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Background. Cure- and toxicity rates after intensity-modulated radiotherapy (IMRT) of prostate cancer are dose- 
and volume dependent. We prospectively studied the potential for organ at risk (OAR) sparing and compensation of 
tumor movement with the coverage probability (CovP) concept.
Patients and methods. Twenty-eight prostate cancer patients (median age 70) with localized disease (cT1c–2c, 
N0, M0) and intermediate risk features (prostate-specific antigen [PSA] < 20, Gleason score ≤ 7b) were treated in a 
prospective study with the CovP concept. Planning-CTs were performed on three subsequent days to capture form 
changes and movement of prostate and OARs. The clinical target volume (CTV) prostate and the OARs (bladder 
and rectum) were contoured in each CT. The union of CTV1–3 was encompassed by an isotropic margin of 7 mm to 
define the internal target volume (ITV). Dose prescription/escalation depended on coverage of all CTVs within the 
ITV. IMRT was given in 39 fractions to 78 Gy using the Monte-Carlo algorithm. Short-term androgen deprivation was 
recommended and given in 78.6% of patients.
Results. Long-term toxicity was evaluated in 26/28 patients after a median follow-up of 7.1 years. At last follow-up, 
late bladder toxicity (Radiation Therapy Oncology Group, RTOG) G1 was observed in 14.3% of patients and late rectal 
toxicities (RTOG) of G1 (7.1%) and of G2 (3.6%) were observed. No higher graded toxicity occurred. After 7.1 years, 
biochemical control (biochemically no evidence of disease, bNED) was 95.5%, prostate cancer-specific survival and 
the distant metastasis-free survival after 7.1 years were 100% each. 
Conclusions. CovP-based IMRT was feasible in a clinical study. Dose escalation with the CovP concept was associ-
ated by a low rate of toxicity and a high efficacy regarding local and distant control.
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Background

Cure- and toxicity rates after intensity modu-
lated radiotherapy (IMRT) of prostate cancer are 
dose-dependent.1 Dose-escalated radiotherapy 
(RT) up to 80 Gy is a standard RT-technique2 and 

performed with (daily) image-guided RT (IGRT) 
combined with rapid treatment administration us-
ing volumetric modulated arc therapy (VMAT) or 
comparable techniques.2-4 Current improvements 
in regard to outcome and toxicity focus either on 
dose escalation or margin adaption. Dose escala-
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tion can be performed by using hypofractionated 
schedules of the whole prostate or of the domi-
nant lesion alone5, Margin adaption i.e. reduction 
to reduce toxicity +/- dose-escalation is performed 
by target tracking or (online) adaptive strategies. 
However, these techniques require not only mod-
ern RT instruments, which are not available yet for 
the majority of radiooncology departments, but 
also more time consumption per patient.6 

Also, planning target volume (PTV) margins 
still need to account for intra- and interfraction 
prostate motion to prevent target miss, while re-
specting the surrounding organs at risk (OAR), es-
pecially bladder and rectum. Therefore, alternative 
concepts which are applicable in width and which 
combine both dose escalation and toxicity reduc-
tion are of interest. 

A promising concept to achieve a favorable PTV-
coverage while individually sparing OARs rep-
resents Coverage probability based IMRT which 
does not need daily imaging due to its pre-adap-
tive planning approach.7-9 We studied the potential 
for Organ at Risk (OAR) sparing and compensa-
tion of tumor movement of the Coverage probabil-
ity (CovP) concept within a prospective study and 
report 7-year outcome and toxicity rates.

Patients and methods

The coverage probability concept was investigated 
within a prospective study to evaluate in inter-

mediate-risk prostate cancer patients’ feasibility, 
toxicity and outcome parameter. The study was 
approved by the research board of the University 
Clinic of Tuebingen on 06/27/2007 (project-number: 
257/2007B01). 

Patient enrollment

Inclusion criteria were histopathologically con-
firmed adenocarcinoma of the prostate, intermedi-
ate-risk in D`Amico classification, age ≤ 85 years at 
enrollment, Karnofsky-performance-status ≥ 70%, 
localized disease (bone scan, abdominal/pelvic 
CT) and informed consent. Exclusion criteria were 
prior prostatectomy, prior transurethral resection 
(TURP) or previous irradiation of pelvis, a second 
malignancy or another severe, clinically prominent 
illness (e.g. decompensated heart insufficiency, 
chronic inflammatory bowel disease, blood coagu-
lation restrictions etc.).

Coverage probability concept 

A planning CT (pCT; SOMATOM Sensation 64, 
Siemens Healthcare, Erlangen) was performed daily 
over three days with a rectum- and bladder protocol 
in use. The pCT`s were registered with Oncentra 
Masterplan® (Theranostic GmbH, Solingen, 
Germany), then target volume and organ at risks 
(OAR’s) were contoured in each pCT. The clinical 
target volume’s (CTV) of each pCT (prostate + 1 cm 
seminal vesicle) were merged to create a CTVunion, 

FIGURE 1. Coverage probability (CovP) concept: an example case is shown to indicate CovP-internal target volume (ITV) and planning organ at risk 
volumes (PRVs).
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which was expanded by 7 mm to define an internal 
target volume (CovP-internal target volume [ITV]). 
The same margin of 7 mm was added to the merged 
OARs (rectum and bladder) to create planning OAR 
volumes (PRV). The coverage-probability approach 
uses spatially variable weight factors for “cost func-
tions” for both ITV and OAR’s. These weight factors 
are based on the probabilities of systematic organ 
shifts, estimated by the three planning CTs. For RT 
planning, “class solutions“ were employed includ-
ing OAR constraints, aimed target doses, optimal 
gantry angles as described elsewhere.7-9 (Figure 1). 

Treatment 

RT was performed as step-and-shoot IMRT with 
78 Gy in 39 fractions. Planning software were 
Hyperion® versions 2.2.5, 2.2.6 and 2.3 (University 
Tuebingen, Germany; based on Monte Carlo algo-
rithm). All patients were treated in supine position on 
a 15 MV linear accelerator (Elekta Synergy S, Elekta 
Oncology Systems®, Crawley, UK) equipped with a 
4 mm multileaf collimator. Cone-beam CT (CBCT) 
was initially performed daily for three days and 
then the average positioning error was calculated 
and corrected for the next fraction. Thereafter, CBCT 
was routinely performed twice weekly to account for 
random positioning errors. In case of a positioning 
error of >3 mm, CBCT was repeated at the next RT 
treatment. Additional short term androgen depri-
vation therapy (ADT) for six months was recom-
mended according to national guidelines. Further 
treatment specifications are given elsewhere.9,10

Patient follow-up and evaluation 

For each patient, baseline parameters for genitouri-
nary (GU) and gastrointestinal (GI) functions were 
assessed and acute- and late toxicities were scored 
by a physician using common terminology crite-
ria for adverse events (CTCAE)10 and/or Radiation 
Therapy Oncology Group (RTOG) Classification.11 
Initially, CTCAE version 2.0 was used, which was 
transferred in 2009 into version 4.0 for comparabil-
ity.12 A physical examination, combined with scor-
ing of late toxicity and measurement of features 
prostate-specific antigen (PSA)-level, was per-
formed three months after RT and then once a year.

Primary outcome parameter was relapse-free 
survival (biological no evidence of disease, bNED). 
Biochemical relapse was defined by the Phoenix-
criteria.13 Secondary outcome parameters were 
overall survival (OS), prostate-cancer specific sur-
vival (PCSS) and distant metastasis-free survival 
(DMFS). The outcome parameters were calculated 
from start of radiotherapy. 

Statistical analysis

Descriptive statistics were performed with Microsoft 
Excel 2010 (Version 14.0.7145.5000). Further calcula-
tions, graphs and Kaplan-Meier estimations were 
performed with SPSS (Statistical Package for Social 
Sciences ‘IBM SPSS Statistics for Windows, Version 
24.0 (IBM Corp., Armonk, N.Y., USA)). 

Results
Patient characteristics and treatment 

Twentyeight patients were treated between 09/2008 
and 10/2010 in this prospective study. Patient char-
acteristics are given in Table 1. Dose escalation to 
78 Gy was performed in all patients, the coverage 
probability concept was realized in 27/28 patients. 
In one patient, the study therapy was not accom-
plished due to unknown reasons (but a “standard” 
step-and shot IMRT to 78 Gy was performed based 
on one pCT). Neoadjuvant ADT was administered 
to 78.6% of patients with a mean duration of 8.9 
months.

Survival endpoints

Median follow-up (FU) time was 7.4 years (range 
0.7–9.3 years; mean 7.1 years). Median FU for PSA-
control was 7.0 years (range 3.3–9.1 years; mean 6.8 
years). PSA-nadir was reached on average after 2.7 

TABLE 1. Patient characteristics of the study cohort

Parameter Mean (min.-
max.) Median n (%)

Age at treatment (years)
Duration of radiotherapy (weeks)

70 (56–83)
7.9 (7.4–8.7)

70
7.9

Gleason-Score (n, %)
 6
 7a (3+4)
 7b (4+3)

4 (14.3 %)
15 (53.6 %)
9 (32.1 %)

cTNM (n, %)
 cT1c
 cT2a
 cT2b
 cT2c

8 (28.6 %)
8 (28.6 %)
3 (10.7 %)
9 (32.1 %)

Neoadjuvant ADT (n, %)
 Duration of ADT (months, range)
 Initial PSA peak in ng/ml (range)

8.9 (3.0–27.0)
9.1 (1.9–19.8)

6.0
8.3

22 (78.6 %)

PSA-peak by subgroup
 0 < x ≤ 5
 5 < x ≤ 10
 10 < x ≤ 15
 15 < x ≤ 20

3 (10.7 %)
15 (53.6 %)
8 (28.6 %)
2 (7.1 %)

ADT = androgen deprivation therapy; PSA = prostate-specific antigen
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years (min.: 0.2 years; max.: 8.3 years; median: 1.3 
years). Biochemical control is shown in Figure 2. 
Two patients developed a biochemical recurrence. 
PCSS and DMFS after 7 years were 100% each. 
One patient died after a FU of 4.5 years due to a 
metastatic GIST which was detected 51 months af-
ter RT and located outside of the treated RT-field. 
Another patient was lost to FU. 

Acute toxicity

Acute toxicity was defined as toxicity occurring 
from start of RT until the first FU-investigation 
≤ 90 days after end of RT. Weekly RTOG scoring 
results as well as maximum toxicity scores for GI- 
and GU-toxicity are given in Supplement Figure 3. 
46.4% of patients developed acute GU toxicity of 
maximum grade 1 and 42.9% developed acute GU 
toxicity of maximum grade 2. No higher graded 
toxicity occurred. Acute GI toxicity of maximum 
grade 1 and 2 was found in 46.4% and 35.7% of pa-

tients, respectively. No higher graded GI-toxicity 
occurred. Maximal GI- and GU-toxicity was seen 
in week 7 and 8 of radiotherapy. Additionally, 
CTCAE urinary incontinence was assessed: most 
patients (n = 22; 78.6%) did not develop inconti-
nence. At first FU, two patients (7.1%) reported 
grade 1 toxicity (no pads necessary) and no higher 
toxicity was reported. Skin erythema of RTOG 
grade 1 or 2 was present towards the end of radio-
therapy in 78.6% (n = 22) of patients and no higher 
graded skin toxicity occurred. At first FU, only one 
patient still suffered from RTOG grade 1 skin tox-
icity.

Late toxicity

Long-term toxicity was evaluated in 26/28 patients 
after a median FU of 7.4 years (range 0.7–9.3 years; 
mean 7.1 years). Toxicity was scored as cumulative 
maximum over study period and as toxicity at last 
follow-up (LFU).

FIGURE 2. Survival outcomes: Kaplan-Meier curves of biochemically no evidence of disease (bNED), overall survival (OS), distant 
metastasis-free survival (DMFS) and prostate-cancer specific survival (PCSS).
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Late GU-toxicity

Most late GU-toxicity occurred 3–5 years post RT 
and seemed to decrease in prevalence towards 
LFU. Mild late bladder toxicity (RTOG G1) at LFU 
was observed in 14.3% of patients and no higher 
toxicity occurred (Figure 3). At LFU, 14.3% and 
10.7% of patients reported urinary frequency of 
CTC grades 1 and 2, respectively and no higher 
toxicity occurred. A urinary retention of CTC grade 
1 and 2 was seen in 21.4% and 7.1% of patients at 
LFU (Figure 3). Urinary urgency of CTC grade 1 
and 2 at LFU was present in 10.7% and 3.6% of pa-
tients showing no increase in prevalence over time. 
Urinary incontinence of CTC grade 1 (no pads 
needed) was reported by 21.4% of patients at LFU. 
Incontinence peaked 4–5 years after RT and then 
showed a decrease over time (supplement data). 

GI Toxicity

Late rectal toxicities (RTOG) at LFU of grade 1 (7.1% 
of patients) and of grade 2 (3.6%) were observed 
(Figure 4). A peak in late GI-toxicity (RTOG) of 
grade 1 was seen 4 years post RT and then seemed 
to decrease again in prevalence. Gastrointestinal 
grade 3 toxicity, presenting with rectal bleeding, 
was observed in two patients (RTOG GI late, CTC 
rectal hemorrhage and CTC proctitis due to over-
lapping toxicity scoring). Both patients had pre-ex-
isting hemorrhoids and hemorrhoidal operations 
in their medical history. This occurred 9 months 
and 19 months post RT, respectively. After treat-
ment with Argon-Plasma-Coagulation, no further 
grade 3 toxicity occurred in these two patients or 
others. Mild rectal hemorrhaging (CTC grade 1) 
was present in 14.3% of patients at LFU. Proctitis 

FIGURE 3. Late genitourinary (GU) toxicity items Radiation Therapy Oncology Group (RTOG) bladder late, common terminology 
criteria (CTC) urinary frequency and CTC urinary obstruction scored over the follow up (FU) period (left). 

Y-axis: percentage of patients reporting the toxicity item. Top X-axis: number n of patients with data available. Lower X-axis: years after radiotherapy. 
Right column: maximum late toxicity summed up by grade
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of CTC grade 1 (2) was present in 10.7% (7.1%) of 
patients at LFU (Figure 4). Diarrhea of CTC grade 
1 and 2 were present in 10.7% and 3.6% of patients, 
respectively. While diarrhea symptoms subsided 2 
years post RT, it was reported again in one patient 
8 years after radiotherapy (supplement data). Fecal 
incontinence of grade 1 and 2 occurred each in one 
patient (3.6%), undulating over the FU period with 
no increase of severity of the symptom (supple-
ment data).

Dose-volume-histogram parameter

Mean V70 PRV-bladder was 11.08% with this ap-
proach (accepted threshold: V70 bladder <35%). 
Mean V70 PRV-rectum was 13.03% (accepted 
threshold: V70 rectum <15%). These constraints 

were based on the QUANTEC data and adjusted 
according to house standard. Due to these con-
straints, the mean CovP-ITV dose was 75.40 Gy 
(V78 = 26.77%).

Discussion

In this prospective study, we report the feasibility 
and safety of a probabilistic planning concept for 
radiotherapy of intermediate risk prostate cancer 
patients based on the coverage probability. Dose-
escalation to 78 Gy was aimed with this technique 
showing very high long-term biochemical control 
rates and excellent survival rates. The toxicity pro-
file was moderate with 85% of patients presenting 
without any GU/GI-toxicity at last follow-up in-

FIGURE 4. Late gastrointestinal (GI) toxicity items Radiation Therapy Oncology Group (RTOG) rectum late, common terminology 
criteria (CTC) proctitis and CTC rectal hemorrhage scored over the follow up (FU) period (left). 

Y-axis: percentage of patients reporting the toxicity item. Top X-axis: Number n of patients with data available. Lower X-axis: years after radiotherapy. 
Right column: maximum late toxicity summed up by grade.
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dicating that CovP is a robust plan optimization 
achieving both low toxicity and favorable outcome. 

In the planning phase of this study in 2007, dose 
escalation to 78 Gy was a novel concept in need of 
evaluation of safety and superiority to the former 
“standard” therapies of 3D-RT or IMRT of the pros-
tate up to 70 Gy. Meanwhile, several studies could 
show a benefit to PCSS of dose escalation14-17 and 
a total dose of 74 to 80 Gy is the current standard 
of care and recommended in national guidelines.2,3 
Our study concept on probabilistic treatment plan-
ning is substantiated by excellent bNED-rates of 
95.5% after 7.1 years (DMFS: 100%, OS: 96.4%). Two 
patients developed a biochemical recurrence. In 
one of these two patients, PSMA-PET-CT showed 
a local recurrence in the prostate. This patient had 
not received ADT due to cardiac diseases.  In the 
other patient, a biochemical recurrence occurred 
at LFU and no further information on staging was 
available at the time of analysis of this study. Large 
studies of similar patient cohorts reached bNED-
rates of 55–90% and DMFS of 88-100% (in the dose-
escalated study arms treated with normofraction-
ated RT with 74-86.4 Gy total dose) after 5 years 
of FU.14-16,18-20 Compared to the 7.1 years FU of this 
study, only the M.D. Anderson trial could provide 
a longer FU period of 8.7 years in the mean.16 Our 
results are especially interesting in regard to the 
achieved mean ITV-dose of 75.40 Gy (V78 = 26.7%) 
because this dose is in the lower dose range of the 
mentioned studies. Therefore, it could be hypothe-
sized that robust treatment planning implementing 
probabilities of target volumes and OARs might 
be more relevant than dose-escalation to at least 
78 Gy. And the standard one-CTV/PTV approach 
might be more at risk for target miss compared to 
a robust ITV concept, as was examined in another 
publication by our deparmenten.9 However, there 
are restrictions in comparability due to differences 
in the included tumor stages, ADT (no information 
about ADT in the study of Goldner et al.; no ADT 
in the M.D. Anderson trial.16,20 Taken together, the 
study treatment compares well to current standard 
treatments in PCSS and bNED. 

The toxicity of this treatment approach is a 
central quality parameter, especially considering 
the potentially larger target volume (CovP-ITV) 
compared to a one-pCT approach. Acute GU- 
and GI-toxicity was acceptable with only grade 1 
and grade 2 (RTOG, CTC scores) and no grade 3+ 
toxicity. While certain items showed a peak after 
3 weeks of RT (RTOG bladder acute) or 5 weeks 
(CTC urinary Incontinence, RTOG GI acute), most 
items showed an increase of toxicity prevalence 

towards the end of RT and the early peaks most 
likely origin in coincidental accumulation due to 
the limited patient size of the study. Towards the 
first FU-examination 3 months post RT, mostly 
grade 1 toxicity persisted. It is noteworthy that us-
ing the CTC-classification probably overestimates 
the item urinary incontinence in comparison to 
other studies since for example in the PROTECT-
study, incontinence of grade 1 was defined as need 
of ≥1 pad per day which equals CTC incontinence 
of grade 2.21 In contrast, CTC incontinence of grade 
1 – as measured in this study - is defined as oc-
casional incontinence (pressure, coughing) not re-
quiring pads. 

Interestingly, late GU-toxicity of grade 1 or 2 
(RTOG bladder late, CTC incontinence, CTC ur-
gency) occurred only temporarily in this study 
population and decreased in prevalence after 5 
years after RT. To date, consensus understanding 
of radiation biology is the continuous increase of 
late effects over time.22 No further data describ-
ing decreasing late toxicity after pelvic radiation is 
known to the authors.23,24 Due to the small sample 
size, random distribution of data and/or psycho-
logical factors such as patient habituation or recall 
bias cannot be ruled out.

Late GI-toxicity also showed no sign of increment 
over time and was generally rare: At LFU RTOG 
grade 2 toxicity was only present in one patient. 
Regarding rectal hemorrhaging, we suppose that 
the predisposition of hemorrhoids in those patients 
who developed this toxicity can be regarded as the 
(established) major risk factor.25  Taken together, 
the low toxicity rates in this cohort compare well to 
larger studies and demonstrate a favorable thera-
peutic window of the CovP-concept.14-16,18,20,23,26,27 
The coverage concept has been described before 
in detail.7,8,9 The advantages include a safe margin 
with high PTV coverage, based on the individual 
OAR- and prostate motion of each patient, and 
measured by three planning-CTs. The idea behind 
the concept is a foreseen adaption of intra- and in-
terfractional motion and deformation and there-
fore reduced verification intervals are needed. The 
efficacy of this method could be demonstrated in 
this study. Additionally, toxicity rates were not 
increased compared to standard techniques. The 
CovP-concept with 7 mm margin does not require 
daily image guidance due to its robustness as 
shown elsewhere.9 This might save radiation dose 
and on-table time for the department. Especially in 
patients who cannot undergo fiducial implementa-
tion or other invasive procedures such as rectum 
spacers4,28 or patients with larger positional varia-
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tion of the prostate, this technique presents a useful 
and safe alternative.7 

This study has several limitations: Further eval-
uation of outcome data in a larger study popula-
tion is necessary. Additionally, there was no con-
trol group to compare toxicity and outcome to. 
In one patient, the study therapy was not accom-
plished due to unknown reasons. Three planning-
CTs are necessary for this method, causing extra 
burden on staff and patient, including additional 
radiation dose for the latter. However, we believe 
that the benefits, especially the reduced need for 
image verification or implantation of fiducials etc., 
outweigh the disadvantages and might even save 
radiation dose to the patient. Lastly, the performed 
step-and-shoot IMRT technique is mainly replaced 
by VMAT-techniques which leave slightly more 
options for OAR dose reduction and target dose 
escalation.9 However, the excellent late toxicity 
data and bNED rates support the relevance of this 
approach leading to an implementation in current 
study protocols.29 

Conclusions

Coverage probability-based IMRT was feasible in 
a clinical study. Dose escalation with the CovP-
concept was associated with a low rate of toxic-
ity and a high efficacy regarding local and distant 
control, comparing well to studies with similar pa-
tient cohorts. Benefits include reduced target miss 
due to inclusion of potential inter- and intrafrac-
tion motion and reduced radiation dose due to less 
need for verification images. Utilization in other 
tumor entities and/or with contemporary RT tech-
niques is being currently tested (NCT03617133).
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