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Modern treatment planning systems for three-dimensional treatment planning provide three-
dimensionally accurate dose distributions for each individual patient. These data open up new
possibilities for more precise reporting and analysis of doses actually delivered to irradiated organs
and volumes of interest. A new method of summarizing and reporting inhomogeneous dose distri-
butions is reported here. The concept of equivalent uniform (BE®) assumes that any two dose
distributions are equivalent if they cause the same radiobiological effect. In this paper the EUD
concept for tumors is presented, for which the probability of local control is assumed to be deter-
mined by the expected number of surviving clonogens, according to Poisson statistics. The EUD
can be calculated directly from the dose calculation points or, from the corresponding dose-volume
distributions(histogramg The fraction of clonogens surviving a dose of 2 ®F,) is chosen to be

the primary operational parameter characterizing radiosensitivity of clonogens. The application of
the EUD concept is demonstrated on a clinical dataset. The causes of flattening of the observed
dose-response curves become apparent since the EUD concept reveals the finer structure of the
analyzed group of patients in respect to the irradiated volumes and doses actually received. Exten-
sions of the basic EUD concept to include nonuniform density of clonogens, dose per fraction
effects, repopulation of clonogens, and inhomogeneity of patient population are discussed and
compared with the basic formula. @997 American Association of Physicists in Medicine.
[S0094-24087)00501-4
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[. INTRODUCTION be far from it, especially for normal tissues. Brahme pro-
o ) ) ) ) posed that, for relatively small dose nonuniformity, the dose

Despite impressive developments in three-dimensi@®)  effectively delivered to the target can be approximated by the

treatment planning, until quite recently, the prescription, ;- target dos:For large dose inhomogeneities Brahme

specification, and reporting of radiation treatments have n°§uggests using the minimum target dose. The mean target
received appropriate attention, even in the most advance(giOSe approach assumes that doses above the mean target
radiotherapy centers worldwide® For example, a complex

: . L . dose compensate for doses less than the mean target dose.
three-dimensional target dose distribution is typically re- b g

3 . . That is, the(unspecifiedl clinical effect of irradiation is a
ported at a reference pois},” even though modern imaging . i -
: : ear-linear function of dose. On the other hand, the mini-
technologies, fast computers, and advances in 3-D dose cal-

culation algorithms provide accurate knowledge of a pa_mum target dose approach assumes that a cold spot cannot

tient's anatomy, and a complete 3-D distribution of dosebe compensated by_any dose d_elivered to the res_t 0 f the
within the irradiated volume. Although cumulative and dif- target volumfa. .That is, the dose in eyxcess of ,the minimum
ferential dose-volume distributions/histograg@vD/DvH)  (@rget dose is ignored. Both Brahme’s propositions are the

have become indispensable tools for modern 3-D treatmedffSt-order approximations that reveal the difficulty and im-
planning®® their usage for dose specification and reporting isPortance of adequate reporting of inhomogeneous dose dis-

typically limited to selecting a point on a DVD plot to which tributions.
the prescribed dose is normalized. It is quite obvious that an oversimplification is made
On the other hand, because dose is normalied point ~ When the dosimetric aspects of a complex three-dimensional
or to an isodose levelthe dose actually delivered depends treatment plan are reduced in the patient’s records to a dose
on the normalization protocdk.g., the prescribed dose may or a few doses at the reference point or points. Such an
correspond to a 90% isodose line or to a 95% isodose. lineoversimplification has an important consequence for statisti-
The problem is negligible only when target dose distributioncal analysis of the clinical trials. For example, by assuming
is uniform and, of course, provided that the tolerance of surthat all patients received the sartprescribedl dose, the un-
rounding normal structures allows delivery of the prescribedderlying dose—response relationship is flattened out, and a
dose. Unfortunately, dose distributions throughout organs gpossible finer structure of the dosimetric data of the trial's
volumes of interest are never exactly uniform, and may ofterarm can be lost. Inadequate dose specification and reporting
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seem to be one of the reasons for an ongoing complaint that In theory, models of tumor control probabilitf CP) and
we do not have “reliable” data, or that the data arenormal tissue complication probabilittNTCP) provide a
“sparse,” “uncertain,” “of poor quality,” or “anecdotal.”  quantitative biophysical measure of a dose distribu-

Emerging 3-D conformal radiotherapy techniques andion10-14161821.225wever, the predictive power of these
3-D treatment planning systems provide dose—volume—timemodels have not yet been proven clinically. Although the
response data that exacerbate the need for more adequai€P and NTCP models are potentially very useful, their ap-
methods of dose specification, reporting, and analysis. Thplication without full understanding of the underlying bio-
problem has been recognized, but fully satisfying techniquetogical mechanisms, the assumptions, and the range of their
have yet to be developéd® Some progress is being made. application, should be discouraged.
The Nordic countries in Europe have been developing an There is an apparent need for new approaches to specify-
alternative proposal to the ICRU recommendatithis par-  ing and reporting doses for inhomogeneous dose distribu-
ticular, the Nordic Association of Clinical Physi¢BIACP)  tions. On the one hand, there is a legitimate reservation for
report recommends the arithmetic mean value of the targeECP and NTCP models. On the other hand, it is obvious that
dose distribution and its standard deviation to be used fothe purely dosimetric description is at best only a surrogate
dose prescription and reportifigwithin the NACP frame-  for biological and clinical consequences of a dose distribu-
work Brahme has recently proposed an interesting new fortion.
mula for the target dose effectively deliverddl,: In this article the problem of reporting and quantitatively

comparing inhomogeneous dose distributions for target vol-
2
(o
g

umes is addressed. A new concept of Equivalent Uniform
whereD is the mean delivered doses is the slope of the

Dose(EUD) is introduced.
dose-response curve,is the standard deviation a{D) iy and with an increasing inclusion of radiobiological con-
is the probability of local control at the doge level. cepts.
There has also been increasing interest in more quantita- |+ is assumed that an irradiated tumor is composed of a

tive usage of dose-volume histograms for individual|age number of independent clonogens, and that random

. _18 .
patients’ For example, dose—volumgqqreductlon schemesjiing of the clonogens is well described by Poisson statis-
for normal tissues developed by Lymahand by Kutcher ics The binary response—control or failure—of an irradi-

4 . .
and Burmart? have made an important impact on the quan-aieq tymor is assumed to be determined by the expected

titative evaluation of dose distributions. number of surviving clonogens. Therefore, two different tar-
It is intuitively logical that, for any inhomogeneous dose et qose distributions are equivalent if the corresponding ex-

distribution delivered to a volume of intere@tOl) accord- pected number of surviving clonogens are equal. These as-

ing to a certain fractionation scheme, there exists a u”iqugumptions lead to the idea of equivalent uniform dose:
uniform dose distribution delivered in the same number of g, any dose distribution, the corresponding Equivalent

fractions, over the same total time, which causes the SaM@niform Dose(EUD) is the dose(in Gy), which, when dis-
radiobiological effect. The important feature of this equiva-ipted uniformly across the target volume, causes the sur-
lent dose distribution would be its uniformity, which allows ;a1 of the same number of clonogens.”

one to use a single number to describe the entire VOI dose .
distribution. Of course, the equivalent dose depends on th@. The simplest models

considered effect. o Assuming the random nature of dose deposition and inde-
Practitioners of radiotherapy know that the clinically rel- pendence of the cell kills, the surviving fracti¢®P) of cells

evant effects are not a linear function of dose and irradiategragiated to a dos® is approximated by an exponentfal:
volume, neither for tumors nor for normal organs. Therefore,

for the target volume, they intuitively prefer more uniform SF(D)=exr{ _ R) 1)
dose distributions, where the difference between the maxi- Do/

mum and the minimum dose is small. In consequence, they o doseD, describes radioresistance of irradiated cells

mlﬂ!n;:ze thedllmcert?ur;]ty In dpdse ‘;Ieffifctlvel'y” ldellvered and in radiobiology is called the mean lethal dose. If one
(which, regardless of the considered effect, is always POSIhrefers to describe the cell radiosensitivity using the surviv-

tioned between the maximum and the minimum dokkew- ing fraction at the reference dosB, of 2 Gy (SF,), the

ever, it has been suggested that forcing the target dose d'?dllowing obvious relationship betweed, and Sh:
tribution to be as uniform as possible, may eliminate some 0 '

superior but inhomogeneous dose distributions available in a ref

particular casé® It has also been shown that computer opti- SH2 Gy)zexp( B Dy ) @)
mized plans, with or without beam intensity modulation, and
with biological objective functions, are often quite
inhomogeneou$!’:2° SHD)=(SF,)P/Prer, ©)

Dey=D Y50

R

IIl. METHODS

In the following sections the development of the EUD
formulas are presented in increasing order of their complex-

gives an equivalent formula for SB|:
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If cells are uniformly distributed across the target volume,C. Nonuniform spatial distribution of clonogens
the overall survival fraction is the weighted average of the
survival fractions taken over allN) near-homogeneously
irradiated subvolumes of the target:

The spatial distribution of clonogens within a tumor is
likely to be nonuniform. However, the distribution of clono-
gens is generally not known. Most often, a uniform target

N dose distribution is prescribed and requestéithe spatial
SR{D;})=2, v;-SKD)), (4)  distribution of clonogens is implicitly taken into account
=1 when the boost or the shrinking field techniques are Used.
wherev; is the partial volume corresponding to dd3g. For ~ That means that clonogen nonuniformity, although known to
example, a set of pair§D;,v;} defines the corresponding exist, is ignored for the purpose of dose prescription. Never-
differential dose volume histogram. If one prefers to calcu-theless, if this information were available, it would be in-
late SF (D;}) directly from the target dose calculation cluded in formula4), and the corresponding EUD would be
points distributed evenly within the target volume, the fol- calculated as follows:
lowing formula can be used:
N [Z1L,Vi-pi- (SFy) P /Prer]
1 EUD=D ¢ In -
SR{Di)=1 2, SAD), (5 SiLiViopy

] In(SF),
(10

where the sum is taken ovéf dose calculation points. whereV; andp; are the local absolute volumes and densities

The same fraction of cells survive if the target is irradi- :
; . : of clonogens, respectively. The sum should be taken over
ated uniformly to a certain unknown dose, which we propose

to call the Equivalent Uniform DoséEUD). Therefore, we subvolumes_ within which both dose and clonogen density
: . are near-uniform.
postulate the following equivalency:

SHEUD)=SK{D;}). (6)
Using formulag(3) and(4) or (5), one obtains the follow- D. Dose-per-fraction effect

ing formulas for EUD: Fractionation effects can be modeled using the Linear-

IN[=N ;v (SFy)Pi/Pref] Quadratic(LQ) model?* According to the LQ model, the
EUD(GY)= D er- (SR (7)  fraction of cells surviving dos® given in N; fractions can
be calculated using SFand o/g as follows:
or
N D «a/B+DIN¢
1 _ SHD)=(SF,)Dre" " alB+Drer, (11
EUD(GY)=DyerIn| .=21 (SFy)Pi/Pref / In(SF,). (8) ? f

where D, is the reference dose per fraction of 2 Gy. It is
Similar simple formulas can be obtained in termsyf  apparent that the single hit modérmulas(1) and(3)] is a
and the corresponding equati6h). limit of the LQ model for either largex/B or, for small
inhomogeneities and a dose per fraction close to the refer-
ence dose of 2 Gy.
B. Absolute volume effect Substituting formula(11) into the general formulg6)

] ] o gives the quadratic equation for EUD:
According to a simple mechanistic model of tuméasd

in agreement with some clinical datdarger tumors contain cup @lp+EUDIN, N

more clonogens and therefore, larger doses are necessary(@a)m-—a,m. 2 Vi p;
eradicate them®?125> When analyzing and comparing
doses received by tumors of different sizes one may wish to
relate the doses to the same reference absolute volygpe
For exampleV,.; might be the average volume of tumors in
a particular study or, any reasonable arbitrarily chosen vol- )
ume. Absolute volumes can be easily incorporated into forWhich can easily be solved for EUD:
mula (4). Assuming that the number of cells is proportional

to volume, the EUD can be calculated as follows: EUD= ﬁ )
Dref

N
EUD(Vef) = Dyes- In| (1N gf) 21 Vi- (SFz)Di /D'ef} / \/
- +

D; a/B+D;/N¢
=, Vi-p;-(SFy)Dre @B D, (12)

a

B

e
B "Ny (BT In(SRy) |

In(SF), ©)

where{V;} representd\ homogeneously irradiated absolute
subvolumes, each of absolute volunvg, receiving the cor- For clarity of presentation the quanti#k was defined as
responding dosefD;}. follows:

(13
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N D; alpB+D;/Ng Standard deviation (Gy):
A=, Vi-pi- (SFy)Prai aF¥Drer o 2 8 4o
i= (1 P -
N Relative
0.8
Volume
> Vipi. (14
i=1 0.6
It should be noted that both dose distributions, the original 0.4
inhomogeneous dose distribution, and the equivalent uniform 0.2
one, corre.spond to the same number of fragt@hs,That is, ™| Dprescrived = 60 Gy }
the EUD in formula(13) is not expressed in terms of the 0.0+—— — A
reference dose per fraction. The reference dose per fraction, 0 10 20 30 40 50 60 70 80 90
D, is equal to 2 Gy and is used only in conjunction with Dose (Gy)

the Sk. That is, the cell radiosensitivity is described using
the surviving fraction at that reference dose. It would beFic. 1. A set of DVDs with various degrees of inhomogeneity of the corre-
more appropriate to write it as 5!; however, we use the sponding dose distributions. The mean dose for all the dose distributions is

. . o the same and equal to the prescribed dO§gscrived
standard notation, SFfor simplicity.

1t (S-97? .
E. Proliferation effect EUD= 2o f_m eXp ~ 5 2 -EUD(S)dS,

The LQ model can be extended to include the fact that (16)
clonogens can proliferate during the course of treatrfiéfft. \where S=In[—In(SF,)], S=In[—In(SF)], o describes the

Assuming a constan.t .rate of proliferation it can b_e shownyidth of normally distributed Ip—In(SF)], ’S‘FZ is the aver-
that .the overall surviving fraction for dode given in N; age Sk in the population in question, and EUS) is calcu-
fractions over the timq is lated using one of the homogeneous formulas presented ear-

’a/,8+D/Nf) lier.

SR D)= 2!~/ Tou. (SF,)POrr | a7 (15
Ill. RESULTS

Here T, is the time at which proliferation begins after the
start of treatment, and,, is the potential doubling time of
clonogens. Figure 1 shows an example of test DVDs that were used

Comparing formula$11)—(15), one can see that prolifera- to analyze consequences of dose heterogeneity on the EUD.
tion increases the effective number of clonogens that have tbhe prescribed dose was 60 Gy delivered in 30 equal frac-
be killed to achieve local control. In this model, the effect oftions and uniformly distributed over the target volume. The
proliferation depends only on the overall treatment tifie, dose was calculated at 50 000 points quasirandomly covering
and does not depend on the other two variables of the treathe target volume. The dose inhomogeneity across the target
ment plan, that is dose, or the number of fractions. Therevolume was introduced by generating dose values according
fore, if EUD is calculated for the same overall treatment timeto the normal density function with the mean equal to the
as the dose distribution in question, the proliferation factoprescribed dose of 60 Gy and with standard deviation be-
cancels out, and one can use form(14). tween 0 Gy(perfectly uniform dose distributiorup to 18 Gy
(30% of the prescribed doseThe resultant DVDs have a
sigmoidal shape with some cold and hot regions often
present in clinical DVDs. Because the normal density func-
tion has infinite tails the lowest and the highest 1% of the

Clonogens differ in their radiosensitivity. The apparentgenerated doses were excluded from the analysis.
flattening of the dose—response curves is thought to be due to Figure 2 shows the EUD as a function of the standard
the interpatient heterogenefty!11823252{)nless the values deviation of the target dose. The EUD was calculated using
of the Sk, a/B, T, and T, are known for the individual three different formulas: the simplest formul@), formula
tumor in question, one may argue that the best guess for thd3), which includes dose-per-fraction effects through the
EUD is the expected value of EUD taken over the patienf.Q model, and formula16), which, in addition, includes
population. For example, assuming that radiosensitivity ofinterpatient heterogeneity. The basic form@® uses only
the population is characterized by Skvhich is I(—In) nor-  one parameter—SkE which was arbitrarily set to 0.5. For-
mally distributed,(The Normal distribution of Ih—In(SF)] mula (13) extends the basic formulé8) by including the
is chosen because it is defined in the rafiger, +), and it  dose per fraction effect and, in addition to,SEses the LQ
is better suited for numerical integration than,&iBelf.) the  model parametes/B, which was set to 10 Gy. For formula
expected EUD for heterogeneous population can be calcy46) it was assumed that[lrIn(SF,)] is normally distributed
lated as follows: within a population of tumors with the mean Séf 0.5 and

A. Test example

F. Inhomogeneity of patient population
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Dose/EUD 60‘0_-?:5’"*% v 707
\\\\\\\ .“;ER.' ++
(Gy) 50.0 . N*:ﬁ""*‘-w EUD (Gy) 684
400 e g, Prescribed Dose o
) — Meandose T Q%‘:i\l 664 JU A
30.04 ~—-- Minimum dose “\\\ “1:{'*-\,9 *“MHH“*
.................. EUD formula (8) \\\\ "\ 644 L4
20.0+ RN
x EUD formula (12) S~y .
10.04 o  EUD formula (16) 621 .
00 ---v-l-- Bll'ahme'slfonnulzlx A) . | : I 60 . i . . i . . i .
0 2 4 6 8 10 12 14 16 18 0 5 10 15 20 25 30 35 40 45
standard devation (Gy) Rank according to EUD

Fic. 2. EUD as a function of the standard deviation of the mean target dosehic. 3. The EUDs for 42 patients with a prescribed dose of 66.6 Gy, ranked
calculated using three different formulas for EUD and the Brahme’s for-according to their EUD.
mula. The minimum and the mean doses are shown for comparison.

than the difference between the corresponding mean doses

t.heUOf 0.1. The formulag8), (13), and(16) contain, respec- . @5.4 and 67.6 Gy, respectivelyThe difference between the
tively, one, two, and three free parameters. The dashed ling. . ;
minimum doses is even largé€s6.2 vs 61.8 Gy

with triangles represents the calculation of EUD according to
the new Brahme’s formula witB equal to 60 Gy, an®® (60

Gy) set to 0.5. To make the two approaches to EUDIV. DISCUSSION
comparable, the third parameter of Brahme’s formula,
V50 was estimated from the formula

Ys0= —0.25In(2)- TCDs¢ In(SF).*° Assuming Sk of 0.5 the predictions of the more complex models, which include
and TCD, of 60 Gy the correspondings is 7.2. The aver- e dose per fraction effe¢formula (13)] and interpatient
age gnd the minimum doses are also shown to illustrate theHeterogeneitiformula(16)]. The correction for the dose per
relation to the EUD. fraction is very small(less than 1% because the EUD is
defined as the total dose given in the same number of frac-
tions as the original dose. That is, the EUD is normalized to
The concept of EUD has been applied to a group of 42he fixed number of fractions, not to the fixed dose per frac-
patients with chordomas of the base of the skull. The pretion. Therefore, the corrections for the dose per fraction ef-
scribed dose for all patients was 66.6 Gy delivered in 37ect due to dose inhomogeneity tend to cancel out. In order
fractions of 1.8 Gy per fraction. Due to the constraints on th0 compare two or more studies where different fractionation
maximum allowed doses to the spinal cord, the brainstenfegimes were used, one needs to normalize all the analyzed
the optic nerve, and chiasm, it was not always possible t&eUDs to the same number of fractions or to the same dose
deliver the prescribed dose uniformifThe mean delivered per fraction. If one wants to normalize the EUD to the ref-
dose was in the rang®5 Gy, 68 Gy and the standard de- erence dose per fractiod,, the following LQ-based trans-
viation was in the rangé0.3 Gy, 6.1 GY.) The planner, lation formula can be used:
using a modern CT-based three-dimensional treatment plan- al B+EUDy, N

Figure 2 shows that the predictions of the simplest one-
parameter model of EUDformula (8)] are very similar to

B. Clinical example

ning system and the conventional trial-and-error planning gyp, =EgUD,, - ' 17
technique has developed the best plans under the given cir- ref f al B+ dies
cumstances.

Figure 3 shows the calculated EUDs for all the patients
ranked according to the corresponding EUD. The EUDs have 100 == <= o -
been calculated using formu{a3) with SF, arbitrary chosen ) ‘ N\ Y
to be equal to 0.5 and/8 of 10 Gy. For comparison, the 1\2/?)11?11;:: 80+ o \
EUDs were also calculated using the simplest one-parameter %) 60 EUD = 66.6Gy vl
formula (7). The maximum difference between the corre- = 77| e Patient #4 "gii
sponding EUDs calculated with formuld3) (which takes 404 gg*’g":é%gz'my ‘:
into account the dose per fraction effeahd formula(7) was | Patient 39 Y
less than 0.7 Gy. The range of EUDs for this group of pa- 20+ Drean = 67.6£1.4Gy i
tients is 61.2—68.7 Gywhich corresponds to dose per frac- o EUD = 67.3Gy i
tion of 1.65-1.86 Gy, with a majority of the EUDs being 0 10 20 30 40 50 60 70 80
below the prescribed dose of 66.6 Gy.

Dose (Gy)

Figure 4 shows two examples of DVDs that were ranked
4th and 39th in F'Q-_ 3 with the corresponding EUDs 'Of 63.8F:. 4. The DVDs ranked 4th and 39th of the 42 DVDs evaluated in Fig. 3.
and 67.3 Gy. The difference between the two EUDs is largerhe prescribed DVD is shown for comparison.
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60 o Dmean + EUD v Dmin
EUD Gy) ] 701
y Dose/EUD oot
56- a oRog
poogooepRopooaggnad RRRFIRTT v
54 (Gy) 65- uuu::5_+++l?++°+‘?+$++ +F, ) + M
s24 |- /B =5 Gy P A S
50 a/B =10 Gy 604 - . v
484 | e Ot/ﬁ =20 Gy v v v
554 % v v
46
0 02 04 06 08 1 o
SF, 0 5 10 15 20 25 30 35 40 45

Rank according to Dmean
Fic. 5. The EUD as a function of the SFor three levels ofw/.

Fic. 7. The comparison of the EUDs, mean doses, and minimum dose for 42
patients. The patients were ranked according to their mean target dose.

where EUR, denotes the EUD normalized to a fixed num-

ber of fractions and EUR denotes the EUD normalized t0 fynction of S, for three values of/S. Figure 4 shows the
a fixed dose per fraction. When two studies have differenEUD as a function ot/ for three levels of Sgfor the same
overall treatment times the clonogen proliferation efféat-  conditions.
mula (15)] ought to be considered. It is important to recog-  Figure 2 suggests that for relatively small dose inhomo-
nize the difference between the two types of normalizationgeneity(say, less than 2 Gy or 3% of the typical mean target
since the calculated EUDs may differ substantially if thedose the mean target dose might be a good approximation to
dose per fraction actually deliverdthat is, EUQ,f/Nf) is  EUD—as Brahme suggested using similar argum&hig-
different from the reference dose per fractidp,. Note, that  ure 7 shows again the clinical dataset shown in Fig. 3 with
d.s is not related taD,; used in conjunction with the SF  the corresponding mean and minimum doses. It is apparent
although both doses can be equal. that EUD is always larger than the minimum dose, and is
The correction for interpatient variation is also very always less than the corresponding mean dose. The three
small—less than 1%, and is fairly insensitive to the level ofdoses are equal only in the case of a perfectly homogeneous
interpatient heterogeneity. That is, the population-averagdose distribution. Figure 7 also suggests that the minimum
EUD is very well approximated by the EUD calculated for target dose can significantly underestimate the dose actually
the average Sf This is due to the fact that the distribution delivered, if the cold spot is very small. For example, in the
of EUDs is unimodal and fairly symmetrical. Note that the case ranked first in Fig. 7, the minimum target dose 1$%
distribution of the corresponding TCP’s is typically bimodal less than the EUD, ang20% less than the mean target dose.
(with a majority of the TCPs either close to 0 oy and  The range of minimum doses in Fig. 7 is much larger than
asymmetrical. the range of mean doses or EUDs. This is due to the fact that,
The robustness of the EUD concept is further illustratedn many cases, there is a gradient of dose at the periphery of
in Figs. 5 and 6. The EUD was calculated for a target inhothe target volume, and the corresponding DVDs approach the
mogeneously irradiated to a mean dose of 60 Gy in 30 equdl00% volume level almost tangentially. In such cases, the
fractions. The shape of the corresponding DVD was similaminimum target dose may correspond to just one or two
to that in Fig. 1, with the standard deviation equal to 5 Gy.voxels of the target volume. It should be emphasized that the
Figure 5 shows the EUD calculated using form(18) as a  effect of a cold spot depends not only on the amount of
underdosing but also on the size of the cold spot. Surely, it
also depends on the model parameters.
Clinically observed dose—response curves are less steep
60+ than might be deduced from Poisson statisticslost often
it is attributed to inhomogeneity of the patient population in
their response to radiation treatment. Bentzen reported that
54 better stratification of patients results in steeper observed
dose—response curv&s2® Figure 7 shows yet another cause

EUD (Gy)

N SF2=0.3
2(2) — SP=05 for flattening dose—response curves. The prescribed dose for
7S R SFr=0.7 all 42 patients was 66.6 Gy, and the same dose was also
recorded as the dose actually delivered. Therefore, for retro-
461 . spective statistical analysis, it was assumed that the whole
4 6 8 10 12 14 16 18 20 group received the same dose. Figures 3 and 7 show that,

according to the EUD concept, there is a real spread of doses
actually delivered~10% of the prescribed doseTherefore,
the dose response of the whole group is flattened. Applying

a/B (Gy)

Fic. 6. The EUD as a function of the/s for three levels of Sk
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the EUD concept reveals the finer structure of the analyzed The EUD can be also used as an objectiseore func-
group of patients with respect to the received dose. Becaug®n in computer optimization of treatment planning. The
the EUD is calculated for each individual dose distribution, itEUD should be maximized subject to dose and dose-volume
is well suited for model fitting using the powerful maximum- constraints on normal tissues. Of the two plans both satisfy-
likelihood method.*22 ing the normal tissue constraints, the one with higher EUD
Flattening of the dose—response curves is also due teepresents higher probability of local control. However, it is
variations in the irradiated volume. Assuming that larger tu-important to remember that the clinical importance of a dif-
mors contain more clonogens, the same dose is less effectiference in EUD cannot be determined without additional
for the larger tumors than it is for the smaller ones. Whenknowledge relating the EUD to the probability of local con-
tumors of different sizes are grouped together, the observeliol. That is, without knowing the position and the slope of
dose—response relationship is shallower than it would havthe dose—response function. Hopefully, the application of the
been, had the tumors been stratified according to their8ize.EUD concept will help in determining dose—response rela-
In the EUD approach each tumor is analyzed individually,tionships. Although not intended for that purpose, the EUD
and the absolute volume effect is modeled by assuming thatan also be used to compare the effectiveness of different
the number of clonogens is proportional to the absolute volfractionation schemes. A fractionation regime that corre-
ume[formula (9)]. sponds to higher EUD is judged to be more effective in terms
Figures 5 and 6 demonstrate that for an inhomogeneowsf the probability of local control.
dose distribution the corresponding EUD is a slowly and
almost linearly inc_reasing function_of sFand Fhat the EUD \, cONCLUSIONS
is a very slowly increasing function o#/8 (in the range )
typical for tumors. That is, the knowledge of the exact value  The concept of EUD was developed to take into account
of a/f3 or SF, for an individual is not crucial for estimating the unavoidable inhomogeneity of clinical dose distributions.

the EUD. The attraction of the EUD concept is also demon-The_ concept stems from the basic radiobiological principles,
strated in Fig. 2. The EUD is quite robust as a function of the/€t IS very simple and easy to use for reporting doses actu-
underlying biological models and parametemhich are ally delivered to the patients under actual treatment condi-
known to a lesser degreeout is a sensitive function of dose tions. The application of the EUD formalism to a clinical

and volume variable$which can be measured quite accu- dataset of 42 cases revealed a significant variation in the
rately). Figure 2 also suggests that, in most situations, on&loses actually delivered as compared to the prescribed doses.

can use the simplest models of EQrmulas(7)—(9)] with- It is apparent th:_:lt one of the causes for flattening dose—
out sacrificing much of the accuracy. The simplest mode[€SPONSe curves is inadequate reporting of doses actually de-
uses only one parameter, that is the, &% D). livered. The EUD should be a better single predictor of out-

The concept of EUD and the conceptj; developed by ~€Ome of radiotherapy than several other strictly dosimetric
Brahme are based on similar assumptions, but the EUD dif’€asures commonly used.
fers from theD. in one important aspect. The EUD de-
scribes the potential of a dose distribution to kill cells in a ACKNOWLEDGMENTS
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