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Advanced treatment optimization is possible using quantitative radiobiological dose response models. Although all present models are
necessarily linked to a certain degree of uncertainty, this will only have a small influence on the relative shape of the resultant optimal
dose distribution. However the exact dose level should perferably be determined clinically by dose escalation with the optimized dose plan
as a control arm. It is shown that a large part of the biological effect of high linear energy transfer radiation is due to the spectrum of
low-energy d-electrons that can generate dense clusters of complex DNA damage. Such electrons are efficiently generated by low-energy
photons or densely ionizing ion beams and to a considerably smaller degree by high-energy electrons, photons and protons. A new
analytical expression is developed for the effective radiation resistance of heterogeneous tumors, making it possible to approximate the
response of such tumors by the effective clonogen number N, . and the effective D, value D, .. It is shown that a relatively small
number of resistant tumor cells may well be sufficient to dominate the response of hypoxic or otherwise heterogeneous tumors. Finally,
several examples are given of intensity-modulated dose distributions generated by multiple radiation modalities, the total effect of which

is biologically optimized.
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During the past decade radiation therapy equipment has
undergone a significant development, currently permitting
advanced three-dimensional intensity-modulated dose de-
livery to arbitrary tumor volumes anywhere in the human
body. The clinical problem with radiation therapy has
therefore shifted from sheer dose planning to genuine
treatment planning and treatment optimization, taking the
radiobiological properties of the tumor and normal tissues
into account (1). To make the treatment curative, the
internal target volume is generally prescribed a high thera-
peutic dose. However, the target often overlaps with radia-
tion-sensitive, critical normal tissues, necessitating a local
reduction of the dose delivery to ensure a high quality of
life. Thus, to find the right balance between cure and
complications, radiobiological models that can quantify as
accurately as possible the response of heterogeneous tu-
mors and organized normal tissues to non-uniform dose
delivery are required for accurate optimization of the
treatment outcome. With such models it is possible to find
the intensity-modulated dose delivery that within a frac-
tion of 1% maximizes the complication-free cure and at the
same time minimizes the risk of inducing severe normal
tissue side effects (2).

The interesting mechanism, used by modern radiobio-
logically based optimization algorithms, is that the dose
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can be reduced in a small part of the tumor in order to
minimize local complications in neighboring sensitive nor-
mal structures, provided the dose can instead be increased
in other parts of the tumor. The combined total effect is
thus at least kept and often even increased, at least in
terms of the probability of achieving complication-free
cure (3). This is possible since a curative dose which causes
90% tumor control (P, ~90%) also causes on average a
clonogenic tumor cell survival Nof only 0.1 cell since
Py=c" N —¢=91%0.9. Hence, if the dose is allowed to
increase by about 1 D, in, say, half the tumor, so that only
0.02 cells survive there, the dose in the other half may
instead be allowed to decrease by almost 1 D,, so that no
more than 0.08 cells would survive there, and still fewer
than 0.1 cells will survive on average over the whole
tumor. When the dose modifications are only applied in
smaller volumes, obviously higher dose modifications are
possible and significantly improved complication-free cure
is possible by improving the distribution of the highest
therapeutic dose levels. In the first approximation, or,
more exactly, if the dose variations are small, it is the
mean dose to the target tissues which counts and deter-
mines the tumor cure (3). Since the mean tumor dose is an
important quantity for the response, irrespective of the
exact radiation sensitivity of the tumor, intensity-modu-
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lated beams can be applied quite generally to improve the
treatment outcome for complex tumors (cf. recent reviews
(1, 4, 5)). It is even more important to take the properties
of the normal tissues into account since most tissues have
a fairly parallel organization of their rescuing units and
therefore will tolerate local hot spots without significant
loss of tissue function (1, 6).

The present study illustrates how this mechanism can
also be applied to microscopically heterogeneous tumors
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Fig. 1. Nlustration of the importance of the low-energy d-elec-
trons or electron track ends for the relative biological efficiency
(RBE) of different radiation modalities from low to high lineal
energy (y). The dots on the electron energy response function
R(E) in the upper panel are from different experimental RBE
values for photons and electrons. The colored electron paths from
50 eV to 2 keV in the upper panel are shown on top of 30 nm
DNA fiber (see the text).
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and how the new methods can be used for a radiation
biology-based optimization of the treatment, particularly if
predictive assays are available for estimation of the true
sensitivity of the patient at hand.

CELLULAR MECHANISMS IN TISSUE DAMAGE
AND TUMOR ERADICATION

It is customary to describe the variation in the ability of
different radiation modalities to eradicate cells by their
RBE (relative biological efficiency) as a function of the
ionization density or linear energy transfer (LET) of the
radiation modality, as illustrated in the lower panel of Fig.
1. It can be seen that at an energy deposition density of
around 100 eV/mm, there is a significant peak in the RBE
curve largely because, on average, a large number of
individual ionizations, each requiring about 30 eV or
more, will be deposited over a double-stranded DNA fiber
of 2 nm width. However, since at least 80% of the energy
depositions are due to secondary electrons—irrespective of
the primary radiation type, whether high-energy electrons,
photons, protons, neutrons, mesons or ions—it is there-
fore more natural to describe the biological effect in terms
of the associated slowing down spectrum of the electrons,
which is shown in the middle panel of Fig. 1, for a set of
different initial electron energies. Interestingly enough, the
low-energy part of the slowing down spectrum per unit
dose to the medium is independent of the initial electron
energy as long as it is above some 100 keV, as seen in the
middle panel. Indeed this is the reason why high-energy
electrons and photons have the same RBE and the ab-
sorbed dose is a significant quantifier of radiation effect
for these radiation modalities. Protons also essentially
belong to this low LET group, since the largest part of the
absorbed dose is due to secondary electrons with energies
high above the keV range.

When the proton energy reaches the low MeV range, its
velocity is close to that of the orbital electrons of the
medium, leading to more intense interactions with the
medium, thus generating sub keV electrons and therefore a
significant high-dose Bragg peak is seen in the depth dose
curve. The RBE increases also slightly above unity at this
peak (to about 1.3). However, neutrons will set light ions
in motion and since ions heavier than protons have a
higher charge and therefore a higher ionization density
and they generate mainly keV energy secondary electrons
that produce dense clusters of ionizations with a high
biological efficiency, as shown by the inserted tracks in the
lower panel of Fig. 1. A more functional description of the
biological effect of different radiation modalities is there-
fore obtained from the dependence of the biological effect
on the energy of the secondary electrons, as shown by the
top panel of Fig. 1. Below some 30 eV the electrons do not
do much harm because they cannot ionize. However, from
100 eV to about 1 keV the electrons are associated with
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Fig. 2. Comparison of different cell survival models fitted to
experimental human lung epithelial cell response (13). The simple
bi-exponential expression in Equation [1] gives a good fit over the
entire dose range, whereas the a- LQ model is only useful around
a few Gy per fraction in dose delivery. The first term of the
bi-exponential expression corresponds to lethal irreparable cell
kill, whereas the second term describes the sublethal repairable
damage, which is shown as being fully repaired in the figure.

very dense ionization clusters with an RBE of around 3.
As the electron energy is increased above this range, a
decreasing portion of the energy deposition is in the form
of such low-energy densely ionizing 8-electrons.

Even if the main radiobiological characteristics of differ-
ent radiation modalities are linked to the energy distribu-
tion of the secondary electrons, there are also other factors
that influence the RBE. With increasing atomic number of
the ion, the density of low-energy d-electron production
increases so that multiple d-rays per nm are produced. This
causes many of the generated radicals to recombine with
each other before they have a chance to damage DNA,
thus reducing the RBE at the highest LETs beyond about
200 eV/nm. Furthermore, a small fraction of the energy
deposition is due to direct ion recoils but most of that
energy has also to pass through low-energy d-rays before it
is finally thermalized. It is thus clear that the shape of the
energy spectrum of low-energy d-electrons will be funda-
mental for the radiobiological properties of different radia-
tion modalities, as illustrated in Fig. 1 and discussed at a
recent microdosimetry meeting ((7), see also (8—10)).

From the above discussion, it is clear that there is a
spectrum of DNA lesions from the most severe clusters
generated by sub keV d-electrons to the sparse ionizations
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by high-energy electrons and their associated oxygen radi-
cal-mediated damage. The latter will to a large extent
generate sublethal damage that can be repaired if appro-
priate conditions prevail after irradiation. It can readily be
shown that the more severe irreparable damage causes a
pure exponential cell survival (11). If the sublethal damage
is allowed to be fully repaired, the repaired fraction will be
proportional to the dose at low doses, whereas at high
doses it also becomes quasi-exponential, as might be ex-
pected based on binomial or Poisson statistics grounds
(12).

If the appropriate conditions for repair of sublethal
damage prevail, the cell survival may therefore be approx-
imated by the following bi-exponential expression:

s(D)=e"“? +bhDe PP [1]

where the first term describes the irreparable cell kill
characterized by the radiation sensitivity a (11) and the
second term describes the increased survival as a result of
repairable sublethal damage. As seen in Fig. 2, this expres-
sion adequately describes the cell survival at both low
intermediate and high doses, whereas the classical linear
quadratic expression is good only at intermediate doses
around a few Gy. Based on Equation [1], it is tempting to
think that cell survival is a deterministic process as a
function of dose. However, to treat the real cell survival
accurately, each cell should be followed separately and the
total cumulative effect is that due to the effect on all cells.
Each cell can either die (‘0’) or survive (‘1”) so that the cell
survival is essentially a binomial process where 0 or 1 is the
only end point for each cell. The probability distribution
of cell survival is thus given by the binomial expression in
Fig. 3. At zero dose all cells are alive as given by the sharp
peak (barely visible at P, =1 and In s = 0) at the origin in
the figure. When the dose in increased, the probability
distribution is spread out as expected due to the laws of
statistics. The interesting fact is now that at high doses the
probability again reaches unity when practically all cells
are hit and the probability of having no surviving cells is
almost unity or 100%. If the cells were tumor clonogens,
this would be identical to total tumor eradication and thus
100% probability of tumor cure or a beneficial treatment
(Pg =1). Fig. 3 therefore illustrates how the cell survival
curve at low doses is transformed to a dose response
relation for tumor control at high doses by binomial
statistics. Within the limit of a very large number of cells,
the binomial expression is well approximated by the Pois-
son expression, according to which:

PB —e~ N _ e~ Nos(D) [2]
A similar relation may also be used for the normal tissues
but then N signifies the number of functional subunits that
should largely be left intact in order not to lose tissue
function (6, 14). Since the binomial equation in Fig. 3 is
based on the assumption of a uniform distribution of
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radiation sensitivity, it still must be regarded as a simplifi-

cation. In fact, since hypoxia is an essential phenomenon
in most tumors, it is likely that there is a whole distribu-
tion of radiation sensitivities as illustrated in the middle
panel of Fig. 4 and described by the distribution function
of radiation resistance: n, , the integral of which is the
total number of cells according to:

(3]
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Fig. 3. The interaction of the d-electrons from a radiation beam
with the cell nuclei of a small section of tissue or tumor cells. The
binomial cell survival is bi-exponential at low doses and changes
to an essentially sigmoidal dose response curve at low survival
levels and high doses. The data are taken from the human lung
epithelial cells in Fig. 2.

Fig. 4. Schematic comparison of cellular oxygenation distribu-
tions (upper and middle panels) and associated dose response
curves (lower panel) for different tissue models with increasing
vessel density and variation in vascular structure (upper panel). It
is seen that the tissue model agrees fairly well with clinically
observed oxygenation distributions both for hypoxic tumors
(pink-red shading) and well-oxygenated normal tissues (blue shad-
ing). It is clear that the hypoxic tumors are more radiation
resistant than the well-oxygenated normal tissues, as seen by their
lower D;; values (+) in the bottom panel. Equally located
diagrams correspond to the same tissue structure in these 5 x 5=
25 regions of different vascular characteristics.
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Fig. 5. Comparison of the dose response relations for quasi-uniform and intensity-modulated dose delivery. The increase of the
therapeutic window between tumor cure and normal tissue damage with intensity-modulated dose delivery is clearly seen. The shift in the
complication curve (orange) and the increase in complication-free cure (violet) are due to the increased dose to the tumor and decreased
dose to the spinal cord as the intensity-modulation is introduced. The mean tumor dose is plotted on the horizontal axis so that the
complication curve moves to higher doses but the tumor control curve remains unchanged, thus increasing the therapeutic window and

the complication-free cure.

The tumor cell distribution 7, is differential in D, and
thus describes the degree of variability in radiation resis-
tance of a tumor or normal tissue. The upper panel of Fig.
4 illustrates how a simple tissue model with different vessel
densities and degrees of vascular heterogeneity can be used
to calculate distributions of partial oxygen pressure (mid-
dle panel cf. 15) and for comparison clinically measured
oxygen distributions using Eppendorf electrodes (16) are
also included.

Interestingly enough, it is possible to approximate the
true heterogeneous response by a simple exponential cell
survival as a function of the dose D as given by:

where the last approximate expression for N(D) is charac-
terized by a single exponential expression with the effective
cell number N, .;; and effective D, value D, .. By ensuring
that this expression is equal to N(D) at the dose of interest
D and, furthermore, that the rate of cell loss at dose D
equals the true value given by the derivative of the first
exact part of Equation [4], we obtain

fn[, ,S(D)dD,

ds(D)
fn[, iy dD,

DOA,eff(D) =

which is the effective radiation resistance of the cell popu-
lation at dose D. As shown in the lowest panel of Fig. 4,
this expression alone also accurately expresses the dose
response relation for highly heterogeneous or hypoxic
tissues (15). A particularly important value of D, . is at
the dose where the effect probability is 1/e or 37%, that is
where N(D;,) =1 according to Equation [2]. If we, for
simplicity, assume that the cell survival is purely exponen-
tial (cf. Equation [4]), this clinically most interesting value
is given by:

Dy .i(D5;) = 1/[%3_ paribo dD, (6]
0

which clearly shows that a few resistant or hypoxic cells

with high D, values may totally dominate the response of

a tumor. From Equation [4] we can also derive the effec-

tive initial clonogen number according to:

Ny ety = N(D)eD/DO'm (7

which is significantly lower than the real initial cell number
N(0) according to Equation [3]. Since the normalized slope
of the dose response relation is proportional to the loga-
rithm of N . it will be reduced relative to a uniform cell
population. Again, this value will be particularly impor-
tant at the steepest point of the dose response curve, close
to Dy, (15). In the lower panel of Fig. 4 the dose response
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Fig. 6. lllustration of intensity-modulated dose delivery using multiple pencil beams or point source energy deposition kernels. For each

pencil beam energy deposition kernel component, the optimal fluence weight Z is selected, so that the complication-free cure is
maximized. In the analytical notation, an inverse integral, or the so-called Fredholm equation, is obtained, whereas in the matrix

formulation a matrix inversion is required.

relations obtained from the cellular distribution functions in
the middle panel of Fig. 4 are obtained using the more exact
first half of Equation [4] (solid curves) as well as the
approximate last half (dashed curves). As seen in the lowest
panel of the figure, there is a negligible difference between
the two dose response relations in each case.

The shape of the resultant dose response relation both for
heterogeneous and uniform tissues is sigmoidal, as shown
in the lower part of Fig. 3. However, for heterogenecous
tumors and normal tissues, the slope of the dose response
relation is lower and therefore higher doses are required to
cure the tumor and lower doses are often tolerated less well
by the normal tissues. An important task in clinical radiation
therapy is to quantify the shape of the dose response relation
based on the treatment outcome in terms of both tumor cure
and normal tissue injury and the desirable outcome in
complication-free cure. It is also essential to quantify the
correlation between these outcome measures, since it is of

fundamental importance for the maximization of the com-
plication-free cure (17). Today a substantial amount of
clinical data is rapidly becoming available (1, 4, 5, 14,
18—22) making it possible to perform a more strict treatment
optimization also for more complex tumor and normal
tissue configurations (1).

RESULTS

A first clinical example is presented in Fig. 5, illustrating the
significant therapeutic advantages achieved by using biolog-
ically optimized intensity-modulated radiation beams (1, 4).
Fig. 5 compares the same central slice and isodose diagram
through a head and neck target with a quasi-uniform
classical and an intensity-modulated beam treatment and
the associated dose response curves for the two treatments.
This treatment configuration allows a clear-cut comparison
of the two treatment techniques since the common dose axis
is in units of the mean dose to the tumor or, more exactly,
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Fig. 7. Cross-section through the treatment head of an advanced treatment unit for intensity-modulated radiation therapy. Through the
design of the scanning system both narrow photon and pencil electron beams can be produced and scanned across the patient to produce
arbitrary dose distributions in the tumor. At all times the multileaf collimator protects normal tissues outside the tumor, whereas the
intensity-modulation allows longitudinal protection of normal tissues in front of, behind and even inside the tumor volume.

to the internal target volume. Therefore, the dose response
curves for the tumor will be practically the same in the two
cases (left-most blue solid sigmoidal curve). However, the
normal tissue complication curves are different, since in
the intensity-modulated plan (solid orange curve) the dose
to the tumor is significantly increased while the dose to the

critical normal tissues is slightly reduced. All curves are
related to the mean tumor dose, and since this has in-
creased over the normal tissue dose by about 10 Gy
compared to the plan with essentially uniform dose deliv-
ery, the solid complication curve for the intensity-modu-
lated plan has moved by about 10 Gy to the right from its
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Fig. 8. Optimization of external electron beam therapy combined with pulsed intracavitary brachytherapy. It is seen how the combined
dose distribution protects the rectum and bladder at the same time as a high therapeutic dose is delivered to the cervix and the locally

involved lymph nodes.

location in relation to essentially uniform dose delivery
(dotted sigmoidal curve). As a consequence, the therapeu-
tic window has opened up substantially, and the bell-
shaped curve for complication-free cure (P,) has
increased from about 50% to 85%. This significant increase
in treatment outcome is achieved because biologically opti-
mized intensity-modulated dose delivery results in an in-
creased dose to the tumor at the same time as the normal
tissues are spared to a greater extent. This also implies that
the classical double trouble problem in dose escalation is
converted to a double advantage. Not only is the relative
dose to the normal tissues reduced, but the dose per
fraction is also diminished, as is the risk for severe late
complications. This simple comparison thus clearly pre-
sents the overall advantages that can be achieved by
biologically optimized intensity-modulated dose delivery.
The widening of the therapeutic window in Fig. 5 was
achieved through a biologically optimized intensity-modu-
lation so that the peak of the complication-free cure curve
(P, ) is reached. The intensity-modulation is further illus-
trated in Fig. 6, where a set of different narrow pencil
beam kernels from photons and electrons to brachyther-
apy and ion beams are shown. During the optimization
process, the optimal weight of each pencil beam is deter-
mined in such a way that the resulting total dose distribu-
tion maximizes the complication-free cure (P,) of the
treatment. This problem is nowadays sometimes solved as
an inverse problem attempting to find the generalized

fluence vector, which generates the desired dose distribu-
tion in the patient. However, looking at this problem as a
biological treatment optimization challenge is even more
fruitful, since one can find not only the optimal fluence but
also the associated dose distribution which indeed maxi-
mizes the treatment objectives such as the complication-
free cure, P, (cf. Fig. 5).

Fig. 6 also schematically illustrates how the intensity-
modulated dose delivery is achieved either by dynamic
multileaf collimation, by the narrow, scanned pencil beam
or by both of these processes simultaneously. The scanned
beams are shown more clearly in the exploded view of the
treatment head of a modern treatment unit in Fig. 7,
where the bending plane and cross plane scanning magnets
can deflect the electron beam to an arbitrary position in
the patient. In the photon mode, a target is inserted after
the last scanning magnet so that the generated
bremsstrahlung continues as a narrow lobe in the direction
of the deflected electrons. In this way the narrow electron
and photon beam can be deflected anywhere in the patient
plane to intensity-modulate the resultant broad electron or
photon beam. The multileaf collimator can then be
configured to protect normal tissues lateral to and sur-
rounding the tumor, whereas the intensity-modulation is
done to protect normal tissues longitudinal to, in front of,
behind and even inside the tumor. The treatment head also
includes a beam’s eye view video monitor and a high field
strength purging magnet to allow observation of the exact
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Fig. 9. Comparison of different radiation modalities from photons and electrons to protons and light ions for the treatment of a pelvic
tumor by parallel opposed beam techniques. It can be seen that the dose to the normal tissues is continuously decreased as the energy
is increased for photons and brought to the 40—-50 MeV range for electrons. The light ions (Lithium—Carbon) are most advantageous
because of their increased biological effect in the Bragg peak. From the dose response curves along the vertical dose axis, it can be seen
that the electrons and ions should not produce any severe normal tissue damage, even though late appearing damage would be lower with

the ion beams.

collimator setting and to remove the electron contamina-
tion produced by the photon beam.

According to Fig. 6 multimodality intensity-modulated
dose delivery can be used to optimize fairly complex
treatments. Fig. 8 illustrates how the scanning pattern of
the electron beam can simultaneously be optimized to-
gether with the motion pattern of a pulsed brachytherapy
source (dashed line) so that the total dose delivery in the
upper left corner maximizes the total complication-free
cure. It is clearly seen how the algorithm combines the
scanned electron beam dose delivery with the intracavitary
source motion pattern in the lower right diagram. As seen
in Fig. 8, about one quarter of the dose is delivered by
brachytherapy, whereas the remainder is shared almost
equally between the two electron beams. Good shielding of
the bladder and rectal volumes is clearly seen. This cer-
tainly shows the power of biological optimization where
different radiation modalities can be combined in an opti-
mal way. This can be done using multiple electron or
photon energies or even the best combination of low and
high LET beams (1).

Finally, Fig. 9 illustrates how different radiation modal-
ities can be used in parallel opposed beam configurations
to treat a deep-seated tumor such as a bladder or prostate
cancer. An interesting aspect of this treatment is that it
allows a clear-cut comparison of different radiation modal-
ities in one and the same beam configuration. It is seen
that for this deep treatment, low to medium energy pho-
tons are not sufficient owing to excessive doses in shallow
tissues. The highest photon energy (50 MV) is quite useful,
whereas 25 MV is marginally useful and the high-energy
electrons, especially those around 40-60 MeV, are most
useful among the classical radiation modalities for this
kind of target volume and treatment technique. Using
protons and light ions will allow a considerable reduction
of milder treatment-related side effects in the normal tis-
sues, as seen by the considerably reduced biological effect
in the ion beam cases. However, in this case only the RBE
at the Bragg peak was used to calculate the biological
effective dose distribution for the ion beams. Lithium and
carbon ions also have a significantly lower oxygen en-
hancement ratio than electrons, photons and protons.
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Therefore, one would expect an even better therapeutic
result with these beams for the hypoxic tumors that today
are known to be overwhelmingly encountered in the clinic,
as could be inferred from Fig. 4.
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