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This report represents a summary of presentations at a joint workshop of the National Institutes of
Health and the American Association of Physicists in Medicine~AAPM!. Current methodological
issues in dose–volume modeling are addressed here from several different perspectives. Areas of
emphasis include~a! basic modeling issues including the equivalent uniform dose framework and
the bootstrap method,~b! issues in the valid use of statistics, including the need for meta-analysis,
~c! issues in dealing with organ deformation and its effects on treatment response,~d! evidence for
volume effects for rectal complications,~e! the use of volume effect data in liver and lung as a basis
for dose escalation studies, and~f! implications of uncertainties in volume effect knowledge on
optimized treatment planning. Taken together, these approaches to studying volume effects describe
many implications for the development and use of this information in radiation oncology practice.
Areas of significant interest for further research include the meta-analysis of clinical data; inter-
institutional pooled data analyses of volume effects; analyses of the uncertainties in outcome pre-
diction models, minimal parameter number outcome models for ranking treatment plans~e.g.,
equivalent uniform dose!; incorporation of the effect of motion in the outcome prediction; dose-
escalation/isorisk protocols based on outcome models; the use of functional imaging to study radio-
response; and the need for further small animal tumor control probability/normal tissue complica-
tion probability studies. ©2002 American Association of Physicists in Medicine.
@DOI: 10.1118/1.1501473#
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I. INTRODUCTION

The rapid advance and acceptance of three-dimensional
formal radiation therapy and intensity modulated radiat
therapy is revolutionizing the delivery of radiation therap
Despite this development, the ability to evaluate and co
pare the resulting highly complex dose distributions with
spect to expected clinical outcomes has lagged far beh
One major factor has been the lack of useful data availabl
assess and develop useful predictive models. A second m
factor is the need for new plan-ranking methods that co
late inherently multidimensional dose distribution data w
outcomes. This report represents a summary of presenta
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at a joint workshop of the National Institutes of Health a
the American Association of Physicists in Medicine~AAPM!
held in Bethesda, Maryland, 22 October 1999. It is the fi
publication of the Biological Effects Committee Task Grou
8, Volumetric Tissue Response Models in Radiation Onc
ogy, organized by the Biological Effects Committee of t
AAPM. Volume effect issues are addressed here from sev
different perspectives. The topics discussed include~a! basic
modeling issues including the equivalent uniform do
framework and the bootstrap method,~b! issues in the valid
use of statistics, including the need for meta-analysis,~c!
issues in dealing with organ deformation and its effects
21099„9…Õ2109Õ19Õ$19.00 © 2002 Am. Assoc. Phys. Med.
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treatment response,~d! evidence for volume effects in
clinical site ~rectum!, ~e! the use of volume effect data i
liver and lung as a basis for dose escalation studies, an~f!
implications of uncertainties in volume effect knowledge
clinical practice. The presentations and references were
dated for publication. Taken together, these approache
studying volume effects describe many implications for
development and use of this information in radiation onc
ogy practice.

II. MODELING THE EFFECT OF INHOMOGENEOUS
DOSE DISTRIBUTIONS

Andrzej Niemierko

Dose distributions in radiation therapy are inherently
homogeneous. This is due to the heterogeneity and geom
of the irradiated tissues, and the physics of radiation be
designed to deliver high dose to the tumor volume wh
maximally sparing surrounding normal structures. The
vent of three-dimensional treatment planning and, more
cently, Intensity Modulated Radiation Therapy~IMRT! cre-
ated tools for planning, and means for delivering, optimiz
dose distributions tailored to the patient’s geometry. T
IMRT dose distributions are often significantly different fro
the corresponding dose distributions obtained using n
modulated fields. Even when treatment planning is p
formed according to a specific protocol the IMRT dose d
tributions can be also substantially different from case
case, as a result of much greater flexibility available in IM
for plan individualization. However, this flexibility has als
some drawbacks. For example, optimized IMRT target d
distributions sometimes have relatively deep cold spots, u
ally on the periphery of the target volume. The clinical e
perience with such dose distributions is limited, which mak
a quantitative comparison of rival plans more difficult.

To take full advantage of the available technology and
optimize and individualize radiation treatment, one nee
tools to assess the potential clinical outcome of any radia
treatment. That is, one needs tools that quantify the proba
ity of an end point of interest@e.g., Tumor Control Probabil
ity ~TCP!, Normal Tissue Complication Probability~NTCP!,
or five-year recurrence-free survival# as a function of deliv-
ered radiation treatment~i.e., the volumetric and tempora
distribution of dose!and as a function of the most meanin
ful characteristics of the irradiated tissues and organs~i.e.,
their geometry and biology!. Of course, the response of
biological systems to radiation is complex and multifacet
It is unfeasible to account for all the processes contribut
to the observed outcomes. However, we can try to iden
and model the dominant ones.

Since radiation directly kills cells, much effort has be
expended to investigate cell survival characteristics and
develop models of tissue response to radiation based on
so-called ‘‘target cell hypothesis.’’1,2 By definition, the target
cells are those cells that are capable of replication and re
eration of the tissue. Hence, it is hypothesized that tissue
organ response to radiation can be described in terms o
survival probability of the target cells. Tissues and orga
Medical Physics, Vol. 29, No. 9, September 2002
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differ in their target cell survival characteristics and the
organization. Consequently, tissues and organs differ in t
tolerances and their response to altered dose distribut
and fractionation. These differences have important impli
tions for treatment planning and for optimization of radiati
therapy. For example, IMRT has the capability of ‘‘shapin
dose distribution by using a large number of individua
weighted ~modulated! ‘‘beamlets.’’ This capability allows
partial sparing of the sensitive critical structures surround
the target volume while still delivering a high dose to t
tumor. Obviously, to optimally distribute unavoidable dose
critical normal structures and to quantify the difference b
tween competing dose distributions one needs quantita
models of dose–volume and dose–response relationship
all structures of interest.

The fundamental requirement for any dose optimizat
process is to be able to rank the competing dose distr
tions. That is, to be able to tell which dose distribution
better. Note that for plan ranking it is unnecessary to kn
by how much one plan is better than the other. The phys
dose is an easy-to-understand and convenient metamet
radiation treatment planning. As a rule, more dose to
target volume and less dose to the critical structures is c
sidered to be better. However, because dose distributions
three-dimensional inhomogeneous objects they cannot
ranked directly. That is, it is meaningless to ask what d
was actually delivered to a structure of interest if the do
distribution within that structure is nonuniform.

A concept of Equivalent Uniform Dose~EUD! was devel-
oped for more precise reporting, analyzing, and ranking d
distributions actually delivered to irradiated organs and v
umes of interest.3 The concept of EUD assumes that any tw
dose distributions are equivalent if they cause the same
diobiological effect of interest. For example, for tumors it
often postulated that the probability of local control is det
mined by the expected number of surviving clonogens,
cording to Poisson statistics. Therefore, it can be shown
for any inhomogeneous target dose distribution the EUD
calculated as follows:

EUD52 Gy

lnF 1

N
( i 51

N ~SF2!Di /2 GyG
ln~SF2!

, ~1!

where SF2 is the fraction of clonogens surviving a dose of
Gy and the sum is taken over allN dose calculation points
within the target volume andDi is the dose at pointi. Using
the formalism of the Linear–Quadratic model but suppre
ing the quadratic component for simplicity here~see Ref. 3
for the more complex equation which results if the quadra
component is included!the EUD is calculated as follows:

EUD52

lnF 1

N
( i 51

N exp~2aDi !G
a

, ~2!

wherea is the initial slope of the survival curve.
It is important to recognize that the EUD formalism e

pressed in Eqs.~1! and~2! represents a situation where bo
dose distributions, i.e., the original inhomogeneous one
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the equivalent uniform one, are delivered with the sa
number of fractions with identical interfractional interval an
identical overall time. More generally, all nonvolumetric p
rameters of the treatment plan are constant.

There are several important consequences of the clono
survival-based EUD concept.~1! The EUD for tumors is
always bounded by the minimum target dose and the m
target dose.~2! For greater dose inhomogeneity the EU
tends toward the minimum target dose; for lesser inhomo
neity it tends toward the mean target dose.~3! The detrimen-
tal effect of a cold spot is more pronounced for tumors ch
acterized by more sensitive clonogens~i.e., lower SF2 or
higher a!. Reference 3 contains logical extensions of t
EUD model to account for absolute volume effect, dose
fraction and proliferation effects, and possible nonunifo
spatial distribution of clonogens. It should be noticed that
treatment plan optimization, the simple EUD model p
sented here with the parameter SF2 set to 0.5 is often suffi-
cient. The EUD concept has been demonstrated to be us
for clinical data analysis4 and for optimization of IMRT.5

The EUD model can be extended to normal tissues ba
on the concept of Functional Sub-Units~FSUs!.6,7 It is hy-
pothesized that for most normal structures the outcom
determined by the number or the fraction of the FSUs t
survive the treatment. Most normal organs exhibit some
of functional reserve that allows the organ to maintain
functionality, even when some fraction of that organ is co
pletely destroyed. Consequently, the FSU-based EUD m
exhibits the strongest dependence on the subvolume o
irradiated organ that receives no or very little dose. The E
for normal structures is usually bounded by the mean and
maximum dose to the structure of interest. This relations
depends upon the survival characteristics of the hypothe
FSUs and their organization. For example, for structures w
a ‘‘serial’’ organization~spinal cord and esophagus are oft
given as examples!, the EUD is closer to the maximum do
For structures with a ‘‘parallel’’ organization~e.g., lung,
liver, kidney! the EUD is closer to the mean dose.8

The effects of dose inhomogeneity can be also accou
for by using phenomenological models, such as the do
volume histogram reduction schemes based on the po
law.8–10 One can argue that it is practically impossible
develop a comprehensive biological model of tissue respo
to radiation and therefore these phenomenological
proaches may present a better~or at least less model
dependent!choice. Based on the power law the EUD can
calculated as follows:

EUD5S 1

N (
i 51

N

Di
aD 1/a

. ~3!

This EUD formula has been proposed for both tumors a
normal structures.8 The model parameter ‘‘a’’ is negative fo
tumors and positive for normal structures. It is easy to
that for large negative ‘‘a’’ the EUD tends to the minimu
dose and for large positive ‘‘a’’ the EUD tends to the maxi-
mum dose. For ‘‘a’’ equal to one the EUD represents t
average dose. The parameter ‘‘a’’ is tissue and end-point spe
Medical Physics, Vol. 29, No. 9, September 2002
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cific and the value of ‘‘a’’ needs to be obtained by fitting a
EUD-based dose-response model to clinical data.

It is difficult to differentiate and validate either biology
based or phenomenology-based models using statistically
equate methods because the available clinical data are
ally incomplete and too weak. On the other hand, beca
the data are weak it is often possible and easy to ‘‘fit’’ the
with a wrong model. That is, the data may be too weak
reject a bad model. Nevertheless, if cautiously used ei
model can provide helpful quantitative measures for evalu
ing dose distributions.

A logical consequence of the concept of EUD is to use
as a sole argument of the models of tissue response to ra
tion. This is because all the relevant effects~volumetric, tem-
poral, and others!can be accommodated within the conce
of EUD. Hence, the probability of effect to an end point
interest can be estimated using the corresponding EUD
any convenient dose-response function such as Logit, Pr
Poisson, or exponential.11–13

III. USEFUL MODELS AND ADEQUATE
METAPHORS

Donald Herbert

‘‘ All models are wrong, but some are useful.’’ G.E.P. Bo
1979.14

Quality of Care and the ‘‘ Ethics of Belief:’’ In the field
of radiation oncology, AAPM Report 43~199315! describes
in detail, ‘‘...the statistical inadequacy of many historical an
contemporary studies which have been accepted as the b
for the construction of models used in clinical practice. U
of theseflawed modelsmay well have retarded progress i
the past and, more importantly, still threatens to inhibit f
ture advances in the practice of radiation oncology.’’—L.
Cohen, 1993,16 a finding with implications for the work of
Task Group 8~see below!.

These findings are quite consistent with other evaluati
of the quality of the medical literature, e.g., ‘‘Serious wide-
spread problems exist in the clinical literature...the avera
practitioner will find relatively few journal articles that are
scientifically sound in terms of reporting usable data a
providing even moderately strong support for the
inferences.’’17 Such findings are disturbing in view of th
recent IOM report on the quality of health care.18 The Na-
tional Cancer Policy Board, in its 1999 publication, ‘‘Ensur-
ing Quality Cancer Care,’’19 used the IOM 1998 definition
of quality cancer care: ‘‘Health care can be judged as go
to the extent that it increases the likelihood ofdesired health
outcomes and is consistent with current professiona
knowledge.’’ This has two immediate implications for th
work of AAPM Bioeffects Committee Task Group 8: Firs
assessments of ‘‘desired health outcomes,’’ should inclu
psychometrically valid measures of the functional status
the patient such as is provided by the MOS SF-
questionnaire.20 The 1989 Patient Outcome Research Ac21

mandated that measures of ‘‘functional status and well-be
and patient satisfaction’’ be included with traditional me
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sures of survival, clinical end points and disease. Functio
status measurements are important not only as ‘‘outcomes’’
for payers but also as covariates in models predicting clin
‘‘ outcomes.’’ Second, some investigators have incorpor
the LQ model into IMRT models. However, the LQ model
inconsistent with ‘‘current professional knowledge:’’ AAPM
Report 43 holds the validity of the LQ model to be ve
problematic.~All models are wrong, but some are awfu!
Moreover, even if the validity of the model were less of
problem, the estimates of the parameters,a, b, and their
ratio,a/b, are encumbered with large uncertainties, both r
dom and systematic@e.g., the ratio of estimates, est~a!/
est~b!, is a biased estimate of the ratio,a/b#, since, as re-
marked in AAPM Report 43, they tend to be constructed
‘‘ dubious methods from questionable data.’’ 15 This is, of
course, ‘‘A major problem in many areas...experts often h
strong beliefs that have no evidential foundation. ... A k
problem about the ethics of belief is that people may beli
strongly in something they know little about and have lit
evidence for,’’ F. Mosteller, 1999.22

Meta-analysis: ‘‘Meta-analysis is going to revolutioniz
how the sciences, especially medicine, handle data. And
going to be the way many arguments will be ended.’’ T.
Chalmers, 1991.23 Meta-analysis is a statistical method f
combining the information residing in the summary stat
tics, say odds ratios and their standard errors, from a gr
of independent studies, e.g., clinical trials, of a given tre
ment or diagnostic procedure. In biomedical and epidem
logical investigations it is usually undertaken to achieve o
of two aims: ~1! obtaining pooled point and interval est
mates of an overall ‘‘true treatment effect.’’~2! ‘‘ borrowing
strength’’ across a group of studies to obtain improved po
and interval estimates of the effect in each study, i.e.,
proved study-specific estimates.24 There are four models o
meta-analysis: fixed effects, random effects, mixed effe
and Stein effects. The first three models are used to ach
the first aim. The last two are used to achieve the second
The Stein, or empirical Bayes model, like most Bayes m
els, provides a useful answer to the extrapolation prob
often described asBernard’s dilemma: The response of th
‘‘ average’’ patient to therapy is not necessarily the respo
of the patient being treated.

However, although meta-analysis was initially introduc
as a bridge across the gap between undersized contr
trials and the treatment of patients, given the current stat
the literature remarked above, it may be equally~or more!
useful as a filter: ‘‘Meta-analysis... spotlights the... grave
defects in the majority of original research that only come
light if an attempt is made to combine the data with that
other research.’’ T. Chalmers, 1987.25 ~Such findings deter-
mined the direction of AAPM Report 43.!

Validated reviews: As a remedy for the poor quality o
the medical literature described above, it is recommen
that the ‘‘average practitioner seek reviews based on v
dated research sources.’’17 The best such reviews are tho
of the Cochrane Collaboration. The Cochrane Collabora
is a nonprofit international organization that produces h
quality systematic reviews~where possible meta-analyses! of
Medical Physics, Vol. 29, No. 9, September 2002
al

al
ed

-

y

d
y
e

t’s

-
p

t-
-
e

t
-

s,
ve
m.
-

m

e

led
of

f

d
i-

n
h

all studies, both published and unpublished, of every sor
health care intervention.26 These are subjected to rigorou
evaluation and regularly updated. The results of these
views are regularly disseminated electronically both on C
ROM and via the Internet. Physicians and scientists seek
the best evidence either to guide their practice or to des
their studies will more likely find it in the systematic review
of the Cochrane Collaboration than in the unaggregated
‘‘ unfiltered’’ studies listed on MEDLINE or EMBASE. Nay
lor has remarked that, ‘‘...the Cochrane Collaboration is an
enterprise that rivals the Human Genome Project in the p
tential implications for modern medicine.’’ 27

Clinical databases: Clinical databases are a crucial co
ponent in the useful extrapolation of the results of clinic
trials to local clinical practice since~1! ‘‘ Clinical trials are
typically done under carefully controlled circumstances in
university setting and do not reflect the use of a technolog
community practice’’28 and ~2! ‘‘ Patients in a trial arenot
to be regarded as a random sample from so
population.’’29 Indeed, ‘‘Data on the quality of communit
practice by hospital and physician are essential for mak
proper use of data from randomized trials... the quality with
which each arm of the trial may be carried out in the com
munity may overwhelm any differences between alterna
therapies that are demonstrated in the trial itself.’’ R. Brook,
1993.30 ~Unfortunately, at present, most clinical databas
are inadequate to support useful extrapolations.!

Databases also should be considered for use both
supplement to randomized clinical trials inensemble-of-
studiesmodels, as in the meta-analytic procedure of Cro
Design Synthesis31 and in Response Surface Designs~see
below! and as an alternative to them. In the usual me
analysis, it is common to pool the summary statistics~e.g.,
the odds ratio and its standard error! of a set of studies en
cumbered by common weaknesses. In the case of clin
trials these may be high levels of type I and type II errors.
Cross-Design Synthesis the summary statistics of a se
studies with complementary weaknesses are pooled. T
clinical trial results with characteristic low external validit
~since patients in the trial are not randomly selected!29 are
pooled with database results with characteristic low inter
validity ~since rival treatments are not randomly assigned!.

Volume effects: Typically there are four categoricalout-
comes to any treatment of a cancer patient: These are

compound events,E1 and Ē2 , Ē1 and Ē2 , E1 and E2 , Ē1

andE2 , whereE1 is ablation of tumor,E2 is the complica-
tion of normal tissue~‘‘ No side effect, no effect’’! and the
overbar identifies the complementary event. Then treatm

success is the eventS5E1 and Ē2 . Treatment failure is the

complementary eventS̄5E1 andE2 or Ē1 andE2 or Ē1 and

Ē2 .32–34 It is the joint probabilities, sayP~E1 and Ē2!, of
compound events that are of interest and since the elem
tary events~E1 , E2 , etc.! are not independent, a bivariat
probit dose-response model35 is most useful. Models of the
joint probability of the occurrence of compound events a
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useful in several endeavors. Two of these are~1! the eluci-
dation of ‘‘volume effects’’ and~2! the design of clinical tri-
als.

Describing the outcome of treatment in terms of the co
pound eventsS5(E1 and Ē2) provides a useful insight into
two of the effects of volume of irradiated tissue on the pro
ability of occurrence of this event. Herbert34 ~1984!showed
that his 1983 ‘‘extreme value’’ model33 of volume effects in
radiation oncology~based on the Statistical Theory of E
treme Values that has proved so useful in explaining the
fects of a cognate ‘‘size effect’’ on the strength of materials
engineering studies!predicts~1! that the probability of un-
complicated control of a tumor decreases as the volume
creases and~2! that the slopes of the respective dose
sponse curves for ablation of tumor and complication
normal tissue increase as the volume of irradiated tiss
increase. Empirical observation strongly suggests that ra
tion complication in normal tissue is a smallest value p
nomenon and that the recurrence of a tumor is a largest v
phenomenon, i.e., ‘‘chain’’~series connection!and ‘‘rope’’
~parallel connection!models, respectively.33

Figure 1 shows the density functions of smallest and la
est values of a two parameter Weibull distribution.34 It shows
that as the sample size~volume! increases, the separatio
between the respective density functions increases:
smallest values get smaller, the largest values get larger
actly what would be expected ifx were a measure of th
‘‘ breaking strength’’ of the tissue, either normal or tum
This is the level of ambient ‘‘stress’’ at which the functiona
and/or structural integrity of the tissue fails. For example,
tumor tissue the ‘‘stress’’ may be the immunocompetence
the host, cytotoxic drugs, etc.; for normal tissue, the ‘‘stress’’
may be physical trauma such as a blow, low temperatu
etc. Figure 2 shows a superposition of the dose-respo
curves for ablation of tumor,P(E1ux1), and necrosis of nor-
mal tissue,P(E2ux1), atT545 days andN533 fractions for

FIG. 1. A superposition of the density funcion of a two-parameter~location
and scale!Weibull distributions, f (x), and the density functions of the
smallest,gi(x(1)), and largesthi(x(n)), values ofx in samples of sizen from
the parent distribution,f (x). The mode of the distribution of smallest~larg-
est! values decreases~increases!with sample sizen, e.g., n is larger for
g2(x(1)! than forg1(x(1)).
Medical Physics, Vol. 29, No. 9, September 2002
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target volumesV1 ~solid! and 2V15V2 ~dashed!in carci-
noma of the oropharynx.21 Note that thelocation and scale
measures of both dose-response curves are functions o
target volume,V. Note that thelocation of P(E1ux1) is
shifted tolower doses asV increases. Note that theslopeof
each dose-responseincreasesasV increases.

Response surface designs: Clinical trials are commonly
designed to test hypotheses on the levels of a response
able, e.g., survival, in comparing two or more interventio
However, in Response Surface Designs~RSD!, one is inter-
ested, instead, in finding, by a Steepest Ascent method,
set of values of the treatment variables that yield a maxim
response, typically, the maximum probability of uncomp
cated control of disease, a treatment success:P(S). RSD is
an iterative,evolutionary, extrapolation procedure that co
structs polynomial models of second order in the treatm
variables~‘‘ useful models’’! to a set of dose-response data.
identifies the local nature of the resulting surface~ridge,
maximum, saddle, etc.! by the sign and size of the eigenva
ues of the canonical quadratic form of the surface and if
eigenvalues are not all negative, and of roughly the sa
size, the corresponding eigenvectors give an estimate of
direction to the maximum.35 ~See Herbert 199736 for a heu-
ristic exposition of clinical RSDs.! Figure 3 gives the layou
and analysis of a typical RSD in two variables: elapsed ti
T and total doseD of radiation for treatment of cancer of th
oropharynx. The dashed lines identify a family of isoeffe
curves forP(S), the probability of uncomplicated contro
The constructed response surface is an ellipse; the signs
relative sizes of the eigenvalues suggest that the resp
surface in this region is a ‘‘ridge’’ rising in a direction give
by the eigenvector shown.

Data mining: Randomized controlled clinical trials ar

FIG. 2. A superposition of the dose–response curves for ablation of
tumor, P(Ē1ux1), and necrosis of normal tissue,P(E2ux1), at T545 days
andN533 fractions for traget volumesV1 ~solid! and 2V15V2 ~dashed!.
Note that the location of the curveP(E2ux1) is shifted to higher levels of
dosex1(5 logD) and P(E2ux1) is shifted to lower levels of dosex1. The
slope of both dose–responese curves is also increased as the volumV,
increases.
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FIG. 3. A super-position of the quadratic form con
structed on dose–response data obtained in a resp
surface design~points 1–9!in the region of D–T treat-
ment space in which the response,P(S), varies with
treatment, (D,T), along a ‘‘rising ridge.’’
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expensive in terms of time, effort, and money, and in the c
of rapidly changing technology such as IMRT, their inhere
low levels of external validity are further reduced by t
passage of time so that the results at the end of the tria
often irrelevant to any current practice. They are also frau
with serious ethical problems. However, databases have
principle, inherently high levels of external validity and rai
few ethical issues.37 Moreover, major advances in techno
ogy have provided the ability not only to create huge d
stores~e.g., terabytes of data!but also the ability to extrac
high levels of information therefrom for prediction, for dec
sion, and for understanding. This latter ability, loosely cal
‘‘ data-mining,’’ or, more precisely, knowledge discovery
databases~KDD! is a new field of statistics directed to th
discovery of useful and often unsuspected patterns hid
deep within the data base and embedded in high-dimensi
spaces.38

Nonlinear dynamics: Some investigators in the biomed
cal field have recently come to realize that, ‘‘The human
body is an exceedingly complex mosaic of nonlinear dyna
cal systems. ... A detailed understanding of the dynamic
such systems must necessarily be carried out in the conte
the mathematics of nonlinear systems.’’ L. Glass, 1991.39 For
example, several biological phenomena of particular imp
tance to radiation oncology—‘‘jumps,’’ thresholds, oscilla-
tions, bistability and birhythmicity, emergence and se
organization—are unique to nonlinear systems. Moreove
nonlinear systems, output is not only not simply proportio
to input but may be qualitatively different from it, i.e
‘‘ More is different.’’ P. Anderson, 1987,40 a potential problem
in dose-escalation studies. Anderson’s aphorism asserts
nonlinear phenomena are physically scale dependent,
there is an inherent ‘‘volume effect’’ in nonlinear dynamic
systems.

Models and metaphors: Useful models of empirical da
on outcomes must bestatistical; in particular, they must be
generalized linear models~e.g., logit, probit, Normal, Pois
son, etc.!constructed with the aid of Bayesian methods a
Medical Physics, Vol. 29, No. 9, September 2002
e
t

re
ht
in

a

d

en
al

i-
of
of

r-

-
in
l

hat
e.,
l

d

regression diagnostics and sensitivity analyses on data
tained from well-designed experiments~especially factorial!
and surveys~of databases!.15,41,42However, useful models o
theoretical constructs that inform the designs must bedy-
namical; ~dynamics: the study of how the state of a syste
changes in time!in particular, causal modelsmust be de-
scribed as nonlinear dynamical systems~sets of coupled non-
linear differential equations, both ordinary and partial! and
understood in terms of theattractor-basin-bifurcation
metaphors of nonlinear dynamics.43

In contemplating the great promise that IMRT seems
offer to the practice of radiation oncology, it is useful
recall that, ‘‘Every important scientific advance that h
come in looking like an answer, has turned, sooner or late
usually sooner—into a question.’’ L. Thomas, 1983.44

IV. DOSE–VOLUME-OUTCOME ANALYSIS: SOME
NEW METHODS AND OPEN CHALLENGES

Joseph O. Deasy

Increasing the effectiveness of radiation therapy depe
on improving our understanding of dose–volume factors
fecting tolerance and local control. We briefly discuss so
new methodologies for analyzing dose–volume effects,
some challenging open problems in this interesting field
research.

New treatment principles may emerge from a deeper
derstanding of dose–volume tumor and normal tissue
sponse. What dose distributions are most desirable?
gross disease, initial theoretical studies by us, Goiteinet al.,
and Tome and Fowler, indicate thatboosting a fraction of the
gross tumor volume (GTV) could significantly increase lo
control.45–48 The theoretical arguments and calculations c
be summarized as indicating that: partial tumor boosts
more than 10–15 Gy would be expected to eliminate~nearly!
all recurrences in which disease recurs in the boosted vol
only ~and not in the nonboost volume!. The resulting dose
response curve is expected to be nearly equivalent to
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which would hold for the same tumor but of a reduced v
ume equal to the nonboost gross tumor volume.46 It is not the
goal, of course, to give a reduced dose to part of the tum
but these considerations support the use of a partial vol
boost when a part of the tumor must be given reduced d
due to constraints from nearby normal tissues. Very f
clinical tests of theoretical ideas regarding TCP have b
published to date,49–51but this is expected to change with th
widespread implementation of 3-D treatment planning. Ho
ever, as pointed out elsewhere in this report by Ten Ha
and Yan, dosimetric ‘‘corruption’’ due to positioning erro
may need to be controlled or otherwise taken into accoun
accurately model TCP, especially as TCP is expected to
highly sensitive to even small cold spots.

It has also been shown that the effect of hot or cold sp
on TCP depends on the underlying model assumptions
cerning interpatient and intratumor radiosensitiv
heterogeneity.52 In general, TCP models that neglect interp
tient variations in radiosensitivity, yet still try to fit dos
response curves by positing a small number of resis
clonogens, are less sensitive to cold spots. A further com
cating factor is the likely existence of variations in the intr
tumor radiosensitivity heterogeneity distribution between
tients. Attempts to reconcile mechanistic TCP models w
measuredin vitro surviving fractions at 2 Gy (SF2), using
tumor biopsy material, have shown a discrepancy.52 Theoret-
ical predictions of the steepness of local control curves w
carried out using a TCP model based on Poisson cell kill
laboratory measured SF2 coefficients of variation~typically
40%!. Over a wide range of possible parameter values,
cluding wide variations in mean tumor radiosensitivity, t
TCP model usingin vitro SF2 coefficient of variation data
~i.e., coefficients of variation of 35%–45%! predicted far
shallower local control curves than those clinically observ
The inclusion of any other type of heterogeneity in the T
model, such as clonogen number interpatient heterogen
would only make predicted dose-response curves more s
low and therefore worsen the disagreement. The only s
gestion thus far to reconcile this fundamental disagreeme
that the number and radiosensitivities of the more radios
sitive clonogens within a tumor~those that tend to affect SF2

the most!varies more between patients than the number
radiosensitivities of the most resistant clonogens~those that
are more likely to affect the clinical outcome!.52 Partial sup-
port for this idea is supplied by the results of Brittenet al.,53

who measured the intratumor heterogeneity distribution
three cervical uterine carcinoma patients, and observed in
tumor heterogeneity distributions similar to those hypo
esized in Ref. 52. More measurements of intratumor het
geneity for a greater number of patients would be neede
resolve this conflict. Such investigations are needed to p
models of TCP, and consequently their clinical predictio
on a more reliable footing. Another important source of te
for TCP models could potentially be small animal expe
ments, using nonuniform but well-characterized doses of
diation to explanted xenografts.

The biological assumptions that should go into ma
ematical predictions of normal tissue complication probab
Medical Physics, Vol. 29, No. 9, September 2002
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ties ~NTCPs!are far more tenuous than those for TCP, a
therefore we expect to rely mainly on clinical data a
simple descriptive models with fewa priori assumptions.

The present uncertainties in model assumptions and
rameter values for dose–volume models are, of cours
significant barrier to clinical use of the models. This
mainly the result of the lack of high-quality clinical data fo
which the dosimetry is accurate and the outcome data
available, but there are also important open issues with
spect to data analysis. Once a ‘‘good’’ dataset has been
tablished for a given toxicity end point, it will, as usual, b
important to understand the relative uncertainty of model
to measured data. One very flexible method for estimat
model parameter uncertainties is the bootstrap techniqu54

This method is based on the idea that a multidimensio
histogram of the actual set of patient data, including o
comes, can be used as an approximation of the probabilit
collecting similar data in a future trial. One can then dra
random samples from the present collection of data to fo
pseudoclinical datasets. A pseudoclinical dataset will ty
cally include multiple copies of the data from one or mo
patients, by chance. The fitting process is then applied
each pseudoclinical dataset to derive the fitted parame
This sampling–fitting process is repeated many times~typi-
cally several hundred to a thousand times! and results in an
approximate probability distribution of the fitted parame
values ~assuming, of course, that the model is capable
fitting, or describing, the data!, given the observed inpu
data. As an example, we have applied the bootstrap te
nique to analyze the reduction of saliva due to parotid gla
irradiation.55 Figure 4 shows saliva data~stimulated by
chewing!at six months post-radiation therapy, plotted as
function of the left and right parotid mean doses. For didac
purposes we consider the simple model~other models ulti-
mately fit the data better!:

f 5
1

2NR
(
i 51

NR

exp~2adR,i !1
1

2NL
(
i 51

NL

exp~2adL,i !, ~4!

wheref is the predicted saliva level after treatment relative

FIG. 4. Relative stimulated saliva measured six months after the en
radiation therapy, plotted as a function of mean doses to the left and
parotid salivary glands.
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pretreatment,a is a radiosensitivity parameter,N refers to the
number of equivolume voxels in the left and right parotid
and thedi are the voxel doses with the additional subscr
indicating a left or right gland. This is a very simple FSU
type model, because the basic assumption is that functi
contributions are independent from voxel to voxel. The o
fitting parameter isa. Figure 5 shows the bootstrap resu
and thereby indicates howa could reasonably be expected
vary for other samples of the patient population.

It will be important to propagate the uncertainties inher
in the model parameter estimates into the final estimate
TCP/NTCP or another predicted outcome~such as the saliva
level!, so that error bars are available as part of the treatm
planning process. We have developed a technique for in
porating data uncertainties into outcome estimates, wh
also uses the bootstrap method.56 Instead of computing TCP
NTCP, or some other outcome measure using just the m
mum likelihood fitted parameters, we compute outcome
timates for the entire list of bootstrap determined sets
parameters. Again, this list is considered to be a surrogate
the probability distribution that a given parameter set is c
rect. Loss of saliva function~say! would be computed for
each of the bootstrap parameter determinations. The lis
predicted saliva levels could be used to put error bars aro
the estimate of predicted saliva level.

For outcomes that are defined as probabilities~such as
TCP and NTCP!, we suggest that it is actually more fun
mentally correct toaverage TCP/NTCP over all the resul
based on bootstrap resampling parameters, or some other
method of estimating parameter probabilities. This wo
give a more faithful estimate of the actual TCP or NTC
because we really do not know which model parameters
‘‘correct.’’ The minimum of the likelihood surface for the

FIG. 5. Shows a histogram of 500 bootstrap resampling determination
the fitted parameter a for Eq.~4!. The bootstrap results are instructive, e
pecially when distributions are non-Gaussian, as is the case here.
Gaussian distributions are common when a parameter value has a n
lower limit ~such as zero!and the coefficient of variation is of the sam
order of magnitude or larger than the mean value. The bootstrap histo
can be used to determine confidence limits. Further analyses includ
quadratic dose term~see Ref. 9!.
Medical Physics, Vol. 29, No. 9, September 2002
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original dataset is typically broad, and it follows that mod
parameters that significantly deviate from the maximum lik
lihood values have some probability of being more correc
reality.

This bootstrap-uncertainty method will not, of course, a
dress the ubiquitous problem of imperfect model assum
tions. On this point it should be emphasized that comp
sons of results using models of varying degrees
mechanistic sophistication and varying numbers of para
eters is important. As the quality of the data improves,
sophistication of the models may need to be increased. T
could involve more sophisticated assumptions and/or an
creased number of parameters. For the parotid saliva an
sis, a wide range of models~more than 20!were examined,
and it was found that, with the data at hand, at least th
different two-parameter models described the data to v
similar accuracies.55,57 It is desirable that a range of fitte
models be reported, to give readers and other investigato
clearer idea of what sort of models describe the data w
and, almost equally important, what sort of models fit t
data poorly. Useful metrics for model selection include m
rics based only on the relative ranking of treatment pla
such as Spearman’s rank correlation coefficient58 ~in cases
where the severity of the outcome is graded!, and the ‘‘ad-
justed mean square error’’~AMSE!, which attempts to esti-
mate the prediction error the model will have for ne
datasets. AMSE is equal to~residual square error!/(n22p),
wheren is the number of data points andp is the number of
model parameters. The factor 1/(n22p) is a more severe
penalty for an increased number of model parameters t
the unbiased variance factor 1/(n2p). Other methods for
estimating model prediction error can be found in Ref. 5
Levegrunet al. have used receiver operating characteris
curves to judge the goodness of various predictive mode51

An important related, but unaddressed, problem is that
models can naively be applied to any dose distributi
whereas the data typically have been~and will probably be!
derived using dose distributions that are clustered~similar! in
terms of their geometrical characteristics. Inevitably, t
models will be applied in cases where the dose distributi
are very different from those that comprised the clinic
dataset upon which the model and parameter selection
based. This might be termed the ‘‘terra incognito’’ proble
We will need new statistical methods to recognize when
plan evaluation is highly extrapolative as opposed to m
safely interpolative. In general, it appears possible that
could engineer much stronger links between the origi
clinical data and the plan ranking process, and this is
attractive area of potential investigation.

Although tolerance models~i.e., NTCP! have typically
been used to analyze complication data, some types of d
such as saliva reduction due to parotid gland irradiation,
probably best described by bioeffect models that desc
how some biological end point varies with dose–volum
changes.55–57 For bioeffect models, data at doses much le
than the typical tolerance doses can be used to unders
the trend toward unacceptable toxicity. Any measura
quantity that continuously changes with dose and which
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thought to be related to an important outcome might be
interesting candidate for investigation. Functional imag
may also be used to determine other useful bioeffect me
~such as lung perfusion59!. Last, we emphasize that if a re
evant bioeffect marker can be developed for a given o
come, the statistical precision of fitted parameters, and
sophistication of the models that can be investigated,
prove dramatically. This is due to the fact that all patie
yield informative data, not only on the presence of radiat
damage, but also on the magnitude of the damage.

Time and fractionation effects will continue to play a
important role. One underinvestigated yet potentially imp
tant effect is cellular repair on a time scale of minutes rat
than hours. DNA double-strand break repair cannot be
scribed as the result of a single exponential time consta60

Cannay and Millar conclude that there are roughly two co
ponents to cellular repair: one fast~with a half-time of the
order of 10–15 min!and one slower~with a half-time the
order of several hours!.61 They estimate that if such nonmo
noexponential repaire kinetics occur in human tissue syst
the probability of acute complications could be affected
approximately 25%. Recent calculations show that the dif
ence in biologically effective dose for late-responding n
mal tissues between delivering 2 Gy to any tissue volume
1 min versus spreading out or pulsing delivery to the sa
tissue volume over, say, 20 min could be on the order
5%–10%.62 Clearly dose-rate effects are an open issue
IMRT and stereotactic treatments whose session deliv
times vary significantly. Potential dose-rate effects are
another reason why IMRT delivery efficiency should be i
proved so that delivery times are consistent with non-IM
delivery durations.

The evolution of dose–volume-outcome models tow
becoming useful clinical tools would be aided greatly if r
searchers were to archive, in a publicly available fashion
of the relevant treatment planning and outcome data u
which publications are based. This would allow workers
compare new results~datasets and models!with old, and
would thereby be highly useful for further improving th
scientific basis for dosimetric treatment planning decision

V. THE EFFECT OF PATIENTÕORGAN POSITIONING
VARIATION ON TREATMENT AND PLANNING
EVALUATION

Di Yan

Treatment variation in positioning of the patient/org
with respect to the treatment beams causes a temporal
variation in critical normal tissues adjacent to the treatm
target. Consequently, this temporal variation induces un
tainties in understanding the normal tissue dose respo
thereby preventing reliable treatment evaluation and opti
zation. Numerous studies have been performed in the
decade to evaluate the potential effect of the temporal d
variation. However, the results are quite inconclusive a
controversial. Besides patient-related factors, disagreem
have been caused by the models and assumptions appli
Medical Physics, Vol. 29, No. 9, September 2002
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each study. The following discussion outlines the quantifi
tion and evaluation models for studying the temporal do
variation, and their potential limitations.

Quantification: The geometric configuration of an orga
of interest in pretreatment planning is determined by us
positions of its subvolumes at the time of treatment simu
tion. Internal organ motion/deformation and patient setup
ror during the process of radiation delivery result in the d
placements of these subvolumes with respect to th
planning positions. Therefore, treatment variation in po
tioning of any organ can be quantified using the displa
ments of its subvolumes from the planning positions to
actual treatment positions.

The displacements can be determined based on the n
of the geometric variation in question, using a rigid bo
motion model and/or a nonrigid body motion model. Rig
body motion has a distance conserving property for any p
of subvolumes, and therefore implicitly assumes that pat
organs maintain their shape and size during the treatm
course. The rigid body motion model has been applied
measure the relative position of patient rigid bony struct
with respect to the radiation beam in computing patient se
error.63 In this case, a linear transformation, determined
ing the displacement of a few fiducial points in the bo
structure, can be used to represent the entire structure’s
tion. However, the assumption of rigid body motion is lim
iting and unnatural for a human soft organ.

Using nonrigid body motion to study patient soft orga
motion/deformation is a more appropriate model and has
ceived more attention recently.64–66 Unlike the rigid body
motion model, the nonrigid body motion model groups
subvolumes in a deforming organ under a biomechan
structure with tissue elasticity and/or compressibility. Ea
subvolume displacement is then calculated by applying
finite element method.

Characterization: In the radiation treatment process, th
patient organ geometry as manifested on treatment sim
tion image is used in pretreatment planning as the refere
for treatment delivery. Any deviation between the actu
treatment positions of an organ subvolume and its refere
position represents an unfavorable displacement cause
either internal organ motion/deformation or patient setup
ror at the treatment. For a given patient, the difference
tween the mean of treatment positions of a subvolume an
simulation position has been used to quantify the system
displacementm of the subvolume position. Similarly, eac
treatment position subtracted by the mean has been de
as the random displacement of the subvolume. The syst
atic displacement and the standard deviations of the random
displacement have been commonly used to characteriz
patient-specific geometric variation, such as daily setup e
of the individual.67

General organ displacement with multiple patients’ d
can be characterized using a preselected fiducial point c
mon to each patient. The fiducial point has typically be
selected to represent either the average motion or the m
mum motion of the organ in a given direction. When org
motion data for a large number of patients is pooled, one
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classify the patients into separate groups based on the m
nitude of the standard deviation of fiducial point displac
ment. The sequence of position displacements during
treatment for the patients in a given group can be mathem
cally modeled as a random process, in which each patien
different systematic displacement based on his or her si
lation position, and a similar standard deviation of the ra
dom displacement. With this classification, one can obse
and identify an important property for intertreatment geom
ric variation: the systematic displacement among patients
a specific group has a probability distribution similar to th
distribution of the random displacements, if similar proc
dures for patient setup and organ location are applied
both simulation and treatment. This property was obser
and discussed by Bijhold in the early 1990s67 for a study of
patient setup error, and it is also true for the general displa
ment of an organ subvolume during the treatment cours68

Tables I and II show a specific example of intertreatm
prostatic motion obtained from a previous study.69 This prop-
erty also indicates that a group of patients who have
broadest distribution of the random displacement in th
daily setup position and/or internal organ location will al
have the broadest distribution of their systematic displa
ment. Therefore, treatment planning evaluation and gen
CTV-to-PTV margin design should consider this feature.

Dosimetric effect: Dose deviation in organs of intere
caused by patient/organ geometric variation can be dec
posed into two parts and considered independently.69 The
first part represents the deviation in the absorbed dose
spatial point due to patient configuration~e.g., skin surface!
and/or internal tissue density distribution changes~e.g., den-
sity of the lung and the other hollow organs!. These changes
result in a discrepancy between the dose calculated at t
ment planning and the dose actually delivered at the s
spatial point. This effect could be significant for a hollo
organ or organ adjacent to bone, and can be better d
mined by reconstructing dose based on an on-line treatm

TABLE I. Treatment setup error~mm! for 30 prostate patients.

Group 1 Group 2 All

~mm! Syst
s~m!

Rand
s~j!

Syst
s~m!

Rand
s~j!

Syst
s~m!

Rand
s~j!

AP 2.0 1.5 4.0 3.0 2.9 2.2
SI 1.6 1.2 2.2 2.2 1.9 1.8
RL 1.5 1.5 2.4 2.8 1.8 2.2

TABLE II. Target (prostate1sv) COM motion~mm! for 30 prostate patients
COM5center of mass.

Group 1 Group 2 All

~mm! Syst
s~m!

Rand
s~j!

Syst
s~m!

Rand
s~j!

Syst
s~m!

Rand
s~j!

AP 3.3 1.9 4.6 3.3 3.6 2.6
SI 2.3 1.7 3.3 2.4 2.5 2.0
RL NA NA NA NA NA NA
Medical Physics, Vol. 29, No. 9, September 2002
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CT image. Here, it is assumed that the variation of machin
output and errors of dose calculation are minimal, and n
ligible. The second part represents the dose deviation du
the actual position displacement of the subvolume with
spect to the anatomical landmarks, which can be determ
using the knowledge of subvolume displacement calcula
by considering organ motion/deformation and setup error
the following discussion, we will focus on the dose deviati
due to subvolume displacement alone.

The cumulative dose deviation in a subvolume can
calculated by directly convolving the dose distribution wi
the distribution of organ subvolume displacement,70 or
approximated69 as

DD'mT
•n•“̄d@x0 ,x01m#1sT"

~n21!

2

•

]2d

]x2 ~x01m!"s, ~5!

wherex0 represents the subvolume position at the treatm
simulation,m ands are the systematic displacement and t
standard deviation of the random displacement,n is the num-
ber of treatment fractions, and“̄d@x0 ,x01m# and
(]2d/]x2)(x01m) are the mean dose gradient in the interv
@x0 ,x01m# and curvature of the dose distribution at th
point x01m. Using this relation, the cumulative dose devi
tion can be evaluated approximately by using the system
displacement and the standard deviation of the random
placement alone, without considering the specific distrib
tion of the displacement. Therefore, we can conclude
following: the cumulative dose deviation for a organ subv
ume is more sensitive to the shape of the dose profile (r
tive to the dose gradient and curvature), and less sensitiv
the shape of the subvolume displacement distributions
long as those distributions have equal systematic displa
ment and the same standard deviation of the random
placement.

The cumulative dose deviation caused by the geome
variation, or the resulting deviation of the normal tissue co
plication probability~NTCP!, has been commonly applied
evaluate normal tissue dose responses and treatment p
However, this evaluation potentially masks the effect of t
random displacement, particularly for critical normal orga
adjacent to the treatment volume. This is because the a
cent normal organs are commonly located at the linear p
tion of the dose penumbra region, where the dose distr
tion curvature is small, but the dose gradient has
maximum. Figure 6 indicates the frequency distribution
fraction dose deviations, as well as the corresponding cu
lative dose deviations, to two subvolumes, which are loca
in the treatment planning on the 40% and 90% isodose
face, respectively. The fractional dose deviations were ca
lated by simulating the subvolume displacement as a Ga
ian distribution with zero mean, representing no system
displacement, and 5 nm standard deviation, characteri
the random displacement. The result demonstrates that
spectrum of fraction dose deviations is broad, with more th
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100% difference between the maximum and minimum v
ues, however the corresponding cumulative dose deviatio
less than 10%. Furthermore, a similar or even identical
mulative dose deviation can arise from totally different sp
trums of fraction dose deviations. This implies that using
cumulative dose deviation alone to perform treatment ev
ation ignores the effect of fraction dose deviation, and co
misinterpret the treatment dose response for organs of in
est, particularly for critical normal organs. Moreover, th
issue becomes even more problematic when a treatmen
a small targeting margin and sharp dose gradient.

Radiobiological effect: Effect of the fraction dose devia
tion in an organ of interest can be evaluated using the
logical effective dose~BED!,71,72 which is the equivalent to-
tal dose if given in infinitely small fractions. The deviation
BED for an organ subvolume calculated using the plan
dose and delivered dose can be denoted69 as

DBED5S 11
2•dp

a/b D •DD1
1

a/b
•(

t51

n

@Ddt#
2, ~6!

wheredp is the dose in the subvolume initially calculated
treatment planning, therefore the corresponding BED at
treatment planning is BED5n•dp•(11dp /a/b), DD is the
cumulative dose deviation, andDdt is the fraction dose de
viation to the subvolume between the actual delivery at
treatmentt and the planning calculation. Therefore, the
diobiological dose deviationDBED is proportional to both
the cumulative dose deviation and the square of the frac
dose deviation. Furthermore, the BED deviation is more p
nounced for late reacting normal tissues, due to the sma
a/b values. Therefore,significant deviation on the biologica
effective dose could be expected in a critical normal str
ture, even if the cumulative dose deviation in this structure
negligible. Patients with similar geometric variation chara
teristics can experience different BEDs, and the differen
are very sensitive to the dose gradient and the total num
of treatment fractions.

Figure 7 shows the distribution of BED deviations amo
patients to a subvolume located at the 80% isodose line
ing the treatment planning. The value in Fig. 7 was cal
lated for three groups of patients with the subvolume d

FIG. 6. Cumulative dose deviationDD and the distribution of fraction dose
deviationDdt in a subvolume. Both deviations are normalized to the cor
sponding planned dose.
Medical Physics, Vol. 29, No. 9, September 2002
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placement ~in one dimension! of each group: (m,s)
5(4,5), ~0, 5!, or ~24, 5!mm, respectively. The frequenc
of patients who experience different BEDs was plotted
normalizing theirDBEDs to the planned value, with the pre
scribed fraction dose 2 Gy for total treatment fractionsn
535. The results demonstrate that a broad spectrum of
logical dose response variation can occur in clinical tre
ment, even if a given group of patients have similar geom
ric variation characteristics.

VI. EVIDENCE OF VOLUME EFFECTS FOR
RECTAL BLEEDING

Andrew Jackson

Treatment planning for the external beam radiotherapy
cancers rests on a few simple principles. One of the m
important is that tolerance doses for normal tissues dep
on the exposed volumes of the involved organs~i.e., there
are volume effects!. This assumption provides the basis
the many Phase I dose escalation trials currently in progr
which use the information provided by CT scans and 3
dose distributions to design treatments that minimize nor
organ exposure while raising the dose to the target. The
istence of volume effects is widely held to be true, but f
clinical endpoints the supporting evidence is often of po
quality and sparse. There are clear reasons for this; s
historical and some intrinsic to the nature of complication

A specific example will illustrate these problems: ev
dence for volume effects in rectal bleeding after rad
therapy. When severe, rectal bleeding can be a dose lim
late complication of external beam radiotherapy for prost
cancer.

Estimates of partial volume tolerance doses were co
piled by Emamiet al.73 and gathered mostly from experienc
of complications that occurred before the era of 3-D tre
ment planning, when little or no quantitative data was ava
able on the exposed volumes of involved organs. At t
time, Emamiet al. stated that there was no volume effect f
severe late effects in the rectum, while admitting that pu
lished articles contained little or no volume information. M

-FIG. 7. Distribution of BED deviations in a subvolume for three groups
patients. The displacement in each group of patients hasm ands to be ~4
mm, 5 mm! ~dot-n–dashed curve!,~0 mm, 5 mm! ~dashed curve!or ~24
mm, 5 mm! ~solid curve!, respectively.
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meghanet al.,74 who studied 218 patients treated for prosta
cancer to various doses in the range 50–65 Gy, saw a co
lation between bowel complications and inclusion of t
whole pelvis in the irradiated volume. Dearnaleyet al.75 con-
ducted a randomized clinical trial of nonconformal and co
formal radiotherapy for prostate cancer and demonstrate
decrease in late rectal bleeding~RTOG grade 2 or higher
from 15% to 5%.

Dose–volume data from 3-D conformal dose escalat
studies have also indicated that volume effects for re
bleeding exist. Benket al.76 reported data from Dose Volum
Histograms~DVHs! of 41 patients treated by photon who
pelvis and proton boost fields to 75.6 Cobalt Gy Equival
~CGE!, with the rectum localized using a probe. Fourte
patients developed rectal bleeding,~6 grade 1, and 8 grade
using the RTOG classification77!. A significantly higher inci-
dence of bleeding was observed among those patients
>40% of the anterior rectal wall receiving 75 CGE. Subs
quent analysis of the same data by Hartfordet al.78 showed
that dose–volume cutoffs at lower doses~down to>70% of
the anterior wall receiving 60 Gy! also produced significan
correlation with bleeding, as did a model of NTCP. Schul
eisset al.79 reported high actuarial rates of grade 2 and 3
morbidity following prostate treatment using a four-fie
technique, showing a strong dose response. For pat
treated to 73–76 Gy to the isocenter, a significant reduc
in morbidity was observed in those patients for whom rec
shielding was increased for the last 10 Gy of treatment
was not clear if this was due to a volume effect, or to t
decrease in dose to the rectal wall, since the DVHs were
analyzed. Boersmaet al.80 studied DVHs from 130 patient
treated for prostate cancer to isocenter doses between 7
Gy in 2 Gy fractions with three-field 3DCRT. Pelvic node
were treated to 64% of the prescription dose at a lower d
per fraction using a simultaneous boost technique delive
with partial transmission shielding, and doses above 70
were delivered with additional rectal shielding. Grade 2
higher rectal bleeding~RTOG! was observed in 18 patients
four of whom required one or more laser treatments a
blood transfusions. No significant correlation with dos
volume parameters was seen for grade 2 rectal bleed
However, for the four cases of severe rectal bleeding, a
nificant correlation with volume receiving doses greater th
65 Gy was seen. Recently, Skwarchuket al.81 and Jackson
et al.82 have studied patients treated prone with a six-fi
technique to 75.6 Gy at Memorial Sloan–Kettering Can
Center. These studies included 36 patients with grade 2 re
bleeding by 30 months and a random sample of 83 ou
192 eligible patients without grade 2 bleeding at 30 mont
The percent volumes of rectal wall exposed to 47 and 77
were both found to be significantly correlated with grade
rectal bleeding. Additional analysis of this data indicates t
a functional reserve of tissue receiving less than 40–50
may be important in preventing rectal bleeding.83 A recent
article by Fenwick,84 which found a dependence of rect
bleeding on the area of rectal wall receiving>57 Gy lends
support to the hypothesis that the extent of exposure to r
tively low doses may play a role in causing rectal bleedin
Medical Physics, Vol. 29, No. 9, September 2002
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Properly conservative treatment practice naturally lim
the number of serious complications~‘‘responders’’! that
arise, severely limiting the statistical power of studies fro
single institutions. While studies without responders m
help to define regions of safe treatment, only studies w
responders can locate the boundary of safe treatment. I
the recent reports, the raw numbers of severe cases of r
bleeding reported were small: Benk/Hartfordet al.: 1 case of
grade 3 bleeding; Boersmaet al.: 4 cases requiring lase
surgery/transfusion; Schultheisset al.: 15 cases of grade
morbidity. Studying the volume effect in such small numbe
of patients all treated with a similar technique is very dif
cult. Studying grade 2 complications has the advantage
better statistics. However, the grade 2 endpoint is not d
limiting, and its diagnosis is more subjective. Some just
cation for studying this end point comes from the study
Schultheisset al., which showed that the rate of grade 3
complications also rose when the grade 2 rate rose ab
20%.

Data from single institutions, often involving single trea
ment techniques, may not provide an adequate range of
volume combinations from which to determine volume e
fects. For example, while Schultheisset al. found that treat-
ment of the whole pelvis to 45 Gy was not significant
associated with increased GI morbidity~in contrast to the
results of Skwarchuket al. and Jacksonet al.!, the studies of
Benket al., Hartfordet al., and Boersmaet al.could shed no
light on this issue, since all patients received irradiation w
large pelvic fields to 44–50 Gy.

Other ~perhaps intractable!problems arise when compa
ing results from different institutions. For example, org
motion may be expected to change the dose delivered f
the planned dose, but the extent and location of these eff
may depend upon institution-specific factors such as pat
setup~e.g., supine or prone!and treatment technique~e.g.,
patients in the studies of Benket al. and Hartfordet al. were
treated with a perineal proton boost field with the rectal w
fixed with a probe!. Finally, and importantly, endpoints us
to study the outcome are difficult to define~especially for
low-grade complications! and may differ not only from in-
stitution to institution, but also from physician to physicia

Despite the limitations imposed by poor statistics, tre
ment technique, organ motion, and the difficulties inheren
comparing results from different institutions, evidence
emerging, from 3-D conformal dose-escalation trials, t
demonstrates the existence of volume effects in late re
bleeding. Continued accumulation and careful analysis
this data is the only way we might hope to quantify the
important limitations on external beam radiotherapy for pr
tate cancer.

VII. USING DOSE–VOLUME MODELS TO DESIGN
CLINICAL TRIALS: NORMAL TISSUE-BASED
DOSE ESCALATION IN LIVER AND LUNG

Randall K. Ten Haken

Liver and lung belong to a group of normal tissues ge
erally believed to~a! exhibit a ‘‘volume effect,’’~b! sustain
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damage in a ‘‘parallel’’ versus ‘‘serial’’ fashion, and~c! be
subject to a ‘‘functional reserve’’ below which damage m
not cause injury and above which injury results. This ma
their study attractive for NTCP modeling. Liver studies re
resent perhaps the best hope for modeling. The volume
dose can be estimated fairly well, local damage may exh
a response to dose, and the relationship of cumulative l
damage to organ injury may also be indicated. Due in par
a desire for aggressive treatment, the consequences of
irradiation have received more attention. However, mode
will remain challenging due to many issues associated w
the assessment of lung complication data. Issues include
definition of an end point~pneumonitis, fibrosis, etc.!, con
founding factors such as preexisting disease and che
therapy, modeling lung function~nonuniform distribution of
FSUs, regional differences in FSU radiosensitivities a
function!, and compensatory effects. Functional imaging85–88

can help in the assessment of some of these effects. H
ever, dose distributions in both liver and lung are suspect
to organ motion due to patient breathing.89 Despite these
concerns, general approaches to systematically gather pa
data are needed and are starting to emerge. Thus, treat
planning and better understanding of normal tissue com
cations remain as challenging issues for those involved in
treatment of lung and liver cancer,90–100to list a few.

Variations on one general approach toward implemen
NTCP models for liver and lung have been adopted at s
eral treatment centers.90,94,98,101,102First, one treats patient
and collects 3-D dose–volume data, together with the ass
ments of patient outcome. Next, a retrospective analysis
be performed to estimate parameters of a descriptive NT
model.103,104Finally, a prospective ‘‘normal tissue dose esc
lation’’ trial may be started, escalating groups of patie
from nominal iso-NTCP levels according to common lev
of risk. This contrasts with standard dose trials that delive
target dose without regard to the volume of normal tissue
a consequence, these types of trials accommodate the i
duction of new technologies that may produce more con
mal dose distributions. Although the target volume dose d
tribution may change, corresponding changes in
prescription dose ensure that the same normal tissue risk
els are maintained. Thus, the data from a new patient, tre
with an advanced technology, is guided by the same
NTCP level as the previous patient treated with the ol
technology. As more outcome data are acquired, it sho
then be possible to continue to refine model parameter
use the data for input to test other models.

Recent trials in the treatment of intrahepatic tumors h
to illustrate this approach. Substantial retrospective data
gested that parts of the liver could safely receive far hig
doses than traditionally delivered. In 1987 a series of stud
using 3-D conformal therapy were begun based on two f
damental concepts. First, the ability existed to significan
reduce the dose to the normal liver.105 Second, conforma
treatment planning permitted quantification of the fraction
normal liver irradiated that could be conveniently expres
for input in a NTCP model. The first trial used a simp
scheme based on the volume of a normal liver receiv
Medical Physics, Vol. 29, No. 9, September 2002
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.50% of the prescription dose.106 For both colorectal can-
cers metastatic to the liver and primary hepatobiliary c
cers, far higher tumor response rates were observed than
previously been possible using radiation.107 Retrospective
analysis of those data allowed the refinement of parame
of the Lyman model108 to describe the probability of causin
radiation-induced liver disease, based on both the radia
dose and the liver volume irradiated.109 Subsequently, a new
prospective trial was initiated in an attempt to safely esca
the dose of radiation for patients with intrahepatic canc
The trial uses a protocol98 in which each patient receives th
maximum possible dose while being subjected to a pre
risk of radiation-induced liver disease~RILD! or ‘‘radiation
hepatitis’’ based on a normal tissue complication probabi
~NTCP! model.108,110 The goal of planning is to maximize
the dose to the target while both minimizing the effecti
volume Veff for the liver and respecting other dose-limitin
organs. This is made possible through the realization102 that
the computation of Veff is independent of dose ‘‘units.’’ Th
is, the value of Veff depends only on the shape of the DV
and the relative value of Dref. Therefore, a value of Veff m
be computed for each patient from a relative isodose dis
bution ~%! before a physical dose~Gy! ~based on an iso-
NTCP level! is prescribed. Early results indicate91,92,98 the
dose delivered using this approach is significantly hig
than the dose that would have been delivered by the prev
protocol, and data for use in NTCP analysis continues to
accrued. These results suggest that a NTCP model base
patient data~rather than literature estimates! can be used pro-
spectively to safely deliver far higher doses of radiation w
a more consistent risk of complication than would have p
viously been considered possible for patients with intra
patic cancer. However, clearly, multi-institutional studies w
be required to obtain significant numbers of events to per
a good parameterization of model parameters.

A major potential impediment to effectively modelin
normal tissue dose-volume relationships in the abdomen
pelvis is including the effects of patient breathing in the
sulting dose distributions. Treatment planning CT sca
~even if done with a breath-hold!illustrate the shape and
position of thoracic and abdominal structures at one poin
time and thus may poorly predict the actual patient status
dose calculations unless similar breath-hold procedures
used at treatment.111,112 The dosimetric corrections intro
duced by geometric changes can be as large as the unce
ties often associated with the dose calculation density cor
tion algorithms.113,114 Current treatment plans include
margin for ventilation, typically based on the fluoroscop
observation of the tumor shadow and/or diaphragm un
ventilation at simulation. While this may ensure tumor vo
ume coverage, it leads to larger than necessary treatm
volumes and can produce misleading NTCP estimates. T
is, even given that~when done properly!standard practice
~PTV formation!could help assure that CTVs would indee
receive their desired doses, traditional initial dose distrib
tion calculations would not include the effects of uncerta
ties from daily setup variations and organ motion. Thus, th
would not represent dose distributions actually received
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patients over their course of treatment. Preliminary stud
indicate that clinically meaningful~several fraction!differ-
ences in the prescribed dose could result if dose distribut
that include the effects of organ motion were used in place
the original static treatment plans.115,116Clearly, further stud-
ies of the impact of patient-related geometric variations
normal tissue dose distributions are called for.

VIII. THE EFFECT ON PLAN EVALUATION OF
UNCERTAINTY IN TOLERANCE LIMITS

Mark Langer

The levels of radiation dose that can be tolerated by
ferent tissues are not precisely known, and this uncerta
makes it difficult to compare treatment plans. Comparis
become uncertain when a small change in a tolerance l
produces a large change in the dose delivered to the tu
Not all tolerance limits have the same effect on tumor do
The selection of treatment plans can be improved by foc
ing efforts to reduce tolerance uncertainty on those limits
which small errors cause the greatest shortfalls in tum
dose. Modern methods for plan construction allow the se
tivities of tumor dose to errors in tolerance limits to be d
covered.

A wide range of tolerance limits for different organs c
be found in the literature or in protocol rules. Dose limits f
the spinal cord found among protocols that outline the rad
therapy to be used for a single condition—small cell lu
cancer treated with coincident platinum-based chemothe
range from 44 Gy in 22 fractions to 50 Gy in 25 fractions
variation of 14%.117,118The volume fraction of the heart tha
protocols require to be protected is nearly always 50%,
the dose limit on this protected fraction can range fro
30–50 Gy. Both the threshold dose and the protected volu
of the lung to be maintained in thoracic radiation are unc
tain. A cutoff of 30 Gy for up to 70% of the total lung i
specified in a small cell protocol using coincident chem
therapy, while a dose cutoff of 20 Gy for a stratified set
lung volumes has been adopted by the RTOG for their tum
dose escalation protocol 93-11.117,119 In the literature, the
threshold dose level used to relate pulmonary damage to
lung volume irradiated to beyond that level has been take
be either 30 or 20 Gy.120,121Some studies do not use dose
volume constraints, but rather continuous response mod
as discussed above. Small changes in a tolerance limit
produce large effects on the dose that can be delivered to
tumor, but the effect of uncertainty on tumor dose need
be the same from one limit to the next. A study evaluat
the benefit of a computer controlled technique for treat
lung cancer found that the gain over a conventional met
was very sensitive to the volume of contralateral lung p
mitted to receive more than a threshold dose of 20 Gy. If
lung volume allowed more than 20 Gy was restricted to 27
the gain by substituting a computer controlled technique
conventional therapy was 7 Gy, but further tightening t
volume limit to 25% reduced the gain to only 1 Gy.122 A
larger study found that the minimum target dose that co
be achieved with conventional therapy could be increase
Medical Physics, Vol. 29, No. 9, September 2002
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two of six cases by more than 9% to reach a level grea
than 80 Gy by expanding by 2%–3% the volume of t
contralateral lung allowed to receive a threshold dose of
Gy.123 While gains in tumor dose for lung cancer treatme
may be very sensitive to the limit on the lung volume that
allowed to receive greater than some threshold dose, the
act setting of the threshold dose level may be less import
It has been suggested that the volume of lung receiving.20
Gy and the volume of lung receiving.30 Gy may be tightly
correlated parameters, at least when traditional plans
used.124 It may be that the minimum tumor dose is mo
sensitive to small changes to a volume limit than to a d
limit. In this case, a phase I study will yield the greatest g
in target dose for a given reduction in the uncertainty o
tolerance limit if it is designed to reduce the error in t
maximum volume allowed a given dose and not the ma
mum dose allowed in a given volume.

The sensitivity of tumor dose to tolerance uncertainty c
readily be discovered using an optimization package
beam weighting that can quickly construct a treatment p
given rules on the volume distribution of dose in critic
structures, including target and normal tissues. In a serie
lung cancer patients whose boosts were planned usin
computer controlled technique, small changes in a limit
dose inhomogeneity within the target produced large chan
in the minimum tumor dose that could be delivered. A min
mum tumor dose of.80 Gy could be delivered in all six
cases examined when an inhomogeneity limit of 20% w
accepted, but the minimum tumor dose fell to the ran
44–64 Gy when the limit was tightened to 13%–17%.125

An example of the differences that can be seen in
sensitivity of tumor dose to various tissue limits is shown
Fig. 8 for a hypothetical model. The figure depicts the hig
est value for the minimum tumor dose that can be obtai
under different combinations of partial volume limits for tw
tissues. For tissue 1, a reduction of 5%, from to 75% to 70
in the volume held to a dose<20 Gy allows a large increas

FIG. 8. Minimum tumor dose possible for different combinations of do
volume constraints on two tissues.
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in the minimum dose that can be delivered to the tum
about 16 Gy. On the other hand, changes in the volume
tissue 2 that must be held to a dose<30 Gy, within the range
of 65%–85%, barely affect the minimum tumor dose th
can be obtained. If similar findings were seen in clinic
series, then a planned phase I dose escalation trial shou
designed to reduce the uncertainty in the tolerance limit
tissue 1 rather than for tissue 2 if the aim is to allow t
greatest possible increase in tumor dose for a given reduc
in uncertainty. In clinical applications, similar behavi
might be observed in the treatment of thoracic tumors, w
tissue 1 representing lung and tissue 2 representing h
When new treatment methods are applied, small relaxat
in the dose constraints that have been traditionally set m
be introduced. An example is the relaxation in inhomoge
ity limits that has accompanied the use of intensity mo
lated radiotherapy. The relaxations confound the ability
assess the merits of the new techniques. The dose gains
might be the consequence of the relaxed dose constraints
not the new technologyper se.

The acute sensitivity of tumor dose to small changes i
tolerance condition implies that any comparison of treatm
techniques should adhere to a rigid set of rules. Not unc
monly, one finds that a new treatment technique trades o
small deterioration in the dose distribution in one struct
for a larger gain in another.126 Even if the deterioration pro
duced in one structure is so small as to be felt to be clinic
unimportant, the newer technique cannot be said to be s
rior. Had the older technique been allowed the same sm
relaxation of the dose distribution in the first structure,
might have produced the same gain in the dose distribu
in the second. Relaxations as small as 2%–3% in the l
volume receiving>20 Gy were found in one study to com
pletely eliminate the gains attributed to conformal thera
over standard techniques for treating lung cancer.123 Data
describing the sensitivity of the objective to changes in
constraints over a wide range of values have been rece
reported for clinical cases in the abdomen and prostate.127,128

The sensitivity problem is not eliminated by the introdu
tion of score functions that rate the dose distributions in d
ferent structures rather than demand that a set of constr
be satisfied. The score functions themselves have er
whose sizes are seldom estimated. Even if score funct
correctly order plans according to their probabilities of p
ducing reactions in different tissues, the overall ranking
the plans by the probability of avoiding any tissue complic
tion may still be wrong.129 There is a strong connection be
tween maximizing an objective subject to constraints, a
maximizing a weighted function of the constraint terms a
the objective. When the feasible space is piecewise con
the solution to the first problem corresponds to a solving
second problem for a particular set of weights.130 If there are
errors in the constraints, then there will also be errors in
function that scores plans by weighting their deviations fr
the constraints.

Treatment techniques are best compared by conside
the sensitivity of the delivered tumor dose to errors in
specification of the constraints. If tumor control or norm
Medical Physics, Vol. 29, No. 9, September 2002
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tissue complication probabilities are used to compare pla
the error in their individual terms should be determined a
propagated to give an error in the overall score. Phas
studies should be designed to reduce the error in the dos
volume limit that would allow the largest increase in tum
dose were its uncertainty made smaller. This determinatio
necessarily a computer-based exercise given typical pa
datasets. The effect on tumor dose of relaxing a constr
within its range of uncertainty should be made available
physicians involved in the selection of treatment plans.

IX. SUMMARY

Widespread availability of 3-D treatment planning sy
tems has facilitated the analysis of outcomes based on
planned dose distributions. Although volume-effects are d
ficult to study due to understandably small clinical-eve
rates, volume-effects based on fully 3-D dose distributio
have been observed for rectal, liver, and lung end poi
among other sites. From the work presented here it is c
that much more clinical data directed toward evaluation
3-D conformal and IMRT dose distributions is necessa
Points of emphasis include the following.

~i! Dose–volume outcome models with a minimal numb
of parameters, which can describe the observed data and
dose distributions, for both normal tissues and tumors, w
potentially play an important clinical role and deserve furth
development.

~ii! Pooled-data analyses, which utilize data and mode
techniques from different institutions could potentially im
prove both the range of validity of dose–volume outcom
models and the accuracy of model parameters.

~iii! Analyses of the cumulative uncertainties in the app
cation of radiobiological outcome models to individual p
tients, and the presentation of such uncertainties to clin
users, is desirable.

~iv! Patient motion effects, such as breathing motion, c
significantly change the response to radiation. However
some cases such motion can be measured and modeled
thereby included in outcome data analysis.

~v! Volume-effect models can be effectively used as
basis for dose-escalation protocols, thereby leading to be
models and ultimately better protocols.

~vi! Uncertainties in volume-effect models and dos
volume constraints used for optimized treatment plann
have important clinical consequences. In particular, resea
should focus on those aspects of models or constraints
are more likely to impact the ability to safely deliver tumor
cidal doses.

In order to harvest the benefit of advances in dose de
ery techniques, we require quantitative, individualized, p
treatment estimates of risks and benefits. The present s
tion brings to mind words of Fermi: ‘‘...we must be prepar
for a long hard pull... .’’131
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