTV
included resection cavities in all cases. The target delineation
was based on European Society Radiation Oncology (EORTC)
protocol. Doses in the target volume were prescribed by 60 Gy
in 30 fractions. The GTV was defined from the planning CT data
and postoperative images from MRI fusion, and was shown as
enhancing tumor and resection cavity on contrast-enhanced
T; weighted MRI. The clinical target volume (CTV) was GTV
+ 2 cm. The volume was trimmed at the bony circumference,
tentorium and midline, unless there was a clear route for tumor
spread such as the corpus callosum. The planning target volume
(PTV) was CTV + 0.3 cm. DW-MRI was acquired on a 3T
scanner (Magnetom Verio, Siemens Medical Systems, Erlangen,
Germany) with an echo-planar (EPI) sequence using b-values of
400, 800 and 1000 s/mm?2 as the average diffusion values along
three orthogonal axes, repetition times (TR) between 4600 to
13300 s, echo time (TE) = 72-95 s, flip angle = 90, GRAPPA
accelerator factor = 2 and EPI factor of 132. ADC maps were
computed using all b-values, with a voxel size of 1.2 X 1.2 x 6.5
mm®. For the enrolled patients, quantities summarizing dose
distributions in the GTV, CTV and PTV volumes are given in
Supplementary data 1.

Cell density map

The DWI-derived ADC maps were related to the cell density of
the corresponding volume element (voxel). To achieve this, ADC
maps were registered to the planning CT scans using rigid regis-
tration to anatomical landmarks, e.g., the skull. The voxel size of
each CT image is 0.926 x 0.926 x 3.000 mm”. The matrix size for
the patient data was 192 x 192 x 19 voxels for the ADC and 512 x
512 x 99 for the CT images respectively. The NiftyReg software*®
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Figure 1. Cell density and the corresponding ADC values derived by Eidel e/ al.*? ; the line represents a linear fit performed herein
using equation (1). Pearson’s r = —0.40; Spearman’s R = —0.48, both with p-values less than 0.01.
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was used to register ADC maps on CT images by resampling
ADC voxels using trilinear interpolation in order to match with
the CT grid, leading to a 512 x 512 x 99 cell density map. On
each CT-ADC registered image plane, cell densities are calcu-
lated. Several studies indicate that there is an inverse correlation
between ADC and cell density.***>%>*7~>" Eidel et al** quanti-
fied the relationship between ADC and cell density for GBM, as
is shown in Figure 1. These data can be fitted linearly using the
following formula:

cell density(p) = —2.3 x ADC + 5889.6, (1)

where the coefficients are derived by the best fit. Equation (1) was
also used to calculate the cell density from the ADC values for
our patient data. We considered ADC values from 460 to 1660
mm?/s to indicate malignancy as reported by others.*’ >

TCP map

A linear-quadratic (LQ) TCP model defined in Equation (2) is
used to calculate voxelated TCP; values, where N; is the number
of tumor cells per voxel; D, is the voxelated total treatment dose;
d; is the voxelated dose per fraction; n is the number of fractions;
a and f§ are tissue radiobiological parameters chosen as « = 0.12
Gy, B=0.015 Gy > ; p; is the cell density in the area (A) of
0.926 x 0.926 mm? calculated in Section 2.2.

TCPi = exp (—N,- exp (— (a + Bdi) D,'))

)
= exp (—piAexp (— (o + BDi/n) D;)
The above equation can be used to calculate the TCP; for a given
cell density at each pixel (p;), with the latter derived from the
ADC maps. Repeating for all pixels in the ADC image produces
a volumetric (3D) TCP map for the available data.

1400 1600 1800 2000
ADC value (mmzlsec)

Biological tumor volume (BTV) and simultaneous
integrated boost (SIB)

The aforementioned TCP map is used to define biological target
volume (BTV), where the dose will be escalated by means of a
simultaneous integrated boost (SIB), that is increasing the dose
per fraction whilst maintaining the same number of fractions
(i.e., 30). We calculate the voxelated TCP values in the GTV, and
define the BTV as the volume in which the TCP values are in the
lowest quartile of the calculated TCP range for that patient.

Each patient’s SIB dose is calculated such that the minimum TCP
in the BTV is increased to match the median TCP value of the
whole tumor. The SIB dose is achieved by finding the root of
quadratic equation below, and the corresponding derivation is
presented in the supplementary data 2.

(o 5248) =1 () ) - (o 28) 009

where TCPy,,, is the minimum TCP of the BTV; TCPyg, is the
median TCP of the whole GTV; D is the original prescription
dose, i.e., 60 Gy; D_SIB is the SIB dose prescribed to the BTV;
n is the number of treatment fractions. Taking patient one as an
example, the original prescription dose is 60 Gy in 30 fractions.
TCPy,,, is 70.18% in the BTV, and TCPy,, is 80.76% in the GTV,
respectively. Use of Equation (3) allows us to calculate SIB dose
to be 66.6 Gy in 30 fractions.

SIB isotoxic dose escalation

The SIB isotoxic dose escalation plans were performed on the
Varian Eclipse dose planning system with the VMAT technique,
which is used for the original clinical plans. Then, BTV was
generated in the TPS for each patient following our proposed
method in Section 2.4. The radiation dose to the area of PTV

3 0of 11 birpublications.org/bjr

Br J Radiol;96:20220384

202 udy 6¢ U0 3sanb Aq L0€1G7/2/78€02202/9% | L/96/2101e/i(q/Ww0d dno-dlwapede//:sdjy woly papeojumoq


http://birpublications.org/bjr

SIB radiotherapy for GBM based on DW-MRI and Tumor control probability

Figure 2. The flow charts of the methods applied to obtain
escalated SIB isotoxic dose.
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excluding BTV was still 60 Gy in 30 fractions. In BTV, the same
number of fractions are used, and radiation was delivered as a
simultaneous integrated boost with the personalized SIB dose
on a case-by-case basis. Mirroring the original clinical plans,
the dose-volume optimization objectives for the target and OAR
constraints are given in Supplementary data 2. To confirm the
feasibility of SIB isotoxic dose escalation plans, we evaluated
whether the dose in BTV and PTV achieve the requested dose
levels, and whether the dose in OARs stays within their toler-
ance when changing the dose prescription. Once the SIB isotoxic
dose escalation plans have been approved by an oncologist, a
new dose distribution map was generated. Combined with the
cell density map mentioned in Section 2.2, a new TCP map was
generated. The SIB isotoxic dose escalation plans were compared
to the clinical delivered plans with respect to TCP maps. We can
then demonstrate how TCP growth behaves in TPS. Figure 2
shows the step-by-step operation of the proposed SIB isotoxic
dose escalation.

RESULTS

For our patient cohort, the ADC values inside the GTVs ranged
from 470 to 1660 mm?/s. Figure 3 shows the BTV, and SIB dose
calculated for the patient referred in Section 2.4 as an example
case. Figure 3(a) shows a “slice” (axial-plane distribution) of
the patients ADC map with the corresponding GTV (red line)
outlined on the CT images and transferred as a result of the
ADC-CT image fusion. Figure 3(b) shows the corresponding
cell density map, calculated using equation (1), as described in
Section 2.2. The red and blue colored areas correspond to GTV
regions with the higher and lower cell densities, respectively.
Using equation (2) in Section 2.3, the corresponding TCP map
can be derived, which is shown in Figure 3(c). For this patient,
the TCP ranges from 0.7018 to 0.9258 with a median of 0.8076.

Figure 3. Stepwise analysis to deduce BTV and SIB dose on
the same axial plane of the example patient: (a) ADC image
and outlined GTV, (b) the calculated cell density, (c) the TCP
that corresponds to the clinical dose distribution (60 Gy in 30
fractions), (d) the derived BTV, (e)boosted dose distribution
and its corresponding TCP map (f).
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(e) Dose map after boosting dose to BTV

Areas with TCP values between 0.7018 and 0.7578 correspond to
the lowest quartile, and were used to define the BTV, as shown
in Figure 3(d), where ADC values range from 478 to 783 mm?/s.
Given the calculated TCP values, the SIB dose (DSIB) was calcu-
lated as 66.6 Gy using Equation (3). The SIB isotoxic dose esca-
lation plans were then performed on the Varian Eclipse dose
planning system with the VMAT technique. The radiation dose
to the area of PTV excluding BTV was still 60 Gy in 30 fractions.
After boosting the SIB dose to BTV, the dose map of this layer
was shown in Figure 3 (e) for this patient. The TCP map of the
same layer after SIB isotoxic dose escalation planning was shown
in Figure 3 (f).

The histogram distribution with the TCP values from all voxels
in the clinical plan (prescribed dose 60 Gy, no SIB), for this
patient is shown in Figure 4 (blue bars). This is produced by the
accumulation of maps as per Figure 3(c), from all “slices” of the
complete 3D image dataset. The TCP values that correspond
to the SIB plan are shown in Figure 4, orange bars. Comparing
the corresponding TCP values of the clinical plan (no SIB) and
the SIB plan, the latter TCP has increased from values ranging
between 70.18 and 92.58% to between 87.92 and 99.20% respec-
tively (Table 1, patient 1). Although the treatment objective is
to increase doses only within BTV, there is an unavoidable dose
increase to the adjacent voxels, because of a finite dose gradient
governed by the laws of physics. Therefore, the dose is increased
in larger area than the BTV, thereby elevating the TCP in a wider
area within the gross tumor volume.
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Figure 4. TCP distributions with and without our method, where x-axis represents the TCP levels and y-axis represents the pro-
portion of each TCP level. Blue bars represent the TCP values from all voxels in the clinical plan for this patient, while orange bars
represent TCP values that corresponds to the SIB escalated dose to the BTV.
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The corresponding results for the ten patients in our cohort are
shown in Table 1, which also shows the ADC values in GTV and
BTV, number of tumor cells, boost doses (DSIB-D) and TCP
increases in clinical dose distributions. Considering the confi-
dence interval in the relationship between ADC values and cell
densities, as shown in Figure 4, the corresponding SIB doses and
TCP ranges have been calculated and presented in Table 1. The

Table 1. Results of proposed method for 10 GBM patients

maximum total TCP increase achieved is 16.84%. The volume of
BTVs for each patient was shown in Table 2. Since BT Vs repre-
sent high cell density area, we further investigate how much of
the relapsed volume overlaps with BTVs. In Table 2, Patient #1
relapsed three years after radiotherapy, where this patient’s BTV
is 17.31 cm®, and the recurrence area within the BTV is 10.80
cm’, accounting for 62.39% of the BTV. As for the other nine

ADCin GTV
(mm?/sec) TCP increase (%)
ADCin TCP without BTV
Number BTV V.S.
of tumor (mm?/ Boosted dose TCP incorporating
Patient min max mean std cells sec) (Gy) BTV and SIB dose
1 478 1660 1211.05 236.20 2.88E + 10 478-783 6.60 [6.23, 6.89] 9.42 [6.36, 11.96]
2 624 1656 1201 268.93 1.23E + 09 624-885 3.60 [3.25, 3.67] 7.19[6.52,9.61]
3 493 1660 1011 265.39 5.01E + 09 493-794 6.60 [6.21, 6.68] 7.90 [7.12, 10.58]
4 475 1660 1021.8 266.66 1.30E + 10 475-689 7.19 [6.83, 7.43] 8.56 [7.95, 11.90]
5 472 1660 1150.8 248.81 1.39E + 10 472-798 3.90 [3.40, 4.13] 7.57 [7.25,11.08]
6 495 1660 1096.8 294.85 1.31E+10 495-813 16.80 [16.28, 18.41] 8.90 [7.98, 11.76]
7 482 1657 856.61 166.92 2.98E + 10 482-785 8.02 [7.78, 8.40] 13.64 [12.65, 19.46]
8 512 1657 1075 222.99 7.88E + 09 512-806 13.20 [12.97, 13.62] 7.24 [6.96, 10.50]
9 488 1660 1106.6 247.29 1.07E + 10 488-808 8.70 [8.31, 8.98] 8.07 [7.63,11.39]
10 470 1660 1061.7 299.18 2.26E + 10 471-797 10.20 [9.88, 10.53] 16.84 [15.46, 23.36]
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Table 2. The volume of BTVs for each patient

Patient GTV volume(cm?®) BTV volume(cm?®)
1 106.3 17.31
2 5.7 0.4
3 16.7 3.63
4 82.1 6.27
5 57.6 1.82
6 82.0 20.50
7 82.9 5.30
8 42.56 8.14
9 45.48 2.82
10 95.25 8.24

patients, outcome data are not available due to the patients being
treated at a centralized oncology center, with their ongoing care
managed by different teams.

Table 3 shows the comprehensive OAR dose-volume statistics for
the original clinical plan (labelled “o0ld”) and the one with the SIB
isotoxic dose escalation plan (labelled “new”) for each patient.
The radiation dose to OARs did not exceed their tolerances,
which are shown underneath each OAR. This demonstrates that
our SIB doses assigned in BTV, should keep the toxicity to the
surrounding OARs to levels that are deemed acceptable as per
routine clinical practice. For some patients, the doses to OARs in
the SIB plans are less than those in the original clinical plans due
to specific treatment planning optimizations.

DISCUSSION

Our study used ADC values derived from functional imaging
DW-MRI as imaging biomarkers, following the observation
that lower ADC values indicate higher cell density.*> We then
built an MRI-based TCP model to develop a personalized ADC-
based dose painting for GBM. Since higher doses increase tumor
cell kill,*** through escalating the dose to personalized levels
by means of a SIB to each patient’s BTV, we achieved an up-to
16.84% increase of TCP for our patient cohort, without exceeding
the dose tolerance of the OARs. Our method increases doses by
6-28% among our patient cohort, in the area within the tumor
with the highest cell density.

Other ADC-guided dose painting studies have been conducted
for patients with head and neck or prostate cancer.”>*>® Gron-
lund et al'® proposed an optimization method for the dose
painting, where the mean dose after optimization equals the orig-
inal prescription dose. This redistributes the dose over the entire
tumor, resulting in some areas getting a lower dose than what
was originally prescribed,?” resulting in unfavorable outcomes.

To our knowledge, the only approach using ADC-based dose
painting for GBM was published by Orlanri et al..”” However,
their study was designed for recurrent GBM, not for newly
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diagnosed GBM.” Their optimized prescription dose was only
related to ADC values, however, the number of tumor cells was
not considered. In addition, even though many dose painting
studies used logistic TCP models, the tumor cells repair related
to the dose-response of cell survival is not considered. Since
the number of tumor cells and tumor cells repair (i.e., radiation
sensitivity factors a and f) have been incorporated in linear-
quadratic (LQ) TCP models,*% a generalized version of the LQ
TCP model was used, with parameters (« and f3) corresponding
to GBM in this study for planning RT in a personalized way to
improve treatment outcomes. We wanted to develop a formalism
that could be used widely and transferable to calculations using
different TCP parameters for specific types of tumors, different
formulations (e.g., including cell repopulation), or even different
TCP models corresponding to a different endpoint (e.g., time to
progression). Moreover, our approach, albeit utilizing a gener-
alized TCP model, allows for personalized RT, since the level of
dose escalation differs between patients.

In contrast to what has been done in other studies, our study
combined ADC maps with the voxelated TCP map to achieve the
personalized SIB isotoxic dose escalation for GBM. DW-MRI is
a well-established method to characterize oncological lesions in
terms of cellular density by means of ADC. The inclusion of this
information at the cellular level in TCP models may increase the
accuracy of tumor control prediction, paving the way towards
personalized and optimized treatments.

Since the original prescription dose was the same for each patient,
the only factor contributing to TCP is the number of tumor cells.
Therefore, for patients with a higher number of tumor cells, a
higher TCP increase is expected. This means that our proposed
method would benefit more the patients with the higher disease
burden and thus worse original prognosis.

We remark that any uncertainties in the underlying DW-MRI
images and the corresponding ADC values, could affect the
derived cell density,** which in turn will affect the values of TCP.
However, this should not affect the main findings of our method,
because we use only relative TCP values, moreover with the
lowest quartile of the TCP range to define the BTV, where the
dose would be escalated to increase the overall TCP.

When performing the treatment plan in TPS, there exists a wider
dose-increased area than BTV because of finite dose gradients
governed by the laws of physics. The doses to OARs could be
increased inevitably even although they are still at tolerable levels
in our work. It is worth noting that several studies disclosed
limitations when performing dose-escalated RT in GBM.
Nakagawa et al'” and Fitzek et al'' conducted clinical trials and
their results showed that escalated RT did not improve survival
for GBM patients. This was because toxicity was increased due
to higher doses to OARs and normal tissues, caused by esca-
lating the dose to the whole tumor. Our proposed method,
instead, increased the dose to a high-risk area within the tumor,
whilst keeping the doses to OARs and normal tissues within the
established tolerance levels as per the routine clinical practice.
Laprie et al*>* prescribed a boosted dose of 72 Gy to the MR
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SIB radiotherapy for GBM based on DW-MRI and Tumor control probability

spectroscopic imaging metabolic volumes of CHO/NAA > 2 and
contrast-enhancing lesions or resection cavities. Their results
showed that the overall survival was not increased compared
with the Stupp protocol.? Piroth et al escalated the total dose to
72 Gy which did not lead to a survival benefit.”’ They suggested
that future studies should be directed to a down-sized PTV and
further escalated dose levels to the tumor.?’ To our best knowl-
edge, previous dose-escalated studies used the same boosted dose
for the whole patient cohort, while one of our novelties in the
proposed method was to increase the dose individually. Singh
et al® conducted a meta-analysis of 22 prospective trials and
concluded that there was no statistical difference (p > 0.05) with
the addition of TMZ between radiation therapy with or without
dose escalation. However, for RT plus TMZ, the estimated
overall survival (OS) of dose-escalated treatments is higher than
those using standard doses, and for RT without TMZ, dose esca-
lation leads to a significant improvement in progression-free
survival (PES) and OS compared to conventional irradiation. By
reviewing the collected patient datasets from this article, wide
95% confidence intervals exist, which indicates large disper-
sion of the sample data. In addition, some standard-dose RT
studies in Singh et al’s meta-analysis utilized other methods (e.g.,
increasing the cycles of chemotherapy) to increase the OS and
PES, even although the prescription doses were not escalated.

Many studies also presented some benefits from dose-escalated
RT in GBM. Nakagawa et al'® showed a significant decrease in
the rate of local failure, even although increasing the dose did not
improve the treatment outcome. With the development of RT
techniques, doses can be escalated with iso-toxicity. Iuchi et al
conducted a Phase II clinical trial of hypofractionated high-dose
IMRT and concluded that the survival of GBM patients has been
prolonged.®! Tsien et al delivered 66 Gy-81Gy to GTV + 0.5 cm,
resulting in favourable median OS.?! In particular, recent studies
suggested that for patients who are MGMT unmethylated®* and
cannot tolerate concurrent and adjuvant TMZ,% dose-escalated
RT can improve OS and PFS.

Another limitation of this study is that even although we consid-
ered the uncertainties of the ADC values and cell density, the real
link between cell density and radio-resistance is likely to be more
complex than implied by this study, which needs to be further
improved in the future.

It is foreseeable that the proposed method can be used for the
design of clinical trials and our planning study is the first step
to that end. To increase the statistical power of our study, we
plan to continue enrolling more recurrence GBM patients with
DW-MR]I, to investigate the correlation of progression regions
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with pre-radiotherapy ADC values. Given the aforementioned
limitations and advantages of dose-escalated RT studies, appro-
priate patient selection needs to be warranted when using our
proposed method to design clinical trials, such as treating TMZ
intolerant patients.

In this work, the dose was escalated uniformly to the high risk
volume, i.e., BTV, following the concept of dose painting by
contours (DPBC). However, our methodology lends itself to
dose painting by numbers (DPBN) techniques, each voxel with
low TCP values can be assigned to a corresponding escalated
dose, leading to better matching of the escalated dose distribu-
tion to the high risk voxels for further TCP increase. To the best
of our knowledge, there are no commercial treatment planning
systems (TPS) facilitating the planning of DPBN. We will study
this in the future.

Since some early-stage trials showed promising outcomes
using proton therapy for GBM patients compared with photon
therapy,*® it is expected that proton therapy has the potential
to widen the therapeutic window and can be considered for dose
painting. In the future, we will investigate the potential to further
increase TCP values by applying our proposed method using
proton beam therapy (PBT), since PBT, which may offer more
headroom for SIB dose-escalation due to the decrease in integral
dose outside the target.

CONCLUSION

This study used ADC-driven SIB dose painting to escalate the
dose to a certain area in the GTV for GBM patients. The results
showed that TCP increases can be achieved without exceeding
the baseline OAR tolerances. Patients with higher number of
tumor cells, in other words, lower TCP, showed a higher poten-
tial for TCP increase with this methodology. In addition, ADC
has been demonstrated as an imaging biomarker with a higher
cell density for the selection of patients and is able to guide the
escalation of the dose in a personalized way.
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