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A B S T R A C T

Purpose: Planning target volume (PTV) margin recipes assume all parts of the target are equally important. For 
the prostate clinical target volume (CTV) this is invalid. We evaluated the impact of the spatial probability 
distribution of microscopic disease in the prostate on CTV-to-PTV margins.
Materials and methods: A prostate with a volume of 44 cm3 was defined as CTVprostate. Homogenous dose dis
tributions were created with margins ranging 0–5 mm. The gross tumor volume (GTV) was assumed covered with 
a separate margin. Microscopic satellites were sampled within the CTVprostate from a histopathology-based 
probability distribution for a range of numbers (1–10) and sizes (0.02–0.2 cm3) to define CTVsatellites. Geo
metric errors were sampled from a 3D Gaussian distribution, simulating online adaptive treatment of 5 fractions. 
Each CTV was shifted with respect to the dose according to each total error. The PTV margin ensuring 95 % of the 
prescribed dose to the CTVsatellites in 90 % of simulations was determined and compared with CTVprostate.
Results: For systematic errors with width (Σ) 0.5 mm and random errors with width (σr) 1.5 mm, the margin for 
the CTVprostate was 3 mm, whereas for each definition of CTVsatellites this margin was 0–1 mm. For σr = 2.7 mm, a 
margin of 5 mm was adequate for the CTVprostate and 2–3 mm for all except the most favourable and unfav
ourable CTVsatellites definition.
Conclusion: The CTV-to-PTV margins used in online adaptive radiotherapy for prostate cancer can be reduced by 
~2 mm, if the GTV is covered with an adequate margin.

Introduction

Radiotherapy aims to deliver a curative dose to the tumor cells while 
minizing the dose to healthy tissue. To this end, the gross tumor volume 
(GTV) and clinical target volume (CTV) are delineated prior to treatment 
planning. The accuracy of dose delivery is limited by geometric un
certainties, including for example inter- and intrafraction motion. To 
ensure adequate coverage of a target volume, ICRU report 50 defined a 
planning target volume (PTV) [1]. PTV margin recipes aim to guarantee 
coverage of a specified dose in the population. Most commonly, a 
margin is designed such that 90 % of the patients receive a minimum of 
95 % of the prescribed dose to the CTV [2]. These recipes assume that all 
parts of the target are equally important. This implies that any 

geometrical miss of the CTV is expected to result in underdosing some 
tumor cells. In particular for the CTV, designed to cover microscopic 
disease, pathological evidence indicates that this assumption does not 
hold. For example in breast, head-and-neck and lung cancer, the density 
of microscopic disease gradually decays with increasing distance from 
the GTV [3–5]. Stroom et al. proposed to incorporate this decay in cell 
density in the margin recipe for defining a GTV-to-PTV margin [6].

Prostate cancer is predominantly a multifocal disease consisting of 
one or more satellite lesions next to the largest (index) lesion [7–11]. 
The majority of these satellite lesions have a volume of <0.1 cm3 and is 
therefore likely not visible on diagnostic imaging [12,13]. Conse
quently, they are not included in the GTV, which holds approximately 
95–98 % of the total tumor load [10,11]. The location and genomic 
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profile of these microscopic satellites in the prostate appears uncorre
lated with that of the GTV [10,14]. Therefore, in clinical practice the 
whole prostate gland is included as CTV. However, since microscopic 
disease is not homogenenously distributed, it is possible that a 
geometrical miss of the CTV will not result in underdosing any tumor 
cells because this part may hold no tumor cells at all. We hypothesize 
that by explicitly considering the distribution of microscopic disease in 
the prostate, the PTV margin can be reduced while ensuring that the 
tumor cells receive a minimum of 95 % of the prescribed dose in 90 % of 
the patients. Hence, this could improve the balance between target 
coverage and dose exposure to organs at risk surrounding the prostate. 
Importantly, this reasoning does not apply to the GTV. Because this 
holds macroscopically visible tumor any underdosage of this volume 
would undertreat some of the tumor cells. Therefore conventional 
margin recipes should be applied for the GTV.

Here we investigate the implications of the spatial distribution of 
microscopic disease in the prostate gland for the PTV margin applied to 
the CTV. We explicitly assume that the GTV is adequately covered with a 
separate PTV margin. We conducted a series of Monte Carlo simulations, 
simulating a distribution of tumor satellites with varying size and 
number, using the tumor prevalence map developed by Ou et al. 
[15–17]. We simulated a range of geometrical errors that can be ex
pected in modern online adaptive radiotherapy. We calculated the dose 
coverage of the satellites and the PTV margins required to guarantee a 
predefined coverage criterion.

Materials and methods

We studied the implications of the spatial distribution of microscopic 
disease in the prostate for PTV margins for the CTV in a modern online 
adaptive treatment setting. We considered treatment of a homogeneous 
dose planned to be delivered to the CTV in 5 fractions. The GTV 
including any surrounding microscopic spread directly attached to the 
GTV was assumed to be covered using a separate GTV-to-PTV margin.

Sampling of satellites to model microscopic disease

The tumor prevalence map of Ou et al. was constructed out of 158 
prostatectomy specimen and consists of the spatial probability of finding 
tumor cells in a population averaged prostate [15,16]. Each voxel in this 
map represents the fraction of specimen that showed tumor cells at that 
location. In the original work the map was smoothed with an isotropic 
Gaussian filter. In addition, in later work by Dinh et al. the map was 
made symmetric in the left – right direction [17]. Both post-processing 
operations potentially induce a bias in the probability of finding 
tumor cells near the edge of the prostate. To remove this bias, in our 
experiments the prostate was cropped by 1 mm to define a boundary 
region and all voxels within this boundary volume kept the same value. 
We considered this tumor atlas to be our prostate CTV, having a volume 
of 44 cm3.

Next, we performed simulations to sample satellite locations within 
the prostate CTV. For this, the tumor prevalence map was converted into 
a point cloud of 100,000 points in which the point density corresponded 
to the probability of tumor cell presence in the map. In each simulation a 
random point was sampled from this point cloud and defined as the 
center of a spherical lesion, consisting of 100 points equally distributed 
over the total volume of the lesion. This resulted in a CTVsatellites con
sisting of one or multiple spherical lesions within the prostate CTV. To 
avoid overlap between lesions, all points from the tumor prevalence 
point cloud that were located within a distance of 2 times the radius of 
the lesion from the sampled point were removed before the next random 
sample. In addition, we did not allow lesions to extend outside the 
prostate CTV. In case a lesion was sampled at the edge of the CTV, the 
fraction of points of the lesion that extended the CTV was removed. The 
CTVprostate used as reference in the study, consisted of the prostate CTV 
and was defined by 100,000 points equally devided over the total 

volume.

Geometric error distributions

The Van Herk margin recipe assumes an undeformable target volume 
and treatment uncertainties divided into preparation (systematic, Σ) and 
execution (random, σr) errors. These are assumed to be normally 
distributed and independent and are derived from population statistics. 
The distributions of Σ and σr used in our simulations were obtained from 
a 3D Gaussian random number generator. We determined the width of Σ 
and σr to approximate the PTV margins currently used for the prostate, 
ranging from 3 mm in an MRI-guided online workflow to 5 mm in an 
CBCT-guided online workflow [18–20]. In daily online adaptation the 
systematic error is minimized, however a residual error will always be 
present as a result of uncertainties related to the treatment machine, 
such as gantry positioning and MLC motion [21,22]. Therefore, the 
width of Σ was estimated to be 0.5 mm. Delineation uncertainties were 
excluded from the systematic error. Next, we used the Van Herk margin 
recipe to derive the width of σr. We simulated a treatment to be deliv
ered in 5 treatment fractions (N). Then, σr results in both a random (σeff) 
and a systematic error component adding to the total systematic error 
(Σeff) [23–25]: 

σ2
eff =

N − 1
N

σ2
r 

Σ2
eff = Σ2 +

1
N

σ2
r 

By accounting for the finite number of fractions the width of σr was 
1.5 mm and 2.7 mm resulting in a Σeff of 0.8 mm and 1.3 mm and a σeff of 
1.3 mm and 2.4 mm to approximate a PTV margin of 3 mm and 5 mm, 
respectively. In addition, we evaluated the potential added value of 
beam-gated radiotherapy in case of using a gating window of 2 mm. For 
this, we adjusted σr by discarding all displacement vectors larger than 2 
mm in any direction before sampling random errors.

Dose distributions

We created PTV-based homogenous dose distributions convolved 
with Gaussian penumbra (σp) of width 3.2 mm on a 1 mm resolution 
cubic grid. For this, we assumed the prostate CTV as target volume with 
PTV margins ranging 0–5 mm in steps of 1 mm. Similar to clinical 
practice, each voxel included in the PTV received at least 95 % of the 
prescribed dose [26]. In contrast to the Van Herk recipe, in which a 
spherical target and a perfectly conformal dose distribution is assumed, 
the prostate CTV is not perfectly spherical. Consequently, the dose dis
tributions used in our experiments showed non-perfect conformality to 
the PTV. As a control experiment, we repeated our simulations using 
idealized dose distributions based on a perfect sphere with the same 
volume as the prostate CTV (CTVsphere).

Experiments

A schematic overview of the experiments is shown in Fig. 1. First, 
Monte Carlo simulations were used to sample satellite distributions from 
the tumor prevalence map. We performed simulations across a range of 
number (1–10) and size (0.02–0.2 cm3) of satellites. These ranges were 
based on data from prostatectomy specimens [10,11]. For each potential 
combination of number and size of satellites 1000 simulations of the 
CTVsatellites were performed. Next, Monte Carlo simulations were also 
used to sample errors from the geometric error distributions [27,28]. For 
this, we sampled 5000 systematic errors and for each systematic error 5 
daily random errors were sampled and consecutively added. Each 
CTVsatellites was then shifted with respect to the dose distribution ac
cording to each total error. We evaluated the minimum dose delivered to 
the CTVsatellites in 90 % of all combinations of CTVmicroscopic and total 
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Fig. 1. Schematic overview of the experiments. Satellites were sampled from a tumor prevalence map for a range of number (1–10) and size (0.02–0.2 cm3) to model 
potential distributions of microscopic disease in the prostate (CTVsatellites). For each combination of number and size 1000 samples were performed. The CTVprostate 
consisted of the total volume of prostate. Next, PTV-based homogeneous dose distributions were created with PTV margins ranging 0–5 mm. Geometric errors 
expected in online adaptive radiotherapy delivered in 5 fractions were simulated by sampling random and systematic errors (n = 5000). We evaluated the minimum 
dose delivered to the CTV in 90 % of the population of simulations.

(A)

(B)

Fig. 2. Coverage of the CTVprostate, CTVsphere and different definitions of the CTVsatellites for margins up to 5 mm, in case of simulating geometric errors with Σ = 0.5 
mm and σr = 1.5 mm. Satellites lesion were simulated with a size ranging (A) 0.02 cm3 to (B) 0.2 cm3. Each dot represents the Dmin as a percentage of the prescribed 
dose that was delivered to each CTV in 90 % of the simulations. The horizontal dashed line corresponds with the coverage criterion used to determine the appropriate 
PTV margin.
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errors (n = 5,000,000). Similarly, the CTVprostate and CTVsphere were 
shifted with respect to their corresponding dose distribution. In this 
case, we evaluated the minimum dose delivered to the CTVprostate and 
CTVsphere in 90 % of the total errors (n = 5000). Finally, we determined 
the PTV margin for which the criterion of receiving at least 95 % of the 
prescribed dose to the CTV in 90 % of the population of simulations was 
fulfilled and compared these for each of the defined CTVs.

Results

For geometric errors of Σ = 0.5 mm and σr = 1.5 mm a minimum 
dose of 95 % of the prescribed dose in 90 % of the population of simu
lations was reached for a PTV margin of 3 mm for the CTVprostate (Fig. 2A 
and B) consistent with the predefined widths of the systematic and 
random error distributions. For the CTVsphere, we found the same result. 
For each distribution of satellites, the CTVsatellites coverage was >99 % in 
90 % of the simulations for this same PTV margin. A PTV margin of 1 
mm would already be sufficient to fulfill the coverage criterion of >95 % 
of the prescribed dose in 90 % of the simulations. For the more 
favourable definitions of CTVsatellites, consisting of 1–2 satellites with a 
size of 0.02 cm3 or 1 satellite with a size of 0.2 cm3, a PTV margin of 0 
mm sufficed. We further observed that the differences in minimum dose 
coverage in 90 % of the simulations between all simulated definitions of 
CTVsatellites, varying in size and number, were small relative to the dif
ference in coverage with the CTVprostate.

We found similar results for the experiments simulating geometric 

errors expected in to result in a PTV margin of 5 mm (Fig. 3A and B). The 
PTV margin required for the CTVprostate also matched with the pre
defined geometric errors distributions. For the CTVsphere, a minimum 
dose of 94 % of the prescribed dose was delivered in 90 % of the sim
ulations for the same PTV margin. For the CTVsatellites, a reduced PTV 
margin of 3 mm would be appropriate for each of the simulated distri
butions, except for the most unfavourable definition of the CTVsatellites 
consisting of 10 satellite lesions with a size of 0.2 cm3. For the more 
favourable definitions of CTVsatellites, again consisting of 1–2 satellites 
with a size of 0.02 cm3 or 1 satellite with a size of 0.2 cm3, a PTV margin 
of 2 mm was appropriate.

The simulations of beam-gated radiotherapy, using a gating window 
of 2 mm, showed that a 0 mm PTV margin would be sufficient to ensure 
adequate coverage to each CTVsatellites, except for the most unfavorable 
definition of the CTVsatellites (Fig. 4A and B). For this extreme case, the 
minimum dose in 90 % of the simulations was 94 % of the prescribed 
dose.

Discussion

The aim of this study was to evaluate the impact of the spatial dis
tribution of tumor cells in the prostate outside the GTV on the required 
PTV margins for the CTV. Our results show that with geometric un
certainties achievable in online adaptive radiotherapy, the PTV margin 
can be reduced by approximately 2 mm compared to the typical margins 
used in clinical practice of 3–5 mm. For the specific case of beam-gated 

(A)

(B)

Fig. 3. Coverage of the CTVprostate, CTVsphere and different definitions of the CTVsatellites for margins up to 5 mm, in case of simulating geometric errors errors with Σ 
= 0.5 mm and σr = 2.7 mm. Satellites lesion were simulated with a size ranging (A) 0.02 cm3 to (B) 0.2 cm3. Each dot represents the Dmin as a percentage of the 
prescribed dose that was delivered to each CTV in 90 % of the simulations. The horizontal dashed line corresponds with the coverage criterion used to determine the 
appropriate PTV margin.
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radiotherapy using a gating window of 2 mm around the CTV, all tumor 
cells in the CTV may be covered adequately using a 0 mm PTV margin.

In online adaptive radiotherapy, where treatment preparation is 
performed every fraction just prior to irradiation, random treatment 
execution errors dominate over systematic treatment preparation errors. 
These random errors result in a dose blurring that has limited impact on 
target coverage in case these errors are smaller than the dose penumbra 
[2]. For the prostate as target volume these conditions are fulfilled and 
consequently the PTV margins used in clinical practice are small, 
ranging 3–5 mm [17–19]. Our simulations of geometric errors were 
based on a heuristic approach, defining a residual set-up error (Σ = 0.5 
mm) and then determining a range of σr (1.5–2.7 mm) to approximate 
the range of clinical margins. While Σ is inherently machine-specific, 
variations are typically within submillimeter ranges [21,22]. The 
range of σr is assumed to be a reasonable approximation, as the expected 
intra-fraction motion ranges 0–5 mm [29] and interobserver variability 
for contouring the prostate CTV is approximately 1 mm, with CBCT 
showing larger variability compared to MRI [30]. In addition, the un
derlying principle that drives our results is that the probability of tumor 
cell presence at the edge of the CTV is small relative to the probability 
that this part of the CTV will not receive the prescribed dose. Therefore, 
our results are expected to be generalizable to other potential combi
nations of Σ and σr that correspond to the same range of clinical margins. 
Note that our simulations are purely geometrical and are not based on 
tumor control probability (TCP) modeling. It could be that inclusion of 
TCP calculation further reduces margin requirements as shown in van 

Herk et al. [27].
We assume that the GTV is covered adequately using a separate GTV- 

to-PTV margin, which requires careful consideration and is not guar
anteed without appropriate imaging. With multiparametric MRI (mp- 
MRI), tumor volume tends to be underestimated as demonstrated by 
histopathology-matched studies [31–34] and substantial interobserver 
variability, particularly intra-prostatically, has been reported [35]. Re
gions with characteristics corresponding to lower risk disease are more 
likely to be missed in the delineation of GTV [32]. Reported margins, 
required to improve agreement between MRI and histopathology, vary 
widely in literature (range 1–9 mm) [31,33]. The addition of PSMA-PET 
to mp-MRI may help to improve the accuracy of GTV definition [34,36]. 
The FLAME trial, on the other hand, achieved excellent outcomes by 
applying a focal boost without any margins applied to the GTV [37]. 
Althogether, these considerations emphasize that adequate coverage of 
the GTV depends on a balance between delivered dose and the chosen 
CTV and PTV margins and this interplay should not be oversimplified.

A limitation of our simulations of geometric errors is the assumption 
that these errors are random, isotropic and do not include any rotations 
or deformations. Especially intra-fraction motion of the prostate, influ
enced by both bladder and rectal filling, is known to be most present 
over the anterior-posterior and cranial-caudal axis and may include 
substantial rotations [38]. However, this assumption is in line with the 
assumption in the Van Herk margin recipe. Since we are excluding the 
GTV in our simulations rotations of the semi-spherical CTV likely has 
small impact [39]. Importantly, any small underestimation due to 

(A)

(B)

Fig. 4. Coverage of the CTVprostate, CTVsphere and different definitions of the CTVsatellites for margins up to 5 mm, in case of simulating geometric errors expected in 
beam-gated radiotherapy using a gating window of 2 mm. Satellites lesion were simulated with a size ranging (A) 0.02 cm3 to (B) 0.2 cm3. Each dot represents the 
Dmin as a percentage of the prescribed dose that was delivered to each CTV in 90 % of the simulations. The horizontal dashed line corresponds with the coverage 
criterion used to determine the appropriate PTV margin.
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excluding rotations would likely affect the margins for both the CTV and 
microscopic disease similarly, and our control experiment confirmed 
that conventional margins could be reproduced under these assump
tions. In addition, our control experiment also showed that the impact of 
a non-perfect conformality based on a realistic prostate shape was small 
and did not significantly impact our analysis. Furthermore, we did not 
use dose distributions from clinical treatment plans. Instead, we applied 
a gradient estimate (σp = 3.2 mm) that represents a relatively steep dose 
fall-off and reflects a conservative worst-case scenario. Another limita
tion is that we used one average CTV size (44 cm3) in our simulations. 
We acknowledge there is an interplay between the CTV size and the size 
of a microscopic lesion on the likelihood of occurrence near the CTV 
boundary. However, we argue that we addressed this effect by simu
lating a wide range of lesion sizes and numbers. Given that PTV margins 
are based on population statistics we also believe that the use of an 
average-sized prostate provides a reasonable estimate.

We simulated beam-gated radiotherapy using a gating window of 2 
mm because intra-fraction motion of the prostate is typically <3 mm 
[29], consistent with σr = 1.5 mm. In order to decrease the effective 
intra-fraction motion, justifying a reduction of the PTV margin, the 
gating window should be smaller than the motion expected during 
treatment delivery [40,41]. However, intra-fraction motion of >5 mm 
may appear in a small proportion of patients, consistent with σr = 2.7 
mm. In this case the gating duty cycle will become <80 % for a gating 
window of 2 mm, which may have clinical implications for the risk of 
toxicity [42]. In addition, motion mitigation via gating is currently 
based on 2D cine MRI acquisitions for which a tracking mismatch with 
the 3D reference image may occur between anatomical planes [43], 
which we did not take into account in our simulations.

Our simulations of microscopic disease were based on histopatho
logical data supporting the assumption that the GTV constitutes 
approximately 95–98 % of the total tumor load. Consequently, we 
assumed that 2–5 % of the tumor load consist of microscopic disease, 
distributed over a number of satellite lesions [10,11]. To test the impact 
of this assumption, simulations were performed over a range of sce
nario’s, from very favourable (microscopic disease consisting of 1 sat
ellite lesion with with a small size) to very unfavourable (10 satellite 
lesions with a size that is likely visible on diagnostic imaging [12,13]). 
These ranges correspond to a total volume of 0.02–2 cm3 and given that 
the GTV most commonly encompasses 0.5–8 cm3 [33,44,], we argue that 
our simulations sufficiently reflect the potential tumor load of micro
scopic disease. Moreover, the most realistic scenario is considered to lie 
somewhere between these extremes [45–47] and our results showed 
that the differences in coverage for all potential definitions of the 
CTVsatellites were relatively small.

We assumed that all microscopic spread was included in the prostate 
CTV and therefore we did not allow sampled satellite lesions to extend 
outside this volume. For this, we discarded the points of the lesion 
extending outside the prostate CTV. The resulting volume reduction of 
some lesions does not impact our analysis because the coverage criterion 
is based on accumulated minimum dose, which will always be located at 
the CTV surface. The assumption is consistent with the ESTRO guideline 
on target delineation for prostate cancer, which recommends extending 
the CTV beyond the capsule in case of suspected microscopic disease 
beyond the capsule [48]. Extraprostatic extensions (EPE) are most 
commonly localized in connection with the GTV and can therefore be 
covered by applying a 3 mm margin to the GTV, extending the CTV. We 
acknowledge that in rare cases EPE may also occur at a location distant 
from the GTV, although conclusive data on the frequency and distri
bution of these cases is currently not available. We argue that their 
potential impact has been addressed in our study through inclusion of 
delineation uncertainty within the modeled range of geometrical errors 
used in our simulations.

Local recurrences currently predominantly occur at the location of 
the original GTV rather than at the edge of the CTV at a location way 
from the GTV [49]. Nevertheless, we acknowledge that reducing the 

CTV-to-PTV margin without a corresponding reduction of geometric 
uncertainties has the theoretical risk of increasing the number of re
currences at locations of microscopic disease near the edge of the CTV. 
The DESTINATION-MRL (NCT06284304) and DESTINATION 2 
(NCT06638541) trials are the first prospective trials testing the use of a 
0 mm CTV-to-PTV margin in online adaptive MRI-guided radiotherapy, 
with DESTINATION 2 additionally employing a gating strategy.

The impact of microscopic disease spread within the CTV on treat
ment margins has been studied before. Stroom et al., proposed a margin 
recipe based on a gradual decay in cell density away from the GTV as 
observed in breast and lung tumors [3]. By directly constructing a GTV- 
to-PTV margin, instead of first constructing a CTV, the total margin 
could be reduced for these tumor sites. In the prostate, however, 
microscopic spread does not show a distance relation to the GTV and 
therefore this margin recipe will not be applicable. Susharina et al. have 
introduced the clinical target distribution (CTD) which deals with CTV 
uncertainties by defining it as a continuous probability distribution of 
tumor cell presence from the boundary of the GTV [50]. Using the CTD 
instead of the CTV allows for a robust dose optimization process, in 
which coverage of the CTD is evaluated over a range of potential geo
metric errors to determine the optimal dose distribution [51]. These 
ideas were applied in focal boosting radiotherapy for prostate cancer, in 
which the aim was to escalate the dose to subregions in the prostate with 
probability of tumor presence based on a spatial probability map derived 
from mp-MRI [52]. However, since this spatial probability map was 
based on diagnostic imaging, microscopic spread of disease could not be 
captured accurately.

Our approach could potentially be applied to other tumor sites in 
which there is no clear distance relation between microscopic spread 
and to the primary tumor. For example, in patients with rectal cancer the 
whole mesorectum is generally considered to be included in the CTV. 
However, the risk of microscopic disease presence in the outer region of 
the mesorectum may be limited and appears uncorrelated with the 
location of the GTV [53].

Our experiments were based on accumulated minimum dose and did 
not incorporate an evaluation of TCP. Although a dose–effect relation 
was previously established for the GTV using a conventional treatment 
schedule of 35 fractions [54], currently insufficient data is available to 
translate this data into a dose–effect relation for microscopic disease 
using hypofractionated treatment schedules. We chose not to use TCP 
models because such an evaluation requires additional assumptions on 
histopathalogic features of microscopic lesions, such as cell density and 
morphology [11].

In conclusion, this study showed that the CTV-to-PTV margins used 
in online adaptive radiotherapy for prostate cancer can be reduced by 
approximately 2 mm, as long as the GTV is covered with a separate GTV- 
to-PTV margin. This could potentially reduce the risk of toxicity by 
decreasing the dose delivered to healthy structures surrounding the 
prostate, while covering microscopic disease in the prostate adequately.
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