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Abstract
Background: Escalation of prescribed dose in prostate cancer (PCa) radiother-
apy enables improvement in tumor control at the expense of increased toxicity.
Opportunities for reduction of treatment toxicity may emerge if more efficient
dose escalation can be achieved by redistributing the prescribed dose distribu-
tion according to the known heterogeneous, spatially-varying characteristics of
the disease.
Purpose: To examine the potential benefits, limitations and characteristics of
heterogeneous boost dose redistribution in PCa radiotherapy based on patient-
specific and population-based spatial maps of tumor biological features.
Method: High-resolution prostate histology images,from a cohort of 63 patients,
annotated with tumor location and grade, provided patient-specific “maps” and
a population-based “atlas” of cell density and tumor probability. Dose prescrip-
tions were derived for each patient based on a heterogeneous redistribution
of the boost dose to the intraprostatic lesions, with the prescription maximiz-
ing patient tumor control probability (TCP). The impact on TCP was assessed
under scenarios where the distribution of population-based biological data was
ignored, partially included, or fully included in prescription generation. Hetero-
geneous dose prescriptions were generated for three combinations of maps
and atlas, and for conventional fractionation (CF), extreme hypo-fractionation
(EH), moderate hypo-fractionation (MH), and whole Pelvic RT + SBRT Boost
(WPRT + SBRT). The predicted efficacy of the heterogeneous prescriptions
was compared with equivalent homogeneous dose prescriptions.
Results: TCPs for heterogeneous dose prescriptions were generally higher
than those for homogeneous dose prescriptions. TCP escalation by het-
erogeneous dose prescription was the largest for CF. When only using
population-based atlas data, the generated heterogeneous dose prescriptions
of 55 to 58 patients (out of 63) had a higher TCP than for the correspond-
ing homogeneous dose prescriptions. The TCPs of the heterogeneous dose
prescriptions generated with the population-based atlas and tumor probability
maps did not differ significantly from those using patient-specific biological infor-
mation.The generated heterogeneous dose prescriptions achieved significantly
higher TCP than homogeneous dose prescriptions in the posterior section of the
prostate.
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2 BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS

Conclusion: Heterogeneous dose prescriptions generated via biologically-
optimized dose redistribution can produce higher TCP than the homogeneous
dose prescriptions for the majority of the patients in the studied cohort. For sce-
narios where patient-specific biological information was unavailable or partially
available,the generated heterogeneous dose prescriptions can still achieve TCP
improvement relative to homogeneous dose prescriptions.

KEYWORDS
biologically-optimized prescriptions, heterogeneous prostate boost, prostate cancer

1 INTRODUCTION

Improved biochemical progression-free survival (bPFS)
through radiotherapy dose escalation has been reported
for multiple phase 3 randomized controlled prostate
cancer (PCa) trials.1–5 Across varying fractionation
schedules, including conventional fractionation (CF),6–8

extreme hypo-fractionation (EH),9–11 and moderate
hypo-fractionation (MH),12,13 improved tumor control
has been observed with escalating dose. However,
with increases in the delivery of total energy to the
prostate, a rising late Grade ≥ 3 toxicity rate has been
observed.3,10,11,13This suggests that increasing the
dose in order to improve a patient’s tumor control risks
an increase in severe GU and GI late effects, and
that risk provides an upper limit to the energy that
can be safely delivered in pursuit of tumor control.
As such, without increasing that energy through fur-
ther dose escalation, a more effective strategy could
be the optimal redistribution of the delivered energy
according to the spatial distribution of prostate biolog-
ical features. In the previous research of Her et al.,14

biologically targeted radiation therapy (BiRT) was
introduced whereby the optimal redistribution of dose
according to patient-specific cell density distributions
for five patients was determined for intensity-modulated
radiotherapy (IMRT).14 This work was later extended
for a 63 patient cohort, and a cell density distribution,
tumor location probability and grading of intra-prostatic
lesions derived from prostate histology data was used
to yield the optimal voxel-level dose distributions to
guide the generation of treatment plans.15

In a clinical situation, spatial maps of tumor charac-
teristics derived from histology data, as used by Her
et al.14 and Zhao et al.,15 cannot be obtained prior to
optimal dose distribution generation. Machine learning
estimates based on multi-parametric MRI (mpMRI) data
can be used to estimate the data in vivo.16 However,
the accuracy of applying these models may be lim-
ited when scanning parameters vary from those used
to generate the predictive model. In such cases, the
authors hypothesize that population-based data may be
used to represent the likelihood of the disease having
specific characteristics at each point throughout the

prostate gland, or enhance the reliability of patient-
specific imaging-derived estimates. By summarizing the
voxel-wise histology data of a 63-patient cohort, a sta-
tistical biological model (biological atlas) was created
by Finnegan et al.,17 representing the voxel-wise three-
dimensional (3D) histology data distribution based on
probability distributions for the cohort.

By incorporating the work conducted by Finnegan
et al.,17 this research aimed to further expand the stud-
ies of Her et al.14 and Zhao et al.15 to generate optimal
dose prescriptions without, or partially with, the distribu-
tion of population histology data using four fractionation
schedules for whole prostate gland radiotherapy. Het-
erogeneous dose prescriptions were generated and
compared with spatially homogeneous prescriptions
as well as heterogeneous prescriptions generated via
precision (i.e., patient-specific) histology data.

2 METHODS

2.1 Data preparation

This study used annotated whole-mount histology
data from 63 PCa patients, who were scheduled
for routine radical prostatectomy and recruited to a
Human Research Ethics Committee approved project
(HREC/15/PMCC/125) at the Peter MacCallum Cancer
Centre (Melbourne,Australia).The characteristics of this
patient cohort are summarized in Table 1.

The methodology for data extraction and process-
ing has already been described in detail in a previous
publication.15 In summary,by processing digitized whole
mount prostate histology slides,18 tumor annotation
masks of 9 Gleason Scores (GS) (2 + 2, 3 + 2, 3 + 3,
3 + 4, 4 + 3, 4 + 4, 4 + 5, 5 + 4, 5 + 5)18 and
cell density maps (CD-maps) indicating area cell den-
sity distributions19 were prepared for all patients in the
cohort. To generate a 3D volume, the histology slides,
which were obtained 5.0 mm apart, were co-registered
with corresponding ex vivo T2 weighted (T2w) MRI of
the prostate specimens which had 2.5 mm axial slice
thickness, and linear interpolation was applied to gener-
ate the missing histology data from the CD-maps and
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BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS 3

TABLE 1 Summary of patient characteristics.

Clinical characteristics

No. of subjects (n) 63

Mean age in years (SDa) 62.3 (7.7)

Mean PSAb (SD) [ng/mL] 8.9 (6.6)

Risk stratification, number (%) [NCCNc risk classification]

Low-risk 4 (6.3%)

Intermediate-risk 51 (81.0%)

High-risk 8 (12.7%)

Pathological T stage (AJCCd/UICCe 8th edition)

T2 31 (49.2%)

T3 32 (50.8%)

Dominant nodule GSf (ISUPg 2014)

6 4 (6.3%)

7 53 (84.1%)

≥8 6 (9.5%)
aSD: Standard deviation.
bPSA: Prostate specific antigen.
cNCCN: National Comprehensive Cancer Network (NCCN) risk classification.
dAJCC: American Joint Committee on Cancer.
eUICC: Union for International Cancer Control.
f GS: Gleason Score, which represents the likelihood of tumor aggressiveness.
gISUP: International Society of Urological Pathology.

tumor annotation masks.17 Consequently,every voxel of
each GS of the tumor annotation mask was assigned a
probabilistic value (between 0 to 1). When all 9 tumors
annotation masks were summed for each patient, a
tumor probability map (TP-map) was produced,contain-
ing voxel-wise likelihoods of the presence of tumor cells.
The 2D CD-maps were raised to the power of 3/2 to con-
vert to the volumetric cell density distribution.17 Finally,
the resulting CD-maps and TP-maps were resampled
to the same isotropic resolution of 0.8 × 0.8 × 0.8 mm3.

With using the same 63-patient cohort,the population-
based statistical cell density and tumor probability
distributions (the biological atlas) was built using these
data, and is described in detail by Finnegan et al.17 In
summary CD- and TP-maps of each individual in the
cohort were deformably registered to a common refer-
ence geometry. The cell density and tumor probability
distributions for each voxel were fitted to log-normal
and linear-normal models, respectively. This resulted in
a reference prostate geometry containing voxel-wise
population-based distributions of cell density and tumor
probability, referred to in this report as the cell density
atlas (CD-atlas) and tumor probability atlas (TP-atlas)
respectively.

The atlas information was used in this study to supple-
ment the maps for each individual patient. As shown in
Figure 1 (TP-map (Patient)),since TP-maps only contain
voxel-wise tumor probability for voxels encompassed by
annotated tumors, the tumor probability for the remain-
ing prostate volume was assigned a probability of 0%.

Hence, to complete the distribution of tumor probability
for the entire prostate in the TP-map, voxels with tumor
probability values lower than the corresponding mean
tumor probability of the population (TP (patient + atlas)-
map) were replaced by the TP-atlas indicated mean
tumor probability. The procedures for generating CD-
maps,TP-maps,CD-atlas,and TP-atlas are summarized
in Figure 2.

2.2 TCP model

The cell density indicated from both the CD-map and
CD-atlas includes both tumor cells and healthy cells.
Tumor cell numbers therefore had to be estimated.
When a voxel, i, was defined as tumor, its tumor cell
number Ni could be estimated through:

Ni = Arisk ⋅ 𝜌i ⋅ V

where the product of total cell density 𝜌i and voxel vol-
ume V gives the total cell number (including both normal
and cancer cells) of the voxel i. The normalization fac-
tor, Arisk , is used to linearly scale the total cell number to
match the corresponding median tumor cell numbers in
each risk group as estimated by Wang et al.20 Arisk can
be interpreted as the percentage of the tumor cells in a
voxel.

To determine optimal dose distributions, a linear-
quadratic (LQ) tumor control probability (TCP) model
was used as an objective function, incorporating
a truncated log-normally distributed radiosensitivity
distribution.14,15,21,22 For the ith voxel, with tumor cell
number Ni and tumor probability TPi given by constant
values (i.e., sampling by distribution is not required), the
TCPi was determined using the calculated total tumor
cell number Ni , a value of 𝛼

𝛽
of 3.1, the total num-

ber of treatment fractions n, the dose per fraction di ,
overall treatment duration Texp, and the potential dou-
bling time Tpot of 42 days,20 according to the reports by
Shusharina et al.23 and Bortfeld et al.24:

TCPi (Ni,𝛼k, di, TPi)

= exp
⎡⎢⎢⎣
−Ni exp

⎛⎜⎜⎝
−𝛼kndi −

𝛼knd2
i

𝛼

𝛽

+ ln (2)
Texp

Tpot

⎞⎟⎟⎠
⎤⎥⎥⎦

⋅TPi + (1 − TPi) 𝛼k𝜖 [0.05, 0.4] (1)

It was assumed that 𝛼k follows a log-normal
distribution21,25 defined by a mean value 𝛼̄ and
a standard deviation 𝜎𝛼, with 𝛼̄ = 0.15 Gy−1 and
𝜎𝛼 = 0.04 Gy−1,20 and sampled in the interval of
0.05 ≤ 𝛼k ≤ 0.40. Therefore, the TCP value of the entire
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4 BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS

F IGURE 1 Tumor probability distribution in the coronal plane of the prostate. Combining the tumor probability distribution of annotated
tumors (TP-map (Patient)) and that of the population average (TP-atlas (Mean)), resulted in the tumor probability distribution for the entire
prostate (TP (patient + atlas)-map).

F IGURE 2 Schematic overview of the pipeline for generation of the maps and atlas used in this study. Note that the CD- and TP-maps
represent each individual’s CD and TP distribution, whereas the CD- and TP-atlas combine the CD and TP distribution of the population of
patients, and the TP (patient + atlas)-maps were the combined tumor probability distributions of TP-atlas and individual’s TP-maps.
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BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS 5

prostate gland (with total M voxels) with sampled 𝛼k was
calculated as the product over all individual voxels:

TCP (𝛼k) =
M∏

i=1

TCPi (Ni,𝛼k, di, TPi) 𝛼k𝜖 [0.05, 0.4]

(2)

The weighting factors, 𝜔(𝛼k), of the corresponding
TCP(𝛼k) were obtained from the normalized probability
density of the log-normal distribution, and the over-
all TCP was calculated by weighting and averaging all
TCP(𝛼k) values.

TCP =
1
W

H∑
k=1

𝜔 (𝛼k) TCP (𝛼k) 𝛼k𝜖 [0.05, 0.4] (3)

When the TCP was calculated with a log-normal dis-
tributed cell density as provided by the CD-atlas, with
sampled cell density values, and therefore calculated
tumor cell number Ni,M, the TCP of the ith voxel was
computed via:

TCPi
(
Ni,M,𝛼k, di, TPi

)

= exp
⎡⎢⎢⎣
−Ni,M exp

⎛⎜⎜⎝
−𝛼kndi −

𝛼knd2
i

𝛼

𝛽

+ ln (2)
Texp

Tpot

⎞⎟⎟⎠
⎤⎥⎥⎦

⋅TPi + (1 − TPi) 𝛼k𝜖 [0.05, 0.4] (4)

Then, with the weighting factor 𝜔(Ni,M), taken from
the probability density of the voxel-level cell density log-
normal distribution, and the U sampled Ni,M, the overall
TCP of the ith voxel was computed via:

TCPi
(
Ni,M,𝛼k

)

=
1∑

𝜔
(
Ni,M

)
U∑

M=1

𝜔
(
Ni,M

)
TCPi

(
Ni,M,𝛼k, di, TPi

)

(5)

Hence, the TCP value of the entire prostate gland with
sampled 𝛼k could be calculated as:

TCP (𝛼k) =
M∏

i=1

TCPi
(
Ni,M,𝛼k

)
𝛼k𝜖 [0.05, 0.4] (6)

To expedite calculation when the TP-atlas was
used for TCP calculation, the mean of the linear-
normal distributed tumor probability from the TP-atlas
was used, rather than a full sampling of the full
distribution.

2.3 Prescription generation

It was assumed that redistribution of energy within the
target would have minimal impact on dose distributions
to adjacent healthy structures. The prescribed dose dis-
tributions, representing optimal dose distributions, were
generated through maximization of total TCP under the
constraint of a fixed integral deposited energy, E. As a
result, for practical purposes, for the same patient and
fractionation schedule, all generated prescriptions were
obtained through redistribution of the identical integral
energy level, E, calculated using the mass mi of all vox-
els incorporating the dose distribution and the average
dose level Dave.

E =
M∑

i=1
Ei =

M∑
i=1

Dave ⋅ mi (7)

The CD- and TP-atlas were deformably registered
with each patient-specific prostate geometry using the
inverse transform computed during atlas construction.
This provided each patient with two sets of spatial tumor
characterizations—their CD- and TP (patient + atlas)-
map representing the patient-specific distribution of
biological features, and the CD- and TP-atlas repre-
senting the population-based distribution of biological
features. Each of these sets of characteristics were
combined in various ways to generate four different
methods of heterogeneous dose prescription to adapt
four clinical scenarios. A schematic overview is shown
in Figure 3:

1. Method-1 [Uniform distribution, no patient-specific or
atlas information used]: By ignoring the atlas and
patient-specific biological information and assuming
a homogeneous distribution of prostate biological
characteristics, the Method-1 prescription represents
a uniform dose distribution across the entire prostate.
This represents the “conventional” approach to dose
prescription.

2. Method-2 [CD-atlas + TP-atlas, no patient-specific
information used]: The prescriptions of Method-2
were generated by incorporating population-based
biological distributions from the CD- and TP-atlas.
This represents a situation where no patient-specific
information is available.

3. Method-3 [CD-atlas + TP (patient + atlas)-map, par-
tially patient-specific information used]: Prescriptions
were generated using population-based cell density
information from the CD-atlas and each individual’s
tumor probability distribution from their TP (patient +
atlas)-map. This represents the situation where the
TP (patient + atlas)-map can be derived from TP-
atlas and the locations of IPLs that were identified
by annotated medical images (e.g., annotated
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6 BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS

F IGURE 3 For a sample patient and the same transverse plane of the prostate, visualized voxel-wise distribution of: (a): cell density
indicated by the patient’s CD-map, (b): mean cell density calculated from the CD-atlas, (c): tumor probability indicated by the patient’s TP
(patient + atlas)-map, and (d): mean tumor probability calculated from the TP-atlas. The table provides the distributions of biological features
that were used in prescription generation at each Method.

CT, informed by mp-MRI), and assuming no
patient-specific cell density information is available.

4. Method-4 [CD-map + TP (patient + atlas)-map,
full patient-specific information used]: Assuming full
knowledge of the distribution of patient-specific bio-
logical features, the Method-4 prescriptions were
generated through dose redistribution using each
individual’s cell density and tumor probability infor-
mation.

Four fractionation schedules (EH, MH, CF, and whole
pelvic radiotherapy (WPRT) + SBRT boost) were con-
sidered. The number of fractions, total treatment dura-
tion (Texp), average dose level, maximum and minimum
doses allowed during dose redistribution are described
in Table 2. Average dose refers to the mean dose to the
entire prostate and is equivalent to the dose prescribed
for the Method-1 (homogeneous) prescription. It is equal
to the dose when redistributed during heterogeneous
prescription generation.

WPRT + SBRT consists of 25 fractions of 1.8 Gy
WPRT and 3 fractions of 10 Gy prostate (only) SBRT.
We acknowledge the prescription of WPRT is controver-
sial in PCa radiotherapy, therefore only doses prescribed
in the SBRT boost were considered for redistribution in
this study, and the impact of WPRT on this study was
excluded.The treatment duration of CF and WPRT were
estimated by 1.4 times the fraction number.

For the fractionation schedules shown in Table 2, the
minimum allowed dose was obtained from the dose level
that has commonly been used in conventional radio-
therapy with each corresponding fractionation schedule
(EH,10,11,26,27 MH,12 CF,28 WPRT + SBRT29). The aver-
age dose was set to the boost dose reported in studies
where a boost dose was prescribed,30–36 or to the high-
est dose reported in dose escalation studies.28 The
highest allowed dose was from the maximum prescribed
dose in studies that included prostate sub-volume dose
escalation (EH and CF26,37,38) or 125% of average dose
level (MH and WPRT + SBRT).
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BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS 7

TABLE 2 Parameters applied in TCP calculation for the four included fractionation schedules.

Schedule name

Extreme
hypo-fractionation
(EH)

Moderate
hypo-fractionation
(MH)

Conventional
fractionation (CF)

Whole pelvic RT +

SBRT boost
(WPRT + SBRT)

Fractions 526,30–32 1933 4528 25 + 334–36

Texp (days) 2926 2812 1.4 × 4528 1.4 × 25 + 634,36

Max. dose (Gy) 50.0 (10.0)26 80.75 (4.25) 102.6 (2.3)37,38 30.0 (10.0)

Average dose (Gy) 40.0 (8.0)30–32 64.6 (3.4)33 81 (1.8)28 21.0 (7.0)34–36

Min. dose (Gy) 35.0 (7.0)10,11,26,27 57.0 (3.0)12 68.6 (1.5)28 18.0 (6.0)29

For CF, the average, maximum allowed, and minimum
allowed doses were referenced from published PCa
fractionation schedules of 81 Gy in 45 fractions, 95 Gy
in 35 fractions and 64.8 Gy in 36 fractions. To keep the
fraction number of all referenced doses consistent, all
referenced fractionation schedules were converted to
a 45 fractions treatment schedule under the equivalent
biologically effective dose (BED) and for 𝛼

𝛽
of 3.1. The

obtained maximum and minimum allowed doses from
the corresponding converted treatment schedules are
shown in Table 2.

For the 3 fraction SBRT boost in WPRT + SBRT,
although the defined average dose in this current study
was 21 Gy, a more common prescribed dose is 19
Gy29 or higher (e.g., 19.5 Gy39,40). As a larger differ-
ence between average and minimum doses allowed for
a more heterogeneous dose distribution, the minimum
dose allowed was set to 18 Gy.

For each patient in the cohort, a total of 16 optimal
dose distributions were generated by finding the voxel-
level dose distribution that maximized the corresponding
total tumor TCP (i.e., 4 Methods of prescription with 4
fractionation schedules).

The dose redistribution was performed using the
metaheuristic differential evolution (DE) algorithm41,42

from the Python (Python Software Foundation, ver-
sion 3.8.8) library and math toolkit—SciPy (Community
library project, version 1.7.3).43 To facilitate the opti-
mization process, the redistributed dose distribution was
based on a down-sampled 3D cell density (voxel size
after down-sampling: 6.4 mm × 6.4 mm × 6.4 mm) and
tumor probability distribution.

2.4 Prescription comparison

To understand the impact of spatial variations in tumor
location on optimal TCPs and dose distributions across
the gland, the prostate was segmented into 12 sub-
sections as shown in Figure 4 and the TCP of each
sub-section was calculated and compared for the cohort.

To summarize and compare optimal spatial dose
distributions, the expected tumor cell number was cal-
culated for each voxel via the product of their tumor cell

number and tumor probability from each patient’s CD-
and TP (patient+ atlas)-map.With voxels ordered by the
expected number of tumor cells, the dose of each voxel
and for each dose prescription Method were plotted on
the same scatter plot for comparison. Method-2 and -
3 prescriptions were compared to assess the impact
of adding patient-specific tumor probability information.
Method-1 and Method-4 prescriptions were compared to
assess the TCP improvement achievable using patient-
specific biological information. As the Method-4 dose
distributions have the potential to achieve the highest
possible TCP, the Method-4 dose for each voxel, and
each patient, was defined as the reference dose. Doses
for each voxel in the Method-1 to -3 dose distributions
were compared to the corresponding Method-4 voxel
dose.

3 RESULTS

3.1 Impact of the prescription and
fractionation

3.1.1 Impact on cohort

Across the whole patient cohort and fractionation sched-
ules, with the patient-specific cell density and tumor
probability distribution given by CD-map and TP (patient
+ atlas)-map, the TCPs of optimized prescriptions for
each Method are indicated in Figure 5. The cohort TCP
is defined as the product of the TCPs of all patients in
each cohort, for each Method across all fractionation
schedules. The cohort TCP represent the likelihood of
tumor control for all patients. For all fractionation sched-
ules, the average TCPs and cohort TCP increase across
prescription Method-1 to -4.

The P values of Wilcoxon signed-rank test for result-
ing optimized TCPs between pairs of prescription
Methods were calculated. For all fractionation sched-
ules, the prescriptions of Method-2, -3, and -4 improved
the TCP significantly (p < 0.05) relative to a uniform
dose distribution (Method-1). The TCPs of Method-4
and Method-3 prescriptions were significantly (p < 0.05)
larger than that of Method-2.
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8 BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS

F IGURE 4 Illustration of the prostate segmentation. A total of 12 sub-sections were produced by evenly segmenting the prostate axially
into three parts in (apex, mid-gland, and base) and then each part of prostate being further segmented into four sub-sections in the
anterior-posterior and right-left directions.

F IGURE 5 TCPs of prescriptions of each Method classified by fractionation schedules are shown in the box plot. P values (Wilcoxon
signed-rank test) of TCPs of prescriptions for each paired Method are given in the table.

The largest and smallest TCP improvements across
the Methods was observed with CF and EH, respec-
tively. Table 3 indicates the number of patients in each
cohort experiencing specific changes to TCP when
using Method-2 to -4 prescriptions relative to Method-1
prescriptions. As listed in Table 3, the Method-4 pre-
scriptions (generated by full patient-specific information)
were able to increase the TCP for all patients in all frac-
tionation schedules, compared to other prescriptions.
Most of the cases for which TCP decreased rela-
tive to the uniform dose prescription (Method-1) were
found amongst the Method-2 prescriptions (generated
by population-based information),but the Method-2 pre-
scriptions still achieved higher TCP for at least 87% of
patients in MH and EH.

3.1.2 Impact on individuals

The inclusion of the population atlas in guiding the het-
erogeneous dose prescription decreased the expected
TCP for some patients relative to a conventional uniform
dose approach.Figure 6a shows the TCP differences of
the Method-2,-3,and -4 prescriptions relative to Method-
1 under EH. For 8 patients there was a decrease in
TCP for the Method-2 prescription and 1 patient for
Method-3. The largest decreases for both Method-2
and -3 prescriptions are seen for patient-07. Figure 6b
shows the TCP differences of Method-1, -2, and -3
prescriptions relative to Method-4 under EH. Also rel-
ative to the Method-4 prescriptions, the largest TCP
difference by Method-2 and -3 prescriptions were also
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BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS 9

TABLE 3 The total number of patients with Method-2 to -4 prescriptions which saw TCP increasing or decreasing relative to Method-1
prescriptions.

CF MH EH WPRT + SBRT
N M-2 M-3 M-4 M-2 M-3 M-4 M-2 M-3 M-4 M-2 M-3 M-4

TCP Increased (> = 0%) 56 62 63 55 62 63 55 62 63 58 63 63

High Increase (> = 5%) 6 19 30 0 1 2 0 2 6 0 1 2

Median Increase (> = 1% and < 5%) 46 43 33 40 59 61 40 58 57 37 57 61

Low Increase (< 1%and > = 0%) 4 0 0 15 2 0 15 2 0 21 5 0

TCP Decreased (< = 0%) 7 1 0 8 1 0 8 1 0 5 0 0

High Decrease (< = −5%) 1 1 0 0 0 0 0 0 0 0 0 0

Median Decrease (< = −1% and > −5%) 1 0 0 2 1 0 2 1 0 0 0 0

Low Decrease (> −1%and < = 0%) 5 0 0 6 0 0 6 0 0 5 0 0

F IGURE 6 For cohort ranked by TCP of Method-4 prescription, the TCP difference of: (a): Method-2, -3, and -4 prescriptions to Method-1
under EH, (b): Method-1, -2, and -3 prescriptions relative to Method-4 under EH.

found for patient-07, while the smallest TCP differences
were found for patient-02. For patient-02, the TCPs of
Method-1 to -4 prescriptions under EH were 82.86%,
83.81%, 83.94%, and 84.04%, respectively. That for
patient-07 were 86.12%, 82.76%, 82.97%, and 88.47%,
respectively.

The voxel-wise dose prescription values for 4 Meth-
ods under EH for patient-02 and -07 were ranked by
expected voxel-wise tumor cell number (product of voxel
tumor cell and tumor probability) and shown in Figure 7.
The tables below each figure summarize the mean
absolute dose difference, the mean voxel doses of
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10 BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS

F IGURE 7 For patient-02: (a) and patient-07: (b), the voxel-wise
dose prescription values ranked by expected voxel-wise tumor cell
number (product of voxel tumor cells and tumor probability) are
plotted. The mean absolute dose levels greater and less than the
Method-4 voxel doses are shown in the respective tables.

Method-1 to -3 prescriptions greater than, and less than
the Method-4 voxel doses. To find the reported dose
difference matrix that most correlated to tumor control,
the coefficients of Standard (Pearson) correlation44,45

were calculated by the reported dose difference matrix
(Figure 7) and TCPs of the cohort. For Method-2 and -3
prescriptions, the mean voxel doses less than Method-4
doses had the highest correlation to TCP decreasing
(relative to TCP of Method-4 prescription), with a corre-
lation coefficient (CC) of 0.94. The mean absolute dose
difference is the second most correlated parameter with
a CC of 0.80, and the mean voxel doses greater than
Method-4 doses had a CC of 0.36.

3.2 Variations across prostate zones

For all prescriptions with EH, the TCPs of each sub-
section of the prostate are visualized in Figure 8.For the

TABLE 4 P values (Wilcoxon signed-rank test) of TCPs between
Method-2 to -4 prescriptions and Method-1 prescription in each
subsection of prostate for all patients, the values lower than the
significant level of 0.05 were shown in bold.

A-R A-L P-R P-L

Apex M-2 2.2 × 10−1 5.2 × 10−1 2.4 × 10−2 1.0 × 10−3

M-3 6.8 × 10−1 7.6 × 10−1 1.1 × 10−3 1.1 × 10−5

M-4 9.5 × 10−1 2.5 × 10−1 1.0 × 10−4 2.6 × 10−7

Mid-gland M-2 9.7 × 10−1 7.8 × 10−1 3.5 × 10−5 1.2 × 10−7

M-3 4.2 × 10−1 2.4 × 10−1 2.2 × 10−7 5.3 × 10−10

M-4 9.5 × 10−3 4.8 × 10−3 1.4 × 10−10 3.5 × 10−13

Base M-2 8.8 × 10−2 3.3 × 10−1 1.7 × 10−3 6.2 × 10−4

M-3 5.9 × 10−2 2.4 × 10−1 2.2 × 10−4 4.4 × 10−5

M-4 5.1 × 10−2 1.7 × 10−1 3.9 × 10−5 1.5 × 10−5

entire cohort and each subsection of prostate, Wilcoxon
signed-rank test was conducted between TCPs of
Method-2 to -4 prescriptions and that of Method-1 pre-
scriptions. The calculated P values are listed in Table 4,
with values lower than the significant level (0.05) shaded
with color. Compared to a uniform dose prescription
(Method-1),the Method-2 to -4 prescriptions significantly
escalated the local TCP of the entire posterior prostate,
and the Method-4 prescriptions also achieved signifi-
cantly higher TCP in the anterior section of prostate
mid-gland.

4 DISCUSSION

This study developed a mechanism for a voxel-wise opti-
mal dose prescription for the entire prostate gland,under
the constraint of total delivered energy, by utilizing bio-
logical information derived from prostate histology.Using
a TCP model that incorporated voxel-level cell density
and tumor probability, the optimal prescriptions were
produced in four combinations of CD and tumor prob-
ability maps and four fractionation schedules for a total
of 63 patients. The impact on optimal TCP was evalu-
ated for prescriptions that incorporated varying inclusion
of population-based and/or patient-specific biological
information.

4.1 Prescription generation

The four Methods in this study simulated four scenar-
ios of availability of precision biological information in
the clinic. With full knowledge of the patients’ histology
information, the prescriptions of Method-4 were gener-
ated based on precise cell density and tumor probability
distributions. However, in clinical practice the full cross-
sectional histology data is not available. Hence, in this
work we demonstrated that using the delineated IPLs

 24734209, 0, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.16936 by U

niversity O
f A

uckland, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS 11

F IGURE 8 TCPs of all 12 sub-sections of prostate for all prescriptions in cohort under EH. (a): Prostate apex. (b): Prostate mid-gland. (c):
Prostate base.

on medical images, and the population-based tumor
probability of the non-IPL prostate volume indicated by
TP-atlas (the Method-3 method) could be used to gener-
ate prescriptions by incorporating the population-based
cell density distribution from the CD-atlas. Prescriptions
for Method-1 and -2 were established to accommodate
situations where no patient-specific information was
available to support the biological optimization model.
The prescriptions generated in Method-1 represent
the homogenous dose prescription that is commonly
applied in conventional radiotherapy, and Method-2 rep-
resents an optimal dose distribution by considering the
population-derived distribution of biological features.

It is noticeable that for voxels with expected tumor cell
numbers near 0, a high dose was assigned in prescrip-
tions of Method-2 to -4 (Figure 7). As equation (7) indi-
cates, prescriptions in all Methods represented identical
integral energy for the same patient and fractionation
schedule. For the heterogenous dose prescriptions, the
integral energy level can be obtained by the prescribed
dose ndi and mass mi of all voxels:

E =

M∑
i=1

Ei =

M∑
i=1

ndi ⋅ mi

The Method-2 to -4 dose distributions had a down-
sampled 3D size from the original histology data,
therefore, the TCPs of each voxel were calculated from

the cell density and tumor probability values covered by
the corresponding voxel.

When a voxel in the dose distribution is located near
the edge of the prostate and covered with a small pro-
portion of prostate tissue and a large proportion of
empty volume around the prostate,both expected tumor
cell number and the mass of voxel would be very small.
The low expected tumor cell number would lead to a
high voxel TCP (always near 100%),and the low mass of
voxel would result in a low calculated energy of the voxel
Ei , lim

mi→0
(ndi ⋅ mi) = 0, and Ei can only occupy a minor

proportion of total energy E. As a consequence, once
the optimizer determined an optimal dose distribution
and randomly prescribed a high dose level to those vox-
els near the edge of the prostate, the optimizer could not
further escalate the total TCP above the defined thresh-
old (derived from the defined tolerance in the optimizer)
by redistributing the dose for those voxels because they
had a TCP near to 100% at any dose level within defined
dose range. Additionally, because of the minor propor-
tion to the total energy, the doses prescribed to those
voxels were too low to be redistributed to other voxels
to escalate total TCP. To address this issue, a lower tol-
erance could be used by the optimizer and/or the dose
distributions could be downsampled by a smaller voxel
size.However,both methods increase the computational
time. Alternatively, after prescription generation, a mode
filter could be implemented to voxels near the edge of
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12 BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS

the prostate to prescribe those voxels with the same
dose as their neighboring voxels.

4.2 Impact of the prescription and
fractionation

4.2.1 Impact on cohort

As shown in Figure 5, the average TCP of the cohort
for all Methods was the lowest with CF across all frac-
tionation schedules. However, for CF, the average TCP
improvements amongst the heterogeneous dose pre-
scriptions (Method-2, -3,and -4) relative to homogenous
prescriptions (Method-1) were the largest, and the num-
ber of patients who saw high TCP improvement (≥5%)
by Method-2 to -4 prescriptions the greatest (Table 3).
This indicates, in terms of tumor control, that CF bene-
fited the most from a heterogenous prescription. With
EH, MH, and WPRT + SBRT, the TCP improvements
of Method-2 to -4 prescriptions relative to homoge-
nous prescriptions were lower than with CF in terms
of either range of TCP improvement or the number of
benefiting patients. This observation could be explained
by the diminishing advantage of heterogeneous dose
distributions—when the TCP of the homogeneous pre-
scription is already close to a value of 1. An additional
reason for a lower TCP improvement for WPRT + SBRT
is that the dose redistribution was only conducted for
fractions incorporating an SBRT boost. The prescribed
dose distributions in the WPRT part are identical for
both homogenous and heterogenous prescriptions.Nev-
ertheless, the heterogeneous prescriptions of Method-2
to -4 can significantly (p < 0.05) escalate TCP for the
cohort relative to Method-1 prescriptions.

The large variations between the distributions of cell
density and tumor probability incorporated in Method-2
prescriptions and that incorporated in Method-4 pre-
scriptions decreased the TCP of Method-2 prescriptions,
as the Method-2 prescriptions were generated by over-
and under-estimating expected tumor cell number of
voxels. However, by including the patient-specific tumor
probability via the TP (patient + atlas)-map, the precise
information on expected tumor cell numbers can enable
Method-3 prescriptions to yield a higher TCP level.

4.2.2 Impact on individuals

If a population atlas of tumor cell characteristics is
used to redistribute an otherwise uniformly-prescribed
integral energy, it is expected that for a proportion of
patients there will be a decrease in expected tumor con-
trol relative to that for the uniform prescription, rather
than an increase. As examples of the TCP of Method-
2 and -3 prescriptions close or distant to the TCP of
Method-4 prescription, prescriptions of patient-02 and

patient-07 were selected (Figure 6). The Method-2 and
-3 prescriptions of patient-07 resulted in more under-
dosing (Figure 7b) than seen for patient-02 (Figure 7a).
After mapping the CD- and TP-atlas back to each indi-
vidual’s prostate geometry by deformable registration,
both the CD- and TP-atlas does not completely cover
a patient’s prostate, and naturally the uncovered voxels
were labeled with 0 cell density and tumor probabil-
ity. This is a limitation of the atlas which was created
with axial histology sections and excluded the most
inferior and superior parts of the prostate apex and
base that were sectioned sagittally according to clinical
protocols.17 Consequently, if the volume was not encom-
passed by the atlas, then the optimizer could potentially
underdose the volume, treating it as healthy tissue in
Method-2 prescriptions or tumor with 0 cells in Method-3
prescriptions.

4.3 Variations across prostate zones

As indicated by the patient-specific CD- and TP
(patient + atlas)-map of the cohort, the peripheral zone
(PZ) had a significantly larger expected tumor cell num-
ber than the non-peripheral zone (Mann–Whitney U rank
test, P = 0.003). Previous studies have reported that
IPLs are most commonly found in the PZ.46–49 The pos-
terior section of the prostate is where the peripheral
zone is located, and for that section of the prostate,
as expected there were significantly higher numbers of
tumor cells than anterior section of the prostate (Mann–
Whitney U rank test, P = 5.7 × 10−24). For posterior
section of the prostate, the prescriptions of Method-
2 to -4 achieved a significantly higher TCP than the
Method-1 prescription (Table 4), since compared to the
prescriptions of Method-2 to -4, this region is generally
prescribed with lower doses by the homogenous dose
prescriptions.

For the anterior section of the prostate apex and base,
no significant differences were found between prescrip-
tions of Method-2 to -4 and that of Method-1 for the
cohort (Table 4). Those sub-sections had significantly
lower (Mann–Whitney U rank test,P= 7.3 × 10−26) num-
bers of expected tumor cells than other sections,and the
Method-1 prescriptions achieved higher TCPs by pre-
scribing higher doses than prescriptions of Method-2 to
-4 to those regions.

4.4 Similar studies

Except for cell density and tumor probability, voxel-
wise prescriptions for the prostate can be generated
using other imaging or biological features. Using a TCP
model50,51 that incorporated voxel-wise 18F-choline
PET imaging, Dirscherl et al.52 generated an optimal
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BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS 13

prostate dose prescription by reaching the voxel-wise
dose distribution with the largest calculated TCP. Sim-
ilarly, by incorporating GS in a TCP model and maxi-
mizing TCP, Grönlund et al.53 generated optimal dose
prescriptions using prostate GS distributions derived
from the distributions of apparent diffusion coefficients
(ADC).54,55 The prescription can also be generated by
a spatial map of tumor hypoxia, by incorporating the
scored voxel-level risk of hypoxia derived from mpMRI,56

Using these spatial maps,Her et al.generated five IMRT
plans and demonstrated the ability to greatly mitigate
the effects of hypoxia.57

When voxel-wise data of biological features are not
available, the energy to be delivered to the prostate can
be redistributed by prescribing higher or lower doses to
one lobe of the prostate. By defining the involved lobe
with biopsies, Amini et al.58 prescribed 70 and 50.4 Gy
in 28 fractions to the involved and uninvolved lobes,
respectively.

The dose redistribution can also be achieved by dose
escalation to the detected IPLs. Boosting IPLs without
violating the dose constrains of OARs has been shown
to be feasible,59-61 and an increased tumor control rela-
tive to uniform dose prescription has been reported.38

However, the undetected lesions or the uncertainty in
delineating IPLs from MRI or PET images62 may lead
to underdosing of sub-volumes of the prostate. Such
a problem can be improved by applying the suggested
prostate dose redistribution by the CD- and TP-atlases
to cover the potential tumor location as derived from a
patient population.

To generate treatment plans in a treatment planning
system (TPS) using the voxel-wise dose prescription
with the best expected treatment outcome, studies have
utilized minimization of difference between each voxel
dose and the prescribed dose as the main objective.52,63

However, as previously discussed, a lower mean under-
dosing of a planned dose distribution to the prescribed
dose distribution may not lead to higher TCP. Hence,
rather than aiming to duplicate the prescribed dose
distribution on a TPS, TCP-based plan optimization
should be considered. In the work of Her et al.,14 treat-
ment plans were optimized in an experimental TPS
(MatRad64,65) using an objective of maximizing TCP.

4.5 Future work

By analyzing the cell density distribution obtained from
histology images,Reynolds et al.19 reported that the cell
densities of tumors are significantly different to those
of healthy prostate tissue (Kolmogorov–Smirnov tests,
p < 0.05), which suggested that the tumor volumes
detected by histology data were expected to have higher
cell densities. However, the CD-atlas used in Method-3
prescriptions only provided the voxel-wise cell den-
sity values summarized from the investigated cohort—it

cannot predict the cell density distribution according
to the patient-specific tumor probability distribution. A
model predicting cell density from prostate MRI features
was developed by Sun et al.16 In future work, the tumor
probability distribution can be added as one of the fea-
tures to better predict cell density distribution, and the
model can be used in Method-3 prescriptions to further
escalate the TCP level.

It should be noted that this work has not considered
changes in tumor characteristics throughout treatment.
Accounting for such change would require intra-fraction
assessment of the tumor characteristics, potentially via
a linac-incorporated MRI and application of a predictive
model based on MR image features. It should also
be noted that the present work has not considered
the distribution of oxygenation within the prostate—
incorporating radio-resistance due to tumor hypoxia66-68

may alter the resulting redistributed dose distribution.
The suggested future work includes integrating the
oxygenation distributions of individuals in the cohort
and incorporating oxygen enhancement ratio (OER)
into the TCP model69-72 for optimal heterogeneous
dose prescription generation.

The 63-patient cohort used in this research should
not be considered as an accurate representation of the
broader population, though practical limitations required
this assumption in this work. Ideally, comparison of
use of population versus individual tumor characteris-
tics would be performed using individuals from outside
the population. Including a larger cohort would gener-
ate a more robust and representative representation
of cell density and tumor probability atlases. However,
patients selected for radical prostatectomy generally
have lower risk features and therefore expanding the
cohort to include those with high-risk features could be
challenging.

For commercial TPSs that do not accept voxel-wise
dose prescription as planning objectives, efforts are
needed to convert the generated optimal heteroge-
nous prescriptions in this research into structure-based
dose prescriptions. In the studies of Deveau et al.73

and Flynn et al.,74 voxel-based dose prescriptions were
discretized into serval equally sized dose bins. The
resulting structures were then prescribed to the corre-
sponding average bin dose. Nonetheless, in comparison
to voxel-based dose prescription, the resulting dose
distribution of generated structure-based dose prescrip-
tions would naturally have reduced heterogeneity and
thus a decreased tumor control. Therefore, to gener-
ate structure-based dose prescriptions with the maximal
TCP, a new route from voxel-wise dose prescriptions to
structure-based prescriptions needs to be established
by incorporating the distribution of tumor characteristics.
This is the topic of ongoing work.

Finally, this work only represents the voxel-wise
prescription generation prior to treatment planning
and delivery. No impact of the treatment planning

 24734209, 0, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.16936 by U

niversity O
f A

uckland, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14 BIOLOGICALLY-OPTIMIZED PRESCRIPTIONS

system, physical limitations of dose delivery or patient-
related factors have been included. Work is ongoing to
determine the deliverability of derived heterogeneous
prescriptions across delivery technologies, as well as
methods to ensure their robustness to uncertainties.

4.6 Conclusion

This work has demonstrated the potential benefit for
tumor control by redistributing escalated doses. With
four different methods that utilized the distribution of
biological features from different resources, the opti-
mal dose prescriptions were generated for a cohort of
63 patients by increasing the calculated prostate TCP
under the same integral energy level for four fractiona-
tion schedules. Relative to a conventional homogenous
dose prescription, the generated optimal heterogeneous
dose prescriptions can escalate tumor control for most
patients. The fractionation schedule that benefited the
most from optimal heterogeneous dose prescriptions
was CF.

In a typical scenario, where patient-specific his-
tology information is not available and where the
population-based distribution of biological features is
used (Method-2), the heterogeneous dose prescriptions
generated a higher TCP for at least 87% of patients
in EH and MH compared to a conventional homoge-
nous prescription (Method-1). By integrating additional
patient-specific tumor probability distributions (Method-
3), heterogeneous prescriptions could further escalate
the TCP level for the cohort. Dose redistribution via
prescriptions based on patient-specific histology infor-
mation (Method-4) demonstrated the voxel-wise dose
distribution that could achieve the upper theoretical limit
of tumor control.
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