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Dose-volume relationship: the beginning

Unfortunately, current knowledge on tolerance of normal tissue organs to 
irradiation is less than adequate. 
With the increasing use of 3-D treatment planning and dose delivery, this 
issue, particularly volumetric information, will become even more critical. 
In this manuscript we present the updated information on tolerance of 
normal tissues, based on available data, with a special emphasis on partial 
volume effects. 
Due to a lack of precise and comprehensive data base, opinions and 
experience of the clinicians from four universities involved in the contract 
have also been contributory. 



Emami et al., 1991: 9 authors - 7 MDs, 2 PhDs, 28 organs





In 2006 both AAPM and ASTRO recognized:

Need for a systematic overhaul of our understanding of normal 
tissue tolerances

For use in clinical treatment planning and optimization

QUANTEC: the idea

QUANTEC
QUantitative Analysis of Normal Tissue Effects in the Clinic



2006 Steering Committee:
Deasy, Bentzen, Yorke, Ten-Haken, Jackson, Marks, Eisbruch, 
Constine (3 MDs, 5 PhDs)
2007 1st QUANTEC meeting in Madison Wisconsin:
Initial review of tolerances involving physicists, bio-statisticians and 
physicians (≈60 participants from North America and Europe)
2007-2009 Preparation of Papers: 
Reviews and meta analysis of literature on normal tissue 
complications in 16 organs (~58 authors)
March 2010 Publication:
Special Issue of Red Journal (IJROBP 76 S3), inlcuding 5 vision 
articles on future directions

QUANTEC: history



QUANTEC: main goals



METHOD: 
experts’ opinion vs review of published studies
CONSIDERED ORGANS :
excluded: eye lens/eye/retina, TM joint /mandible, thyroid, skin, rib cage, cauda 
equina, brachial plexus, femoral head, colon 
new: penile bulb
CONSIDERED ENDPOINTS:
severe endpoints vs mild/moderate endpoints
OUTPUT TABLES:
very high consistency vs flexibility
NTCP MODELS: 
comprehensive set of parameters vs limited energy in encouraging use of models

QUANTEC vs Emami





Outcome
Clinical data

Why is it difficult to develop models 
for radio-induced toxicity?

Exposure   
Dosimetric data



to evaluate a low-incidence event 
(3-10% rectal bleeding, 2-5% rectal incontinence)

to discriminate the role of radiation dose 
(which is a strong, probably the strongest predictor)

to validate models and potentially allow their predictive 
use in the clinic

1. Very large and high quality databases are mandatory:

Why is it difficult to develop models 
for radio-induced toxicity?



2. Prospective evaluation of toxicity is highly desirable to reduce 
biases in the analysis of morbidities

3. To avoid biases in the subjective evaluation of toxicity, 
objective measurements (patient-assessed questionnaires, 
instrumental measurements) should be used 

4. Different components of toxicity are present: acute reactions
(early warning that the patient is unusually sensitive to radiation?), 
which are usually transient, and late reactions, which usually 
occur in deep visceral organs, are seldom transient and may 
progress to more severe tissue dysfunction



5. Need to obtain a “baseline” score before treatment, because 
the organ function may already show mild to moderate deviations 
from normality

6. Need to follow up on patients for a long time with the risks of:

Having a drift in toxicity recording within a study in the long 
period from its start to its end

Increasing the confounding effect of aging and advent of 
comorbidities which are not RT related

7. Need to have different models for different endpoints



8. Need to reduce a continuous scale of symptoms to a 
graded/dichotomized endpoint for modelling purposes

9. Need to choose which aspect of toxicity is relevant to the 
patient’s Quality of Life (severe peak toxicity? persistent mild 
toxicity? toxicity involving social impairment?)







dose 
recomm

EQD2/BED/NTCP 
recommendations

Prob.curve

Brain - Predictors for 5 and 10% are 
given in BED and EQD2. 

a/b=3Gy

Incidence as func of BED

Optic nerve/ 
Chiasm

Yes - -

Brainstem Yes Total dose vs fraction dose 
curves for EQD2 

using a/b=3.3, 2.5, 2.1Gy

-

Spinal cord Yes EQD2 a/b=3Gy Probability as funct of EQD2

Cochlea Yes - -

Salivary gland Yes - tox severity vs mean dose 
TD50(func loss) vs f-up mos)

Larynx/Pharynx Yes - Probability as func of mean 
dose

QUANTEC recommendations, H&N region



Absorbed dose 
recommendations

EQD2/BED/NTCP 
recommendations

Prob.curve

Lung Yes - Probability as function 
of mean dose and Vx

Heart Yes NTCP a/b=3Gy NTCP a/b=3Gy

Esophagus Yes - Tox rate as function of 
V20-70Gy

Liver Yes EQD2 a/b=2Gy NTCP a/b=2Gy

Stomach / Small 
bowel

Yes - -

Kidney Yes - Incidence as function 
of Equivalent total 

dose

QUANTEC recommendations, thorax region



Absorbed dose 
recommendations

EQD2/BED/NTCP 
recommendations

Prob.curve

Bladder Yes - Incidence as function 
of mean dose and 

EQD2 a/b=6Gy
Rectum Yes NTCP curve

Penile bulb Yes - Incidence as function 
of median/mean dose 

/D60-70

QUANTEC recommendations, pelvic region



Updating our clinical understanding of normal tissue tolerances
Providing clinical guidelines where possible, with appropriate caveats
Defining areas of our ignorance
Recommend studies to remedy this
Investigating future directions:

Reporting standards
Clinically relevant but specific endpoint definitions
Inter-institutional data synthesis (atlases or pooling)

QUANTEC IS:



Development of NTCP models with inclusion of 
clinical risk factors

Longitudinal definitions of toxicity endpoints

Use of imaging to define and score toxicity endpoints

BEYOND QUANTEC:



NTCP models with inclusion of clinical risk factors

4 parameter model

n,m derived from the whole set

D50,clinical factor and D50,no clinical factor derived in separate datasets

D50,clinical factor/ D50,no clinical factor = dose modifying factor

Lyman model + DVHs reduced to EUD + clinical risk factor

IJROBP 2006



updated results of the Dutch prostate dose escalation trial
(courtesy of G. Defraene and J. Lebesque, accepted IJROBP)

Rectal bleeding
(anorectal wall)

79.0 
(74.0; 86.5)

0.15
(0.12; 0.20)

0.18
(0.09; 0.33)



results from the AIROPROS 0102 prospectice multicenter trial
(Rancati et al, RO submitted)

Mean Late Fecal Incontinence greater/equal 1
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Applet, presented at ESTRO 2011



R. Valdagni et al, accepted IJROBP 2011

Points
  0  10  20  30  40  50  60  70  80  90 100

Pre-RT abdominal 
surgery No

Yes

V75 Gy (%)
0 1 2 3 4 5 6 7 9

nomacu
5 10 15 20 25 30 35 40 45 50 55 60

Total Points
  0  20  40  60  80 100 120 140 160 180 200 220 240 260 280

Prob. G2-G3 
Late Rectal bleeding 0.05 0.1 0.2 0.3 0.4 0.5 0.6

radiobiological
variable

dosimetric
variable

clinical
variable

Development of nomograms



Dehing-Oberije et al, RO 2010



Which toxicity is relevant to the patient’s Quality of Life
(severe peak toxicity? persistent mild toxicity? toxicity involving 
social impairment?)

AIROPROS 0102 trial: analysis of different definitions of late fecal 
incontinence

Obviously different toxicity rates were obtained: 
37/550 (6.7%) Sever Peak_INC
22/550 (4.0%) Mean_INC ≥1 
17/550 (3.1%) Severe Chronic_INC 

Longitudinal definitions of toxicity endpoints



A different dose-volume relationship was also obtained:

Probability of late fecal incontinence
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Variable P OR

C_INC (V40Gy continuous)

Previous diseases of the colon 0.009 7.1

Use of anti-hypertensives 0.009 0.15

V40Gy (continuous) 0.12 1.027

Previous abdominal surgery 0.037 4.7

Haemorrhoids 0.2 2.2

?G3 acute Incontinence 0.014 10.2

M_INC?1 (V40Gy continuous)

Previous diseases of the colon 0.041 4.2

Use of anti-hypertensives 0.022 0.28

V40Gy (continuous) 0.021 1.035

Previous abdominal surgery 0.17 2.5

P_INC (V40Gy continuous)

?G2 acute Incontinence 0.0008 6

V40Gy (continuous) 0.29 1.01

Logistic MVA results



Use of imaging to define and score toxicity endpoints:
the rationale

Local damage of radiotherapy may induce changes of imaging 
parameters…that can be visualized/measured
Early reactions may evolve in late modifications (local, regional, whole-
organ) …that can be visualized/measured
Early assessment of local changes/abnormalities may predict 
late/chronic effects (possibility to adapt the treatment to avoid them, 
potential for fast assessment of supportive therapies and/or changes of 
therapeutic options……)
Finding pre-treatment dosimetric/clinical predictors of early imaging 
changes



Image-based quantitative score of toxicity

Changes may be assessed based on “subjective”
scores (imaging appearance)….defined by well 
assessed criteria 
Changes may be quantitatively measured directly or 
after image processing  (density, volume, different MRI 
Intensity signal, FDG-PET SUV, perfusion/diffusion 
coefficients, MRI spectroscopy….)



Image-based assessment of toxicity:
an example of “subjective” assessment

Videofluoroscopy assessment of larynx edema

 

Rancati et al. IJROBP 2010



Objective Image-based assessment of toxicity:
few relevant examples

Anatomical imaging: 
density variation in lungs 
after RT for breast 
cancer and grade 1-2 
pneumonitis

Rancati et al. R&O 2007

Clinical assessment

Density changes 
assessment (X-Rays)

Density changes 
assessment (CT)



Objective Image-based assessment of toxicity:
few relevant examples

Eisbruch et al. IJROBP 2003

Anatomical imaging: CT-based damage to constrictors, volume variations



IGRT: Opportunities for imaging-based scoring

Widely available IGRT in RT centers means a large amount 
of available (mainly CT) imaging information describing 
how anatomical changes occur during RT….for the first 
time in the history of RT (!)
Despite the limits of actually available in-room imaging, a 
lot of “biological” information is inside these images
Quantitative assessment of organ deformation can be used 
as a potentially powerful tool for scoring and predicting 
toxicity



Volume changes during RT imaged by IGRT 
to assess (tumor and) normal tissue effects

Volume variation of parotids and other organs during IMRT for HN cancer

PG: parotid glands                  
SMG: submandibular glands 
TG: thyroid gland                         
CM: constrictor muscles  
SCM:sternocleidomastoid muscles
MM: masticatory muscles             
L: larynx                                
i=ipsi, c=contro

Ricchetti et al. IJROBP 2011



Predictors of parotid shrinkage during RT

• % Parotid volume reduction depends on 
V40/Dmean, Age (and weight loss during RT)

• Data from 4 institute (87 patients)

Red: day 1; Yellow: day 15; Blue: day 30

Age (y)V40

∆
V

 %

Age (y)V40

∆
V

 %

Bi-linear model of parotid shrinkage

∆V(%) = 34.34+ 0.192 V40 - 0.2203 Age

Broggi et al. R&O 2010



Quantifying deformation during (and after) RT 
as a measure (or a predictor) of toxicity

• Shrinkage of organs (i.e: parotids), reduction of muscle mass
• Edema effects
• Changes in ventilatory capacity (i.e.:lungs)
• Changes of elastic properties (i.e.: bladder, rectum)
• Changes in mobility, (i.e: rectum)
• Fibrosis



What next ?....

Early assessment of anomalous organ deformation 
as a tool to correct/adapt the treatment to reduce toxicities !!

If the risk detected by Imaging during the early phase of RT is > X%: 

Adaptation of the treatment through replanning (if possible)

Changing therapeutic approach

Supportive cares

Intensified follow-up schedule



Challenges and research direction

Imaging findings are now much more available than in the past
This may constitute an integration of clinical assessment of toxicity, not a 
substitute (!)
There is a need of dose-volume effect models including image-based 
quantitative scores
Some studies are showing the intriguing potentials of early imaging-
assessed modifications in Adaptive RT and, more in general, in 
treatment personalization  
The challenge is to cope with complexity and specificity vs the need to 
keep synthetic scores, recognizing priorities and use common language

⇒ keping the patient as the central focus !!!



“.. With the relentless onward march of technology, we now have many 
"degrees of freedom" at our disposal when it comes to carrying out EBRT. 

But how are radiation oncologists to choose between the alternatives? 
And having made this choice, how do they decide what dose to prescribe 
to the tumour? 

The answer to both of these questions lies in enlisting the aid of 
radiobiology - the study of the effects of ionizing radiation on living matter. 

At times, I feel that we as a profession are too much in love with 
technology, forever waiting for our next high-tech fix, rather than making 
the maximum use of the incredible tools we already have.”

Radiobiology: the appliance of science
(A. Nahum, expert opinion, 2007)



But isn't it all too difficult to express the aim of radiotherapy in 
mathematical terms? 

The aim of any radiotherapy treatment administered with curative intent can 
be stated thus: 
"Maximize local tumour control for an agreed (acceptable) complication 
risk." 

For today's sophisticated, 3D radiotherapy treatment-planning systems this 
is eminently achievable, provided the functions for tumour control 
probability (TCP) and normal-tissue complication probability (NTCP) are 
embedded in the treatment-planning software. 



How will we make rational use of the new information in 
PET/MRI of the tumor, presence of hypoxia, molecular 
biology, individual radiosensitivity, genetic predisposition of the 
patient to higher complication risk, poor vasculature and so 
on? 

Only by using a TCP model containing explicit parameters such as
radiosensitivity coefficients α and β, along with an NTCP model that 
includes the tolerance dose for accepted complication rate. 

One can then choose patient-specific values as and when such 
information becomes available. 



For too long the speciality of radiotherapy has been something 
of a "black art", based on rules of thumb. 
With radiobiological guidance, it is now time to move 
radiotherapy to being a science. 
The knowledge and the tools are there. 

Cinical Oncology 2009



Modelling of how radiotherapy tumour control and complication rates 
vary with dose, fractionation, schedule duration, irradiated volume and 
use of chemotherapy for stage III NSCLC 

use the modelling to study the effectiveness of different NSCLC dose-
escalation approaches being developed in the UK



Data for pneumonitis, lung fibrosis, early and late oesophagitis, cord and
cardiac complications, and local progression-free survival at 30 months

Use of the linear-quadratic incomplete repair model to account for dose and 
fractionation effects, making linear corrections for differences in schedule 
duration, and characterising volume effects using parallel- and series-type 
concepts
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