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Abstract

To obtain a favorable tradeoff between treatment benefits and morbidity (“therapeutic ratio”), radiotherapy (RT) dose is 
prescribed according to the tumor volume, with the goal of controlling the disease while respecting normal tissue tolerance 
levels. We propose a new paradigm for tumor dose prescription in stereotactic ablative radiotherapy (SABR) based on organ-
at-risk (OAR) tolerance levels called isotoxic dose prescription (IDP), which is derived from experiences and limitations of 
conventionally fractionated radiotherapy. With IDP, the radiation dose is prescribed based on the predefined level of normal 
tissue complication probability of a nearby dose-limiting OAR at a prespecified dose-volume constraint. Simultaneously, the 
prescribed total tumor dose (TTD) is maximized to the technically highest achievable level in order to increase the local tumor 
control probability (TCP). IDP is especially relevant for tumors located at eloquent locations or for large tumors in which severe 
toxicity has been described. IDP will result in a lower RT dose or a treatment scheduled with more fractions if the OAR tolerance 
level is exceeded, and potential dose escalation occurs when the OAR tolerance level allows it and when it is expected to be 
beneficial (if TCP < 90%). For patients with small tumors at noneloquent sites, the current SABR dose prescription already results 
in high rates of local control at low toxicity rates. In this review, the concept of IDP is described in the context of SABR.

Stereotactic ablative radiotherapy (SABR), also referred to as 
stereotactic radiotherapy (SRT), stereotactic body radiotherapy 
(SBRT), or radiosurgery (RS), is a form of radiotherapy (RT) in 
which a high dose per fraction is delivered in a limited number 
of fractions with the aid of dedicated imaging and patient immo-
bilization devices to minimize the treatment set-up margins of 
the irradiated tumor. With SABR, there is a steep-dose gradient 
outside the target volume to minimize the dose to organs at risk 
(OAR) and hence reduce the normal tissue complication prob-
ability (NTCP). SABR is increasingly being used in patients with 
metastasized cancer.

To obtain a favorable tradeoff between treatment benefit 
and morbidity (“therapeutic ratio”), the radiation dose is typi-
cally prescribed according to the target volume, with the goal of 
controlling the disease while respecting normal tissue tolerance 
levels. The therapeutic ratio (1) is explained in Figure 1. In resem-
blance to conventionally fractionated radiotherapy, we propose 
a paradigm shift for dose prescription in SABR from target-based 
to OAR-dependent tolerance levels called isotoxic dose prescrip-
tion (IDP) (2,3). With IDP, radiation dose is prescribed based on 
the predefined level of NTCP of a nearby dose-limiting OAR at 
a prespecified dose-volume constraint (4–6). Simultaneously, 
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the prescribed total tumor dose (TTD) is maximized to the tech-
nically highest achievable level in order to increase the local 
tumor control probability (TCP). The concept of IDP is shown 
in Figure 2. IDP is especially relevant for tumors located at elo-
quent locations or for large tumors in which severe toxicity has 
been described. IDP will result in more fractions to achieve an 
ablative dose for SABR or to reduce the prescribed dose if the 
OAR tolerance level is exceeded. IDP will facilitate dose escala-
tion when tolerance dose to critical OAR allows it and when it is 
expected to be beneficial (if TCP < 90%). For patients with small 
tumors at noneloquent sites, the current SABR dose prescription 
already results in high rates of local control at low toxicity rates, 
and then IDP is less relevant. In this review, the concept of IDP is 
described in the context of SABR.

Current Status of SABR

Dose prescription with SABR is far beyond the 2 Gy dose level 
of conventional fractionation, ranging from 7.5 to 100 Gy in one 
to eight fractions. Typical hypofractionation schedules comprise 
three to five fractions ranging from 10 to 20 Gy for early-stage 
non–small cell lung cancer (NSCLC), a single fraction of 24 Gy 
for a small brain metastasis, a single fraction of 12 Gy for ves-
tibular schwannoma, and a single fraction of 70 Gy for trigemi-
nal neuralgia (7). The difference in SABR fractionation schedules 
is explained by the difference in disease entities (eg, a benign 
or malignant, type of tumor) while also taking into account life 
expectancy; high local control rates of approximately 90% are 
already achieved in vestibular schwannoma with a relatively low 
single-fraction dose, whereas for early-stage NSCLC, much higher 
doses are mandatory. In some countries (eg, the United States 
and the Netherlands), reimbursement may be, in part, dependent 
on the number of fractions or the dose per fraction, and this may 
influence the choice of fraction schedules and thereby the thera-
peutic ratio. There is evidence that the 2 Gy equi–effective dose 
(ie, the biologically equivalent total dose delivered using a fraction 
size of 2 Gy) in the SABR of early-stage NSCLC should be above 
100 Gy to achieve local control rates of above 90%. (8) In patients 
with oligometastatic cancer, lower SABR doses are often used, 
which results in relatively low local TCP. In a large retrospective 

study on patients treated with SABR for oligometastases, several 
fractionation schedules were used depending on the location 
of the metastasis and its proximity to an OAR, resulting in the 
vast majority of patients being treated with a 2 Gy equi–effective 
dose of less than 100 Gy (9). Not surprisingly, local control two 
years after SABR was only 33% and was statistically significantly 
(P = .02) better for lesions treated with a 2 Gy equi–effective dose 
greater than 75 Gy compared with a dose of less than 75 Gy. Life 
expectancy also plays a role. If the tumor is near an organ that is 
at risk for radiation toxicity (eg, spinal cord, brain, bowel) or the 
tumor volume is unfavorably large, fractionation schedules are 
often protracted to a relatively large number with an accordingly 
low dose per fraction in order to decrease the risk of late toxic-
ity. An example of such a risk-adapted fractionation schedule in 
early-stage NSCLC is eight fractions of 7.5 Gy for centrally located 
tumors instead of three fractions of 18 to 20 Gy for peripherally 
located ones. In general, the fractionation sensitivity (character-
ized by the reciprocal α/β-value) of a relevant biological endpoint 
of late-responding normal tissue is lower than that for tumors. If 
the α/β-value of the tumor is higher than that of the late-respond-
ing normal tissue, then a reduction of dose per fraction improves 
the therapeutic ratio, provided the overall treatment time is not 
extended (10). Although the concept of SABR has been around for 
more than half a century, its clinical use has strongly expanded 
over the last decade, mainly because of high local control rates at 
acceptably low proven toxicity rates (11).

Figure 2. Concept of isotoxic dose prescription. Concept of isotoxic dose pre-

scription (IDP): The radiotherapy dose is prescribed in relation to a volume of a 

dose-limiting adjacent organ at risk (OAR) based on a predefined level of accept-

able normal tissue complication probability (NTCP). The total tumor dose (TTD) 

is escalated to the technically highest achievable level. An example of IDP for 

stereotactic ablative body radiotherapy of a brain metastasis is that a maximum 

volume of 10 cm3 of adjacent brain tissue may receive at least 12 Gy in a single 

fraction, which corresponds to an NTCP of 10% for symptomatic radionecrosis 

independent of tumor volume (6). The tumor dose can be as high as technically 

achievable but should at least be 15 Gy in a single fraction. Conventional dose 

prescription in radiotherapy is based on tumor volume, not on the OAR toler-

ance. An example of a conventional dose prescription is a fixed single-fraction 

dose of 15 Gy prescribed on the target volume for every individual patient. How-

ever, uniformity in TTD prescription does not guarantee uniformity in NTCP. 

Because of the difference in tumor volume amongst patients, for some the OAR 

dose-volume constraint will not be met, whereas for others it is exceeded unless 

the prescribed tumor dose is lowered. With IDP, it is possible to individually tai-

lor the dose prescription to a predefined level of acceptable toxicity (also see 

Figure 1). OAR = organ at risk; RT = radiotherapy.

Figure 1. Therapeutic ratio in radiotherapy. The therapeutic ratio denotes the 

relationship between the probability of tumor control and the likelihood of nor-

mal tissue damage. An improved therapeutic ratio represents a more favorable 

tradeoff between tumor control and toxicity (53). The numbers 1, 2, and 3 repre-

sent potential stereotactic ablative body radiotherapy (SABR) dose prescriptions. 

With the dose prescribed in example 1, there is a relatively low TCP of +/-40% 

with a normal tissue complication probability (NTCP) of 0%. At the dose pre-

scribed in example 2, the TCP is +/-80% with a low NTCP of +/-5%. The prescribed 

dose in example 3 results in a TCP of +/-95%, but at the cost of a NTCP 50%, which 

is often regarded as being an unacceptable risk for NTCP. There are two options 

for lowering the NTCP: The SABR dose is lowered to example 2, or the SABR dose 

is delivered in more fractions in which the NTCP curve moves to the right (red 
dotted line), which results in a larger therapeutic ratio.
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Furthermore, the concept of the “oligometastatic disease 
state” has widened the indication for SABR to patients with 
stage IV solid tumors that were previously not eligible for (ste-
reotactic) radiotherapy except for palliative purposes (12). The 
aim of SABR in patients with a limited number of metasta-
ses (oligometastases typically comprise up to five lesions in a 
maximum of three visceral organ sites) is the prolongation of 
progression-free survival, postponing systemic treatment, and 
the long-term maintenance of quality of life (13). For patients 
with one to three brain metastases, SABR is currently a standard 
treatment (14,15). In stage I lung cancer treated with SABR, local 
control rates are comparable with surgery while simultaneously 
avoiding the morbidity and mortality of invasive approaches 
(16,17). Randomized clinical trials are currently being designed 
to directly compare the outcome of SABR to surgery in operable 
patients, although patient accrual may be problematic because 
of the lack of equipoise from different specialties (18,19). Other 
applications of SABR are the treatment of metastases or primary 
tumors in the liver, vertebra, adrenal gland, kidney, prostate, or 
lymph nodes (13). There are several studies suggesting that the 
hypofractionated SABR of metastases may induce a so-called 
“abscopal” effect, ie, when highly immunogenic tumor antigens 
resulting from local SABR activate the immune system causing 
shrinkage of other metastases at nonirradiated sites (20,21). This 
phenomenon has been described in primary tumor types such 
as melanoma, lymphoma, and renal cell carcinoma. It is hypoth-
esized that cytotoxic T-cells and natural killer cells play a crucial 
role in the underlying biological mechanisms (22,23). The wide-
spread use of SABR at intra- and extracranial tumor sites has 
become possible because of several technical advances, making 
SABR a safe and patient-friendly technique (24–27). Randomized 
studies are needed to identify which oligometastatic patients 
really benefit from ablative doses of SABR (12).

Toxicity of SABR

Local control rates of SABR on small tumors at noneloquent 
locations are high (>90%) when applied according to current 
state-of-the-art procedures (28). However, severe complications 
have been described in other situations because nearby OARs 
receive doses that can lead to organ dysfunction. Examples of 
severe toxicities are the following:

•	 SABR in early-stage NSCLC: risk of radiation pneumonitis 
in large-volume lung tumors (eg, planning target volume 
>80 cm3) if the V5Gy (the volume that receives at least 5 Gy) of 
the contralateral lung is ≥ 26% (29);

•	 SABR in centrally located lung tumors: bronchial stenosis 
and/or necrosis (30);

•	 SABR in brain metastases: symptomatic brain necrosis if 
more than 10 cm3 of the uninvolved brain tissue is irradiated 
with a single dose of at least 12 Gy (6);

•	 SABR in abdominopelvic tumors: bowel obstruction, perfora-
tion, and bleeding (31);

•	 SABR in spinal metastases: myelopathy and vertebral frac-
ture (32,33);

•	 SABR in close to mediastinal structures: esophageal fistula 
(34).

To minimize the risk of the severe toxicity of SABR, clinical 
researchers have developed dose-volume constraints for OARs 
(35,36). However, most of these constraints remain unvalidated 
and only serve as a starting point of sorts in order to develop 
some uniform guidelines to guide practitioners in the rapid pro-
liferation of SABR.

Current Guidelines for Dose Prescription in 
Conventionally Fractionated RT and SABR

In radical, conventional, fractionated RT, the TTD is prescribed 
according ICRU guidelines at the planning target volume (PTV) 
(37). The PTV comprises the tumor with margins for microscopic 
extension (margin from gross tumor volume, GTV, to clinical tar-
get volume, CTV) and uncertainties of patient positioning, inter-
observer variation, treatment delivery, and imaging (margin 
from CTV to PTV). Typically, the dose distribution within the PTV 
is relatively homogeneous, in the range of 95% to 107% of the 
prescribed dose. The TTD in SABR is also prescribed at the rim of 
the PTV, but it differs from conventional fractionated RT in that 
the dose distribution within the PTV is deliberately heterogene-
ous. The maximum dose often exceeds 130% of the prescribed 
dose (19,28). The aim of the steep dose gradient at the rim of the 
PTV is to achieve optimal sparing of nearby OARs while simulta-
neously allowing for dose escalation within the PTV in order to 
achieve maximal TCP. Typically, the used GTV-CTV and CTV-PTV 
margins are minimized by the use of dedicated onboard imaging 
and patient immobilization devices.

Limitations of Dose Prescription Based on 
Tumor Volume

Currently, several clinical trials with SABR are ongoing. In these 
studies, a fixed dose level is prescribed to the PTV in the same 
way for every patient. During treatment planning, the OAR dose 
constraints are respected and, if necessary, nearby OARs are 
actively spared. If the OAR is very close to the PTV, there is an 
insurmountable conflict because it is technically not feasible to 
respect the OAR dose-volume tolerance while simultaneously 
achieving sufficient PTV coverage. Several potential solutions 
are chosen in daily practice:

1.  A more fractionated approach is chosen in order to increase 
the therapeutic ratio. SABR is delivered as conventionally 
fractionated RT, which may result in protracted schemes of 
multiple fractions over several weeks. However, long frac-
tionation schedules are undesirable in a metastatic setting 
where disease progression at other metastatic sites may 
occur within months. One to five fractions are more desir-
able for patient convenience.

2.  Underdosage of the PTV is accepted in a region near the OAR 
while the number of fractions remains unchanged. This may 
result in a decreased TCP. Moreover, when reporting SABR, it 
is often unclear exactly what dose has been delivered in the 
PTV and in the OAR.

3.  Underdosage of the PTV is achieved by reducing the number 
of fractions in order to respect the OAR constraint.

4.  PTV coverage is not compromised by altering the dose pre-
scription, although the OAR constraint is not respected, 
which results in increased NTCP rates.

Evidently, these four solutions have the substantial clinical dis-
advantages of protracted treatment duration, decreased TCP, 
and increased NTCP. Another disadvantage of SABR dose pre-
scription based on the tumor volume is its application in phase 
I  dose escalation trials. A  paradox may occur because tumors 
typically have different volumes. SABR of large tumors causes a 
large volume of the nearby OAR to be irradiated at certain doses. 
A patient with a large tumor volume in a phase I study in a low-
dose treatment arm may have a higher NTCP than a patient 
with a small tumor volume in a high-dose treatment arm. For 
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example, with the SABR of brain metastasis NTCP (eg, radione-
crosis) is dependent on the V12Gy and increases rapidly above 10% 
if the V12Gy is 10 cm3 or larger (6,35,36). The V12Gy of nearby unin-
volved brain tissue may be above 10 cm3 in the low-dose arm 
with large-volume metastasis and less than 10 cm3 in the high-
dose arm with a small-volume metastasis. This was also shown 
in a randomized trial on SABR in brain metastases, in which a 
1 mm GTV-PTV margin was compared with a 3 mm GTV-PTV 
margin with a primary endpoint of a 12-month local control (38). 
Dose prescription was based on the maximum diameter of the 
PTV as shown in Table 1. In the 3 mm GTV-PTV arm, prescription 
dose was generally lower, with an equal GTV diameter as that of 
a 1 mm GTV-PTV arm. BED and TCP are calculated based on the 
method described by Wiggenraad et al. (39), with an α/β-ratio of 
12 Gy. In this study, the median GTV in both arms was the same 
(0.38 cm3 in both arms). The median V12Gy, which corresponds 
with NTCP, was higher in the 3 mm arm compared with the 
1 mm arm: 11.4 cm3 vs 6.0 cm3. The therapeutic ratio was higher 
in the 1 mm margin arm with a higher prescribed dose to the 
PTV and TCP and a lower V12Gy and NTCP (Table 1). Therefore IDP, 
especially in a fractionated approach, may increase the thera-
peutic ratio of SABR in large brain metastases.

Isotoxic Dose Prescription Based on OAR 
Tolerance

We propose an isotoxic dose prescription (IDP) strategy to over-
come the limitations of current tumor volume–based dose 
prescription protocols, especially in the design of phase I SABR-
based clinical trials. In IDP, the SABR dose is prescribed in rela-
tion to a volume of a dominant OAR based on an acceptable 
normal tissue complication probability (NTCP) level. The TTD 
is escalated up to the technically highest achievable level but 
within a specified range of minimal TCP. If the TCP is unaccept-
ably low because of limitations by NTCP, more fractionated SABR 
will allow a more favorable therapeutic ratio and the allowance 
of a higher TCP with a constant low NTCP. In the context of IDP 
and NTCP, it is essential to achieve international consensus 
in OAR delineation and the reporting of RT dose in OAR (40). 
Moreover, IDP will help to determine the exact OAR tolerance 
dose in a prospective setting and will validate current predic-
tive NTCP models (41,42). If OAR dose volume tolerance levels 
are unknown for a certain fraction scheme, phase I studies may 
discern this. There are several potential designs for phase I stud-
ies with IDP:

1.  The TTD is escalated until a predefined OAR dose volume 
tolerance level is met (with an accompanying NTCP rate). 
The volume of the OAR in relation to which the dose is pre-
scribed is fixed, and the number of fractions is fixed. An 
example of this strategy is illustrated in Figure 3.

2.  The OAR volume in relation to which the dose is prescribed 
is escalated while maintaining the RT dose in the OAR and 
the number of fractions fixed.

3.  The number of fractions is increased until the predefined 
OAR dose volume constraint is met. The RT dose for each 
fraction is fixed, and the volume of the OAR to which the 
dose is prescribed is fixed.

For a phase I  study, a time-to-event continual reassessment 
methodology (TiTe-CRM) design is suitable, which utilizes a 
Bayesian approach to reassess the dose on all patients in the 
study and permits short- and long-term adverse events to be 
incorporated as an alternative approach to a commonly used 
3x3 designs (43,44). For the design of a phase I study, the OAR 
constraint based on available literature is determined. Next, 
the TCP is calculated using an in silico study with the avail-
able treatment planning and delivery technique and using the 
margins of several tumor sizes. If there is no potential with the 
current technique and GTV-PTV margins, critical evaluation of 
the GTV-PTV margins will be needed to investigate whether a 
decrease in the margins is safe at the treatment department. 
This will provide the potential for further dose escalation with 
equal NTCP. If the TCP is still unsatisfactory (<90%), more frac-
tionated approaches are used. However, the OAR constraint of 
common used fractionation schedules is often relatively well 
described but is often unknown for uncommon used fractiona-
tion schedules. For example, the V12Gy for a common used single-
fraction SABR in brain metastases is well described, but the OAR 
constraint for a five- or 10-fraction approach is poorly docu-
mented. It is not trivial to convert the particular OAR constraint 
from a given fractionation scheme into an equivalent constraint 
for a new scheme. Therefore, it is important to perform a phase 

Figure 3. Potential gain in tumor complication probability (TCP) with isotoxic 

fractionated dose prescription in a patient with a large brain metastasis. Treat-

ment plan (Eclipse, Varian, Palo Alto, CA) of a single fraction of 15 Gy with ste-

reotactic ablative body radiotherapy of a large brain metastasis with a diameter 

of 28 mm. The illustrated radiation doses are in the range of 12 to 18 Gy. The 

TCP of a single dose of 15 Gy is 40%. In this treatment plan, the V12Gy is 5 cm3. If 

isotoxic dose prescription (IDP) is applied and the V12Gy is escalated up to 10 cm3, 

the total tumor dose increases to 18.9 Gy with a TCP of 65%. Thus, the gain in 

TCP for this brain metastasis with IDP is 25% if an NTCP of 10% on symptomatic 

radionecrosis is accepted. Wiggenraad calculated TCP estimates based on the 

review article (39).

Table 1. SABR dose prescription schedule for brain metastases in a randomized trial comparing outcomes for 1 mm vs 3 mm GTV-PTV margins*

PTV diameter, cm
GTV diameter with 1 mm  

GTV-PTV margin, cm
GTV diameter with 3 mm  

GTV-PTV margin, cm Prescribed dose BED (Gy) TCP, %

<2.0 <1.8 <1.4 1 fraction of 24 Gy 72 90
2.0–2.9 1.8–2.7 1.4–2.3 1 fraction of 18 Gy 45 65
3.0–3.9 2.8–3.7 2.4–3.3 1 fraction of 15 Gy 34 40

* BED = biologically effective dose; GTV = gross tumor volume; PTV = planning target volume; SABR = stereotactic ablative body radiotherapy; TCP = tumor control 

probability.
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I study for fractionated approaches in order to carefully assess 
the OAR tolerance level.

Predictive modeling studies for IDP have already been pub-
lished. In an in silico trial for advanced NSCLC, an individual-
ized isotoxic dose prescription enabled therapeutic gains (ie, 
TTD escalation) in 79% of case patients compared with conven-
tionally prescribed fractionated RT (45). This was achieved by 
altering the dose per fraction and/or the number of fractions 
based on a clinically relevant mean or a maximum OAR toler-
ance dose for the uninvolved healthy lungs, brachial plexus, 
spinal cord, esophagus, and heart. Two different approaches 
were described in order to assess the predicted gain in a tumor-
effective dose, either based on an IDP approach or on a maxi-
mum tolerable dose. Clinical experience has also been gained 
with IDP. In a prospective single-arm study in stage I  to III 
NSCLC, a radical dose of chemotherapy was prescribed using 
a sequential approach by increasing the number of fractions 
until the first dose-limiting OAR tolerance level was met (46). 
The observed toxicity rates were acceptable (grade 3 or more 
toxicity was 24%), and survival was comparable with the results 
achieved with historical controls of concurrent radiotherapy 
and chemotherapy. In a predictive modeling study, the authors 
had already published an expected increase in TCP of 25% with 
this approach (47). Recently, favorable clinical results were pub-
lished with IDP in NSCLC in a concurrent radiotherapy and 
chemotherapy setting (48). The observed gain in a therapeutic 
ratio encourages further exploration into this approach for dis-
ease entities other than NSCLC with fractionated approaches, 
but also in extreme hypofractionated approaches with SABR. 
Fractionated approaches (eg, up to 30 fractions) are needed 
when the tumor is abutting a radiosensitive organ with a rela-
tively low tolerance dose for serious complications. Examples 
are gastro-intestinal organs such as the stomach (eg, bleeding) 
and bowel (eg, perforation). Obviously, when employing more 
fractions at a lower fraction size, the dose to the GTV is to a 
lesser extent limited by the maximum tolerable dose to the sur-
rounding radiosensitive organs, and it may be possible to cover 
the GTV to an ablative BED of 100 Gy. For this means, a sched-
ule of 12 fractions may not be sufficient, and more fractionated 
approaches may be needed to achieve a better therapeutic ratio. 
For designing prospective IDP trials with both conventional 
fractionated and more hypofractionated approaches, published 
tolerance dose of OARs should be used. The QUANTEC group 
has published comprehensive reports of known tolerance doses 
for conventional multiple fractionat approaches (6). For exam-
ple in the QUANTEC paper, the tolerance dose of the bowel for 
grade 3 or higher toxicity is a V45Gy value of less than 195 cm3 
using a conventional fraction schedule with fractions of 2 Gy. 
For a hypofractionated approach, Lo and Timmermans have 
also published OAR constraints (35,36). For example, the toler-
ance dose of the small bowel in a single SABR fraction is only 
a V9.8Gy value of less than 5 cm3 (36). If the therapeutic ratio is 
unsatisfactory with a hypofractionated SABR IDP schedule, a 
treatment schedule with more fractions IDP is used. The OAR 
tolerance dose for this multiple fractions schedule may be 
unknown. Then a phase I study is needed to determine the OAR 
tolerance level for this specific fractionation schedule. Another 
option is to choose a multiple fractions schedule from which 
the OAR tolerance dose is known, such as a conventional 2 
Gy fractionation schedule. In Maastricht, an in silico study for 
SABR in brain metastases is ongoing, which aims to explore the 
theoretical therapeutic gain obtained by using IDP followed by 
a prospective clinical trial to validate the predictive modeling 
with clinically observed outcomes.

Future Challenges

By further applying IDP, more evidence becomes available 
regarding the exact tolerance doses of OARs. This may pave the 
way towards personalized medicine where shared decision-
making aids physicians and patients in making evidence-based 
treatment decisions and balancing the benefit and toxicity of 
SABR in an individually tailored manner (49). The TCP achieved 
by IDP may depend on the technology and the size of the mar-
gins that are used. Future research will focus not only on explo-
ration of IDP in SABR but also on improving the prediction of 
outcomes based on multifactorial decision support systems (50). 
An example of multifactorial predictive models can be found at 
www.predictcancer.org. Another area of research is the further 
improvement of radiation modalities such as particle therapy 
(eg, protons and carbon ions), which may further increase the 
therapeutic ratio of IDP (51,52). With these techniques, an even 
higher degree of normal tissue sparing may be achieved, which 
could potentially lead to a reduction of the number of fractions, 
making these modalities less expensive per treatment course, 
with implications for increasing the number of patients who 
could benefit from them.

Conclusion

Isotoxic dose prescription is a new paradigm in stereotactic 
ablative radiotherapy. The radiation dose is prescribed based on 
nearby organs-at-risk tolerance dose. Simultaneously, the pre-
scribed total tumor dose is maximized to the technically high-
est achievable level to increase the probability of tumor control. 
This strategy has the potential to overcome several limitations 
of traditional radiotherapy dose prescription based on tumor 
volume, and this strategy is expected to improve the overall 
therapeutic ratio of tumor control and toxicity.

Notes

Conflict of interest or disclosures: Jaap D. Zindler: no disclosures, 
no conflict of interest; Charles R. Thomas Jr.: no disclosures, no 
conflict of interest; Stephen M. Hahn: no disclosures, no conflict 
of interest; Aswin L.  Hoffmann: no disclosures, no conflict of 
interest; Esther G. C. Troost: no disclosures, no conflict of inter-
est; Philippe Lambin: no disclosures, no conflict of interest.

Acknowledgments: The IDP concept was conceived, in part, 
from the development of an original protocol concept (Jaap 
D.  Zindler) at the 16th Flims Workshop on Methods in Clinical 
Cancer Research, Switzerland, held in June 2014.

References
 1. Beasley M, Driver D, Dobbs HJ. Complications of radiotherapy: improving the 

therapeutic index. Cancer Imaging. 2005;5:78–84.
 2. van Elmpt W, Öllers M, Velders M, et al. Transition from a simple to a more 

advanced dose calculation algorithm for radiotherapy of non-small cell lung 
cancer (NSCLC): implications for clinical implementation in an individual-
ized dose-escalation protocol. Radiother Oncol. 2008;88(3):326–334.

 3. De Ruysscher D, van Baardwijk A, Steevens J, et al. Individualised isotoxic 
accelerated radiotherapy and chemotherapy are associated with improved 
long-term survival of patients with stage III NSCLC: a prospective popula-
tion-based study. Radiother Oncol. 2012;102(2):228–233.

 4. Bentzen SM, Constine LS, Deasy JO, et al. Quantitative Analyses of Normal 
Tissue Effects in the Clinic (QUANTEC): an introduction to the scientific 
issues. Int J Radiat Oncol Biol Phys. 2010;76(3 Suppl):S3–S9.

 5. Jackson A, Marks LB, Bentzen SM, et al. The lessons of QUANTEC: recom-
mendations for reporting and gathering data on dose-volume dependencies 
of treatment outcome. Int J Radiat Oncol Biol Phys. 2010;76(3 Suppl):S155-S160.

 6. Marks LB, Yorke ED, Jackson A, et al. Use of normal tissue complication prob-
ability models in the clinic. Int J Radiat Oncol Biol Phys. 2010;76(3 Suppl):S10–
S19.

r
ev

ie
w at M

aastricht U
niversity on O

ctober 18, 2015
http://jnci.oxfordjournals.org/

D
ow

nloaded from
 

http://www.predictcancer.org
http://jnci.oxfordjournals.org/


6 of 6 | JNCI J Natl Cancer Inst, 2015, Vol. 108, No. 2

 7. Kirkpatrick JP, Kelsey CR, Palta M, et  al. Stereotactic body radiotherapy: a 
critical review for nonradiation oncologists. Cancer. 2014;120(7):942–954.

 8. Senan S, Palma DA, Lagerwaard FJ. Stereotactic ablative radiotherapy for 
stage I NSCLC: Recent advances and controversies. J Thorac Dis. 2011;3(3):189–
196.

 9. de Vin T, Engels B, Gevaert T, Storme G, De Ridder M. Stereotactic radiother-
apy for oligometastatic cancer: a prognostic model for survival. Ann Oncol. 
2014;25(2):467–471.

 10. Bentzen SM, Dörr W, Gahbauer R, et al. Bioeffect modeling and equieffec-
tive dose concepts in radiation oncology--terminology, quantities and units. 
Radiother Oncol. 2012;105(2):266–268.

 11. Leksell L. The stereotaxic method and radiosurgery of the brain. Acta Chir 
Scand.1951;102(4):316–319.

 12. Palma DA, Salama JK, Lo SS, et al. The oligometastatic state-separating truth 
from wishful thinking. Nat Rev Clin Oncol. 2014;11(9):549–557.

 13. Tree AC, Khoo VS, Eeles RA, et al. Stereotactic body radiotherapy for oligome-
tastases. Lancet Oncol. 2013;14(1):e28–e37.

 14. Zindler JD, Rodrigues G, Haasbeek CJ, et al. The clinical utility of prognostic 
scoring systems in patients with brain metastases treated with radiosur-
gery. Radiother Oncol. 2013;106(3):370–374.

 15. Kocher M, Soffietti R, Abacioglu U, et al. Adjuvant whole-brain radiotherapy 
versus observation after radiosurgery or surgical resection of one to three 
cerebral metastases: results of the EORTC 22952–26001 study. J Clin Oncol. 
2011;29(2):134–141.

 16. Palma D, Visser O, Lagerwaard FJ, Belderbos J, Slotman BJ, Senan S. Impact 
of introducing stereotactic lung radiotherapy for elderly patients with stage 
I non-small-cell lung cancer: a population-based time-trend analysis. J Clin 
Oncol. 2010;28(35):5153–5159.

 17. Senthi S, Lagerwaard FJ, Haasbeek CJ, Slotman BJ, Senan S. Patterns of disease 
recurrence after stereotactic ablative radiotherapy for early stage non-small-
cell lung cancer: a retrospective analysis. Lancet Oncol. 2012;13(8):802–809.

 18. Crabtree T, Puri V, Timmerman R, et al. Treatment of stage I lung cancer in 
high-risk and inoperable patients: comparison of prospective clinical trials 
using stereotactic body radiotherapy (RTOG 0236), sublobar resection (ACO-
SOG Z4032), and radiofrequency ablation (ACOSOG Z4033). J Thorac Cardiovasc 
Surg. 2013;145(3):692–699.

 19. Hurkmans CW, Cuijpers JP, Lagerwaard FJ, et  al. Recommendations for 
implementing stereotactic radiotherapy in peripheral stage IA non-small 
cell lung cancer: report from the Quality Assurance Working Party of the 
randomised phase III ROSEL study. Radiat Oncol. 2009;12:1.

 20. Postow MA, Callahan MK, Barker CA, et al. Immunologic correlates of the 
abscopal effect in a patient with melanoma. N Engl J Med. 2012;366(10):925–
931.

 21. Stamell EF, Wolchok JD, Gnjatic S, Lee NY, Brownell I. The abscopal effect 
associated with a systemic anti-melanoma immune response. Int J Radiat 
Oncol Biol Phys. 2013;85(2):293–295.

 22. Rödel F, Frey B, Multhoff G, Gaipl U. Contribution of the immune system 
to bystander and nontargeted effects of ionizing radiation. Cancer Lett. 
2013:S0304–S3835.

 23. Zegers CM, Rekers NH, Quaden DH, et al. Radiotherapy combined with the 
immunocytokine L19-IL2 provides long-lasting antitumor effects. Clin Cancer 
Res. 2015;21(5):1151–1160.

 24. Lo SS, Loblaw A, Chang EL, et al. Emerging applications of stereotactic body 
radiotherapy. Future Oncol. 2014;10(7):1299–1310.

 25. Palma DA, Verbakel WF, Otto K, Senan S. New developments in arc radiation 
therapy: a review. Cancer Treat Rev. 2010;36(5):393–399.

 26. Salama JK, Milano MT. Radical Irradiation of Extracranial Oligometastases. J 
Clin Oncol. 2014:32(26):2902–2912.

 27. Sheehan JP, Yen CP, Lee CC, Loeffler JS. Cranial Stereotactic Radiosurgery: 
Current Status of the Initial Paradigm Shifter. J Clin Oncol. 2014:32(26):2836–
2846.

 28. Seung SK, Larson DA, Galvin JM, et al. American College of Radiology (ACR) 
and American Society for Radiation Oncology (ASTRO) Practice Guideline 
for the Performance of Stereotactic Radiosurgery (SRS). Am J Clin Oncol. 
2013;36(3):310–315.

 29. Ong CL, Palma D, Verbakel WF, Slotman BJ, Senan S. Treatment of large stage 
I-II lung tumors using stereotactic body radiotherapy (SBRT): planning con-
siderations and early toxicity. Radiother Oncol. 2010;97(3):431–436.

 30. Corradetti MN, Haas AR, Rengan R. Central-airway necrosis after stereotactic 
body-radiation therapy. N Engl J Med. 2012;366(24):2327–2329.

 31. Barney BM, Olivier KR, Macdonald OK, Fong de los Santos LE, Miller RC, 
Haddock MG. Clinical outcomes and dosimetric considerations using ste-
reotactic body radiotherapy for abdominopelvic tumors. Am J Clin Oncol. 
2012;35(6):537–542.

 32. Sahgal A, Weinberg V, Ma L, et al. Probabilities of radiation myelopathy spe-
cific to stereotactic body radiation therapy to guide safe practice. Int J Radiat 
Oncol Biol Phys. 2013;85(2):341–347.

 33. Sahgal A, Whyne CM, Ma L, et al. Vertebral compression fracture after stereo-
tactic body radiotherapy for spinal metastases. Lancet Oncol. 2013;14(8):e310–
e320.

 34. Wu AJ, Williams E, Modh A, et al. Dosimetric predictors of esophageal toxic-
ity after stereotactic body radiotherapy for central lung tumors. Radiother 
Oncol. 2014;112(2):267–271.

 35. Lo SS, Sahgal A, Chang EL, et al. Serious complications associated with ste-
reotactic ablative radiotherapy and strategies to mitigate the risk. Clin Oncol 
(R Coll Radiol). 2013;25(6):378–387.

 36. Timmerman RD. An overview of hypofractionation and introduction to this 
issue of seminars in radiation oncology. Semin Radiat Oncol. 2008;18(4):215–
222.

 37. ICRU Report 83: Prescribing, recording and reporting intensity-modulated 
photon-beam therapy (IMRT). J ICRU. 2010;10(1):10.1093.

 38. Kirkpatrick JP, Wang Z, Sampson JH, et al. Defining the optimal planning tar-
get volume in image-guided stereotactic radiosurgery of brain metastases: 
results of a randomized trial. Int J Radiat Oncol Biol Phys. 2015;91(1):100–108.

 39. Wiggenraad R, Verbeek-de Kanter A, Kal HB, Taphoorn M, Visser T, Struik-
mans H. Dose-effect relation in stereotactic radiotherapy for brain metasta-
ses: A systematic review. Radiother Oncol. 2011;98(3):292–297.

 40. Brouwer CL, Steenbakkers RJ, Gort E, et al. Differences in delineation guide-
lines for head and neck cancer result in inconsistent reported dose and cor-
responding NTCP. Radiother Oncol. 2014;111(1):148–152.

 41. Park C, Papiez L, Zhang S, Story M, Timmerman RD. Universal survival curve 
and single fraction equivalent dose: useful tools in understanding potency 
of ablative radiotherapy. Int J Radiat Oncol Biol Phys. 2008;70(3):847–852.

 42. Daly ME, Luxton G, Choi CY, et al. Normal tissue complication probability 
estimation by the Lyman-Kutcher-Burman method does not accurately pre-
dict spinal cord tolerance to stereotactic radiosurgery. Int J Radiat Oncol Biol 
Phys. 2012;82(5):2025–2032.

 43. Cheung YK1, Chappell R. Sequential designs for phase I clinical trials with 
late-onset toxicities. Biometrics. 2000;56(4):1177–1182.

 44. Pijls-Johannesma M, van Mastrigt G, Hahn SM, et  al. A systematic meth-
odology review of phase I  radiation dose escalation trials. Radiother Oncol. 
2010;95(2):135–141.

 45. Hoffmann AL, Troost EG, Huizenga H, Kaanders JH, Bussink J. individu-
alized dose prescription for hypofractionation in advanced non-small-
cell lung cancer radiotherapy: an in silico trial. Int J Radiat Oncol Biol Phys. 
2012;83(5):1596–1602.

 46. Baardwijk A, Wanders S, Boersma L, et al. Mature results of an individual-
ized radiation dose prescription study based on normal tissue constraints in 
stages I to III non-small-cell lung cancer. J Clin Oncol. 2010;28(8):1380–1386.

 47. Baardwijk A, Bosmans G, Bentzen SM, et al: Radiation dose prescription for 
non-small-cell lung cancer according to normal tissue dose constraints: An 
in silico clinical trial. Int J Radiat Oncol Biol Phys. 2008;71(4):1103–1110.

 48. Reymen B, van Baardwijk A, Wanders R, et al. Long-term survival of stage 
T4N0-1 and single station IIIA-N2 NSCLC patients treated with definitive 
chemo-radiotherapy using individualised isotoxic accelerated radiotherapy 
(INDAR). Radiother Oncol. 2014;110(3):482–487.

 49. Oberije C, Nalbantov G, Dekker A, et al. A prospective study comparing the 
predictions of doctors versus models for treatment outcome of lung can-
cer patients: A step toward individualized care and shared decision making. 
Radiother Oncol. 2014;112(1):37–43.

 50. Lambin P, van Stiphout RG, Starmans MH, et al. Predicting outcomes in radi-
ation oncologymultifactorial decision support systems. Nat Rev Clin Oncol. 
2013;10(1):27–40.

 51. Williams TM, Maier A. Role of stereotactic body radiation therapy and pro-
ton/carbon nuclei therapies. Cancer J. 2013;19(3):272–281.

 52. Roelofs E, Engelsman M, Rasch C, et  al. Results of a multicentric in silico 
clinical trial (ROCOCO): comparing radiotherapy with photons and protons 
for non-small cell lung cancer. J Thorac Oncol. 2012;7(1):165–176.

 53. Joiner M, van der Kogel A. Basic Clinical Radiobiology. 4th edition. London, 
United Kingdom: Hodder Arnold; 2009.

r
ev

iew

 at M
aastricht U

niversity on O
ctober 18, 2015

http://jnci.oxfordjournals.org/
D

ow
nloaded from

 

http://jnci.oxfordjournals.org/

