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Objectives:

• Once one steps outside the box of conventional fractionation how 
can one assess the potential efficacy/safety of a fractionation 
schedule for expected normal tissue complications and potential 
tumor effect.

• What distinguishes Prostate SBRT form other forms of SBRT such 
as Lung and Liver SBRT?

• Why are current prostate SBRT fractionation schedules safe and 
effective?



SBRT is about increasing the therapeutic window and widening the therapeutic 
index, by steepening the TCP curve and pushing the NTCP curve to the right.



The concept of Biological Effective Dose (BED)
The concept of Biological Effective Dose was introduced by Jack Fowler (BJR 1989; 62: 679-94). Fowler 
defined the BED as the total dose delivered in an infinite number of infinitesimally small doses per fraction 
(or at ultra low dose rate) that causes the same Effect (Cell Kill, NTCP, or TCP) as a given fractionation 
schedule.

In this expression, n denotes the number of fractions, d is the dose per fraction of the fractionation 
schedule considered, and the -ratio in Gy has the usual meaning and is chosen appropriately for the 
endpoint studied. The proliferation correction term contains 3 parameters the proliferation rate 𝜆, the 
overall treatment time T , and the kick-off time Tk (14-42 days). Since, BED values critically depend on the 
-ratio they should be reported in Gy to allow for their proper interpretation.
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Since SBRT schedules are usually delivered in  < Tk days  implying that 𝐻 𝑇 − 𝑇𝑘 = 0, we have that the  
proliferation term is zero making such schedules more effective by steepening the dose response curve.



• If proliferation does not take 
place during therapy the dose 
response curve steepens 
significantly.

• Leading to a potential increase 
in LC at a BED =100Gy10 of 
about 38%

• To achieve the maximal LC rate 
in lung SBRT a dose fraction 
schedule having a BED10 of 
minimally 100Gy10 needs to be 
delivered. 
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Total BED in Gy10



The Link Between BED and the Poisson Dose response Model
When describing Complication Probability (TCP or NTCP) using Poisson statistics  it is clearly the probability 
of zero tumor/tissue stem cells surviving that is of interest, i.e.
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𝑁0
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where 𝑁 is the average number of surviving stem cells. For tumors N should be as small as possible, while 
for normal tissue it should be as large as possible. It is straightforward to show using the LQ model that the 
average number of surviving stem cells after n fractions of dose d, is given by:

Therefore, we find for the complication probability:
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Which is simply: 

 𝐶𝑃 = exp −𝑁0 exp −𝛼 𝐵𝐸𝐷



Draw back of the concept of Biological Effective Dose.

BED formalizes the conversion of doses delivered using any 
fractionation scheme to their biologically effective levels 
delivered at an Ultra Low Dose Rate, the only parameter 
needed for this conversion being the - ratio for the 
endpoint studied. This is good for standardization purposes 
but means that the standard fractionation scheme to which 
all doses are converted is ULDR therapy, producing BED 
values that are very different to the doses used in typical 
external beam schedules.



The Equivalent Dose in 2Gy fractions (EQD2) or the Normalized Dose (NTD) concept 

To remedy this situation Lebesque and Keus (Radiother. Oncol. 1991; 22: 45-55) introduced the Equivalent Dose 
(Normalized Dose) Concept. It is defined it as the total dose, given in 2 Gy fractions, that has the same biological 
effect as the actual treatment schedule under consideration. Therefore, EQD2 given by:

Since, the value of EQD2 critically depends on the -ratio its value should be reported in Gy to allow for its proper 
interpretation. I.e. normal tissue EQD2 should be reported as Gy3 , while for tumors or rapidly proliferating normal 
tissue it should be reported as Gy10.  As was the case for BED one can link EQD2 to the complication probability for a 
given EQD2 :
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For organs that exhibit a mostly serial architecture the risk of incurring a complication is strongly influenced by high 
dose regions and hot spots, and therefore the maximum EQD2 received by such an organ will strongly correlate  with 
NTCP.
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The Mean Normalized Total Dose (NTDmean) concept

Here Nb denotes the total number of dose bins in the differential DVH for the parallel organ under 
consideration, NTDi denotes the NTD for the i-th dose bin, n denotes the total number of fractions, di 

denotes the dose per fraction in the i-th dose bin, and i denotes the partial volume associated with 
the i-th dose bin. 

While, for organs that exhibit a mostly parallel organization the risk for developing a complication 
depends on the dose distribution throughout the organ rather than the high dose to a small volume 
of the organ. Therefore, for parallel organs the mean dose received by the organ  strongly 
correlates to NTCP. For this reason, one is interested in the mean NTD when considering parallel 

organs, which is defined as follows:
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where NTD50 is NTD that results in 50% probability for the incidence of radiation pneumonitis, the 

parameter m governs the slope of the dose response curve, and the parameter c describes a possible 

dose independent offset, i.e., the parameter c describes the possibility that radiation pneumonitis is 

induced even if the lung receives a very low NTDmean. 

NTCP model for the incidence of radiation pneumonitis based on NTDmean

For partially irradiated lung, Kwa et al. (Int J. Radiat. Bio Phys 1998, 42 1-9) have described the use of 

the Lyman model in modeling the incidence of radiation induced pneumonitis in terms of NTDmean. They 

proposed to use the following model to describe the incidence radiation induced pneumonitis: 
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In Lung SBRT we have a tumor (the 
ultimate parallel structure) embedded in 
an organ at risk (lung) exhibiting a mostly 
parallel architecture.  The same is true for 
Liver SBRT.

MLD2 was calculated 
using  an -ratio of 3 Gy 
for 2 schedules 3  x 15Gy 
and 1 x 26 Gy

It therefore reasonable  to ask if 
this also true for prostate SBRT?

The histogram shows the percentage of NRG grade 2-3 lung toxicity (the 

values in the  bars indicated the number of patients with grade 2-3 

toxicity over the total number of patients at risk at the MLD range.



Prostate SBRT: Surrounding Anatomy and the  Anatomy of the Prostate

Downloaded from: https://radiopaedia.org/cases/prostate-anatomy?lang=us

A. Axial T2-weighted MR image showing the prostate and its zonal 
anatomy. The peripheral zone (P) is shown as a crescent-shaped 
hyperintense structure; the central gland (C) is depicted as a structure 
with heterogeneous signal intensity. Downloaded from: 
https://radiologykey.com/prostate-2/

Using multiparametric MR data form 90 patients Lee et al.  found the 
following distribution of lesion location within the prostate:
• 35.2%  in the Anterior Fibromuscular zone
• 5.6%  in the Central zone
• 32.4%  in the Peripheral zone
• 25.4%  in the Transition zone

Lee, Carver, Feldmann, et al. Front. Oncol. 9 - 2019 | https://doi.org/10.3389/fonc.2019.00616





Dose response models for Urethra and Rectum
• Urethral complications seem to correlate with the 

maximum dose received by the urethra. Dose is shown as 
4-fraction equivalent dose using an -ratio of 3 Gy.

• From the complication curves one can see that a dose of 
40 Gy in 4  fractions, or an EQD2 =  104 Gy3, predicts for 
less than 10% in grade 2 or higher toxicity.

• While a dose of less than 38.5 Gy in 4 fractions, or an 
EQD2 =  97.21 Gy3, predicts for a complication probability 
of about 5%

• Early Rectal complication are strongly governed by the 
fraction of rectal wall irradiated to 24 Gy in 5 fractions, 
or an EQD2 =  60.4 Gy3.

• While  late rectal complications are strongly governed 
by the fraction of rectal wall irradiated to  39 Gy in 5 
fractions, or an EQD2 =  84.2 Gy3 and the volume of 
rectum receiving a dose > 50 Gy.



Prostate SBRT: Surrounding Anatomy and the  Anatomy of the Prostate

Downloaded from: https://radiopaedia.org/cases/prostate-anatomy?lang=us

A. Axial T2-weighted MR image showing the prostate and its zonal 
anatomy. The peripheral zone (P) is shown as a crescent-shaped 
hyperintense structure; the central gland (C) is depicted as a structure 
with heterogeneous signal intensity. Downloaded from: 
https://radiologykey.com/prostate-2/

Using multiparametric MR data form 90 patients Lee et al.  determined the 
following distribution lesion location within the prostate:
• 35.2%  in the Anterior Fibromuscular zone
• 5.6%  in the Central zone
• 32.4%  in the Peripheral zone
• 25.4%  in the Transition zone
Lee, Carver, Feldmann, et al. Front. Oncol. 9 - 2019 | https://doi.org/10.3389/fonc.2019.00616

Unlike in Lung and Liver SBRT, in Prostate SBRT we have a 
serial organ at risk, the urethra, that is embedded in and runs 
through a tumor bearing organ (prostate). This means that 
achievable prescription doses will be limited by and need to 
respect the maximally tolerable dose for the urethra.

This yields the following implications for the 
safe delivery of prostate SBRT 



Biomathematical Modeling implications for 
the safe delivery of prostate SBRT

• Dose to the rectum can be reduced by increasing the spacing between the rectum and 
the prostate using implantable perirectal spacers such as SpaceOAR Vue (Boston 
Scientific) or the Barrigel Spacer (Palette Life Sciences)

• Portion of rectal wall irradiated can be reduced by either using a rectal balloon or by 
safely reducing margins.

• Portion of the bladder being irradiated can be reduced by keeping the bladder 
comfortably full at each fraction or by safely reducing margins.

• Margins can be safely reduced using advanced RT delivery techniques such as real time 
motion management techniques combined with daily online adaptive radiotherapy.

• Since prostate lesions can occur in all zones of the prostate the entire gland should be 
treated to a tumor ablative dose.

• However, the urethra runs through the prostate and hence is the dose limiting organ in 
prostate SBRT dictating the maximum dose that can be safely delivered, namely an 
EQD2 of approximately 97 Gy3. The means the whole organ dose should not exceed an 
EQD2  dose of 97 Gy3 if delivered uniformly to entire prostate.



A low  –ratio for prostate cancer as a rational for prostate SBRT.



What are the radiobiological implications of a low  –ratio 
for prostate cancer

+E



What are the biomathematical modeling implications of a 
low  –ratio for prostate cancer

+CP

−CP



Three of these fractionation 
schedules 2.94 Gy/22, 3.63 
Gy/16, and 4.3 Gy/12  have 
been tested in a prospective 
Phase I/II multi-institutional 
clinical trial in low and 
intermediate risk prostate 
cancer. The results of which 
were published in 2020.



In this trial 8-year nadir + 2 ng/mol actuarial 
biochemical control rates for HPFX levels I, II, 
and III were 91.1% ± 3.0%, 92.7% ± 2.7%, and 
88.5% ± 4.6%, respectively 

Gastrointestinal and genitourinary toxicities were 
acceptable and similar across the 3 HPFX levels. The 
combined actuarial cumulative incidence of grade  2+ 
GI and GU toxicities at 7 years were 16.3% ± 2.1% and 
22.1% ± 2.4%, respectively. 





Result of TCP modeling for these 25 patient cohorts



Summary: Recommended dose constraints 
for the safe delivery of prostate SBRT

91 Gy1.5 < EQD2 ≤  136.7 Gy1.5
74 Gy3 < EQD2 ≤  109.31 Gy3

EQD2 =  119 Gy1.5
EQD2 =  95 Gy 3

EQD2= 96 Gy3

EQD2= 77 Gy3

EQD2= 73 Gy3

EQD2 < 104 Gy3

Max EQD2 < 131 Gy3

Max EQD2 < 80.5 Gy3

Max EQD2 ≤ 103 Gy1.5
Max EQD2 ≤  84Gy 3

0.03cc EQD2 ≤ 80.56 Gy3

0.03cc EQD2 ≤ 84.42 Gy3 0.03cc EQD2 ≤ 84.42 Gy3



Biomathematical Modeling implications for 
the safe delivery of prostate SBRT

• Dose to the rectum can be reduced by increasing the spacing between the rectum and the 
prostate using implantable perirectal spacers such as SpaceOAR Vue (Boston Scientific) or the 
Barrigel Spacer (Palette Life Sciences)

• Portion of rectal wall irradiated can be reduced by either using a rectal balloon or by safely 
reducing margins.

• Portion of the bladder being irradiated can be reduced by keeping the bladder comfortably full at 
each fraction or by safely reducing margins.

• Margins can be safely reduced using advanced RT delivery techniques such as real time motion 
management techniques combined with daily online adaptive radiotherapy.

• Since prostate lesions can occur in all zones of the prostate, the entire gland should be treated to 
a tumor ablative dose.

• However, the urethra runs through the prostate and hence is the dose limiting organ in prostate 
SBRT dictating the maximum dose that can be safely delivered, namely an EQD2 of 
approximately 97 Gy3. This means means whole organ dose should not exceed this EQD2 level if 
delivered uniformly to the entire prostate. Indicating that current prescription doses in 4 or 5 
fractions should not be increased beyond that EQD2 level (36.25 Gy/5fx ≡ 74.3Gy3 ;  38Gy/4fx ≡ 
95Gy3). However, conformal avoidance of the urethra can be considered if the resulting treatment 
plan can be safely delivered using real time motion management techniques.



Thank you for your 
attention.

Montefiore Einstein Medical Center

To heal, to teach, to discover, and to 
advance the health of the communities 

we serve
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Biologically Effective Dose (BED)



Normal Tissue DVH-Reduction using 
generalized EUD 



Normal Tissue DVH-Reduction using 
generalized EUD 



Normal Tissue DVH-Reduction using 
generalized EUD 

Therefore, the NCTP for an inhomogeneously irradiated volume in terms of gEUD 
becomes:

This is a very natural expression of NTCP for an inhomogeneously irradiated volume. 
Note, that n here is not used in the way defined by Niemierko, but is the volume 
effect parameter of the Lyman model.
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What is known about −ratios from Animal and Human 
Clinical Data:

• The −ratio is large for rapid turnover tissues
• The −ratio is small for low turnover tissues
• The −ratio is less variable than  or  separately
• The −ratio is the dose at which -damage equals -damage:

ad = bd2 Þ d =
a

b



Animal data for the −ratio for a variety of rapid turnover 
(early) responding and low turnover (late) responding tissues



−ratios for experimental tumors in rats and mice

• “Miso & Oxic: Values calculated from data obtained under fully radiosensitized conditions (plotted 
directly) 

• Clamp, Anoxic, & Hypoxic: Values calculated from data obtained under hypoxic conditions 
(plotted after dividing by an assumed ratio OERHD

2 /OERLD of 2.7, see the scaling law at end of 
lecture 3)

• Nota Bene: Tumors respond to irradiation in the same way as rapid turnover tissues do.

Values of the -ratio for 
experimental tumors 
determined under a variety 
of conditions of 
oxygenation. The stripped 
areas indicate the range of 
values for rapid turnover 
and low turnover normal 
tissues. Williams, 
Denekamp, Fowler (1985) 
Int J. Radiat Oncol Biol Phys 
11:87-96.



Human data for the −ratio for a variety of rapid turnover 
(early) responding and low turnover (late) responding tissues



−ratios from human clinical tumor data
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