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Chapter 1

INTRODUCTION

Results of the treatment of cancer have been improved considerably in the past
decennia. At the opening of the first comprehensive cancer center in the
Netherlands, the IKR at Rotterdam, in 1978, it was stated that about 40 per cent
of cancer patients could be cured. Although to the general public this figure
might appear unexpectedly high, because cancer is frequently associated with
slow and painful death, improvement of treatment possibilities is evidently
required. Therefore, it is of great importance that experimental and clinical
research are continuing in order to develop new treatments and to improve
existing ones.

Several different approaches are used in the treatment of cancer. The most
important method is surgical removal of the malignancy. The two other treat-
ment modalities most often used are radiotherapy and chemotherapy. Other
modalities like hyperthermia and immunotherapy are as yet less successful as the
only treatment. In most cases the different modalities are not used alone, but are
appropriately combined to provide the patient with the most optimal treatment
available. The term "optimal" is used deliberately, since in general it is not pos-
sible to denote a certain treatment as "the best", but at most as "the best
available". The modalities radiotherapy and chemotherapy invariably cause
some damage to healthy, non-malignant tissues whose integrity and function are
important to the patients health. In the case of chemotherapy, damage is the
result of the systemic application, whereby, in addition to the tumour, all
healthy tissues are also exposed to the drug. This may result in nausea and
vomiting, and in malfunctioning of rapidly proliferating tissues like the gastro-
intestinal epithelium, with subsequent diarrhea, and mucosa or skin, leading to
denudation. With radiotherapy, injury to normal tissues results from the fact
that the treatment volume is always chosen to be somewhat larger than the
malignancy itself. Although with modern radiotherapy techniques the skin can
be spared to a great extent, there is always a certain amount of normal tissue in
the direct vicinity of the tumour and among the malignant cells. This tissue will
receive a radiation dose of about the same magnitude as the tumour. The >
response of the cells constituting either the normal tissue or the tumour will .]

basically be the same: if the radiation do.»e is high enough, the DNA will be >;
damaged to such an extent that the ability of cells to proliferate is impaired. In ?̂
case of the tumour, this is of course the effect desired, i.e. to prevent the cells |'t
from dividing and, consequently, to sterilize the tumour. The same effect, loss i'•'<
of proliferative ability and cellular death in cells of normal tissues results in the ;f,'.
undesirable side effects of radiotherapy, loss of normal tissue integrity and ''"-
function.
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It is evident that the dose of radiation that can be applied to the tumour cells will
always be limited by the tolerance of the normal tissues. A better understanding
of the factors which determine the tolerance dose will be important to apply the
optimal dose to the tumour.

1.1. The response of tissues to radiation

The response of a tissue or organ to radiation is, as mentioned above, the result
of impairment of the proliferative ability of its constituent cells or, at a lower
level of damage, due to slowing down of the cell replacement. The result of this
action is that the response to radiation varies widely among different tissues and
depends very much on the rate at which the cells are dividing to renew the
tissue.

Tissues can be categorized in a number of different ways. A distinction on
the basis of their proliferative organization has been made by Michalowski
(1981) and Wheldon et al. (1982). They considered two basic tissue types.
Tissues of the first type, called hierarchical or type-H tissues, consist of a stem-
cell compartment from which cells differentiate to form the functional cells of
the tissue. The differentiated cells have lost the capacity for unlimited
proliferation. The second type of tissues is denoted flexible or type-F tissues. In
these tissues no specialized stem-cell compartment is present, but some or all of
the functional cells may, if injury is inflicted, come into cycle or shorten their
cell cycle time, and proliferate to renew the tissue. This distinction approximates
that more generally accepted in cellbiology, in which tissues are classified into
three groups (Junqueira and Carneiro, 1984). The first group contains the
renewing tissues which are characterized by a very active turnover of the cell
population. This group correspond to the type-H tissues. Tissues from the
second group, the expanding tissues, have a moderate to low turnover under
normal conditions, but can be stimulated to increase the rate of cell division, e.g.
by mechanical injury or irradiation. These tissues correspond to the type-F
tissues. The third group contains the static tissues, in which there is no turnover
anymore after the early stages of development.

1.1.1. Early responding tissues

An important distinction that can be made about radiation responses of tissues is
that based on the time of expression of the damage. In this categorization the
first group includes those tissues which have a rapid cell turnover and a high
rate of cell division. They will show a reaction rather soon after treatment. In
general these are hierarchical, type-H, tissues. Examples are the skin and the
gastro-intestinal epithelium.

In the skin the cells in the basal layers are responsible for the continuous
production of cells which differentiate to become the keratinized cells in the
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superficial layers. Due to treatment with ionizing radiation a significant fraction
of these stem cells can be deprived of its capacity for unlimited proliferation.
This distorts the balance between cell loss at the skin surface and replenishment
of those cells from the basal layers, resulting in desquamation of the skin and, in
a severe case, ulceration. These lesions become visible as early as 10-14 days
after treatment. Healing of these wounds results from accelerated proliferation
of surviving cells in the basal lamina and/or migration of those cells from
outside the radiation field (Denekamp, 1973; Hopewell and Young, 1982;
Potten, 1986; Van Rongen and Kal, 1984).

A comparable mechanism occurs in the gastro-intestinal epithelium. This
tissue is constantly being renewed, which is necessary due to the abrasive action
of the intestinal contents. Proliferation of stem cells in the intestinal crypts is
followed by migration of these newly formed cells to the top of the villi. If due
to the action of ionizing radiation a significant fraction of the stem cells suffers
loss of its proliferative capacity, the equilibrium will be shifted towards cell loss
and denudation of the villi will result. This denudation will hamper the uptake
of fluid and nutrients from the intestinal content which will lead to diarrhea and
dehydration. The only way in which the epithelium on the villi can be restored
is by migration of cells from the crypts. If all stem cells in a crypt have lost
their proliferative capacity, the villus can not be restored and will be eliminated
(Withers, 1971; Potten and Hendry, 1975, 1983).

1.1.2. Late responding tissues

The other group of tissues that can be distinguished on the basis of the expres-
sion of damage consists of those tissues with a low or nearly absent proliferative
activity. These tissues show a much later response to irradiation as a result of
their low cell turn-over. As a consequence of the long life span of the cells it
takes much longer before sufficient cells are depleted and functional changes in
the tissue become evident. Many of these tissues can be classified as flexible,
type-F, tissues. Examples of organs whose radiation response is governed by late-
responding tissues are the central nervous system, the lungs and the kidneys.

The effects of radiation on the spinal cord have been the subject of extensive
investigations performed at this laboratory (Van der Kogel and Barendsen,
1974; Van der Kogel, 1979, 1983). Different types of damage can be distin-
guished in this organ. The first type is white matter necrosis, which is expressed
after a dose-dependent latent period of about 4-6 months. With increasing dose,
vascular damage becomes more pronounced and may possibly lead to white
matter necrosis (Van der Kogel, 1979, 1983, 1986; Hopewell, 1979). The result
of these lesions is leg paralysis. A different type of vascular damage is observed
at very long times after treatment, up to about two years. This lesion is not
associated with white matter necrosis (Van der Kogel, 1979, 1986). These
various lesions are irreversible.

13



Lungs and kidneys and their radiation tolerance are the subject of the
research project described in this publication. An extensive description of these
tissues and of the reaction to treatment with ionizing radiation will be given in a
later section.

It is important to point out that the distinction which can be made between
fast proliferating early responding tissues and slowly proliferating ones with a
late response to irradiation, also has consequences for the radiation tolerance,
because these inherent properties are associated with differences in sensitivity to
fractionated administration of radiation.

1.2. Fractionation: a brief historical review

In their recent book "Fractionation in Radiotherapy", which covers in a broader
context the general subject of this thesis, Thames and Hendry (1987) give an
extensive description of the development of clinical radiotherapy and the rise
and fall of different treatment techniques. A summary of these historical facts
will be given here.

Already very early after Rontgen's discovery of X rays (Rontgen, 1895) the
first medical application of this new physical agent was reported by the Viennese
dermatologist Freund (1897a,b). He treated successfully a case of hairy nevus.
As a result of the low output of the available equipment the treatment had been
given over several days - a fractionated low dose-rate treatment. The end of
treatment was determined on the basis of the occurrence of hair loss assessed by
daily observations. In the next two decades the irradiation equipment was
improved, the dose-rate increased and the treatment of malignancies shifted to
other approaches. The majority of early radiotherapists felt that the best way to
treat cancers was to give large and, if possible, single doses. However, the
effects of these large doses were often such that the side effects caused serious
concern, because of severe radiation burns of normal skin. As a result of the
poor shielding also the doctors themselves suffered severe damage to superficial
tissues.

The growing awareness that normal tissue injury may lead to severe muti-
lations instigated experimental research into the effects of radiation treatments
on normal tissues. Some normal tissues were also thought to provide model
systems for tumours. The experimental, serially passaged tumours and the

I inbred animal strains with which this research can be performed at present,
i were not available at that time. Among the first reports of such experimental
; studies was that of Regaud and Ferroux (1927) describing radiation effects on
t the seminiferous epithelium in the testes of the ram, which they used as a model
V* system for tumours, with simultaneous observations of the effects on skin.
^ Regaud and Feroux (1927) observed that it was possible to sterilize a ram
i without damaging the skin if the radiation dose was given in four daily fractions
I instead of in one single dose. These and other experimental data as well as
I
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clinical observations led to the empirically derived clinical fractionation
schedule of a course of daily fractions consisting of a dose of approximately 2
Gy, delivered five times per week during 5-7 weeks. Up to the present time this
still is considered to be a basic schedule or standard treatment, with minor
modifications for different tumour types.

Since the early 1950's, knowledge of basic radiobiology has been develop-
ing and data on the radiation responses of a number of different experimental,
mainly rodent, tumours and of different normal tissues, both early and late
responding, has been gathered. This radiobiological background permitted
sound radiobiological rationales to be formulated supporting the sparse clinical
evidence that for specific tumour - normal tissue combinations the "classical"
treatment might not be the optimal one (Douglas, 1982; Thames et al, 1982,
1983; Withers et al, 1982; Fowler, 1984; Withers, 1985). Instead, it was
suggested to be advantageous to treat with smaller doses per fraction given as
several fractions per day (Backstrom et al., 1973; Littbrand et al., 1975;
Shukovski et al., 1976; Jampolis et al., 1977; Norm and Onyango, 1977;
Svoboda, 1978; Arcangeli etal, 1979). Two basic approaches can be used. The
first is to maintain the original treatment overall time of 5-7 weeks with daily ir-
radiation, only the single daily dose of around 2 Gy is split up in 2 or 3 smaller
doses spaced several hours apart. This is called hyperfractionation. The rationale
for this treatment is based on the observed differences in repair potential
between late reacting tissues like the central nervous tissue, lung and kidney, and
early reacting ones, including tumours. Because of the greater repair capacity of
late responding tissues these will be relatively more spared by hyperfrac-
tionation. Therefore this treatment protocol can only be advantageous when late
reacting tissues are dose-limiting.

The other approach is to maintain the size of the dose per fraction at about
2 Gy, but to give 2 or 3 fractions per treatment day. In that case, the total
treatment time will be shortened to half or l/3rd of the original length. This is
called accelerated fractionation and it could be used for very fast proliferating
tumours, for which the 5-7 week period offers a significant possibility to
repopulate.

1.3. Isoeffect models

In the decennia during which daily fractionation was common practice in
radiotherapy, the need arose to mathematically describe the reaction of the
tumour and of the normal tissues to such treatment, in order to calculate what
the effect of small modifications in the treatment regimen would be on the total
dose to be delivered for a specific effect. This resulted in the formulation of
isoeffect relationships. For normal tissues these were based on skin effects
because these could be easily determined and were generally, together with mu-
cosal reactions, the dose limiting effects, since technical progression had not yet
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advanced far enough to spare the skin.
The models most widely used were those of Strandqvist and Ellis. Strand-

qvist (1944) plotted the accumulated total dose as a function of the total treat-
ment time on a double-log plot for cure of skin and lip carcinoma and for
several types of early and late skin reactions. The total dose D and total treat-
ment time T (in days) were related acccording to:

where c is a constant.
Based on clinical data concerning skin tolerance and tumour responses,

Cohen (1949) suggested different exponents of 0.33 for skin, and 0.22 for
tumour. The latter value corresponds to the exponent calculated by Strandqvist.
However, Thames and Hendry (1987) pointed out that this difference arose from
the different treatment times that Cohen had chosen to plot the single dose data
of skin and tumours. As a result of the logarithmic scale of the Strandqvist plot,
the difference between the treatment time of 0.35 day which he used for
tumours and the time of 1 day for skin yielded the different exponents. If Cohen
would have been consistent and had also used for skin the treatment time of 0.35
days, the skin exponent would have been 0.22 as well. However, for a long time
the Cohen exponents have been used in clinical practice.

The relationship between D and T was elaborated upon by Ellis (1968) who
introduced the number of fractions as a second variable on which the total dose
D depends and replaced the constant c by the NSD, the nominal single (or
standard) dose, which can be considered as the calculated single dose for a
certain biological effect. The Ellis formula relates the total dose D to the
number of fractions N and the total treatment time T by:

D = N S D . N a 2 4 . T 0 1 1

The exponents for N and T in this formula are based upon skin reactions only.
For other tissues other exponents have been determined from experimental
animal research. In the clinical application of the Ellis formula for the deter-
mination of normal tissue tolerance, calculated total doses led for larger doses
per fraction to unexpectedly severe damage to late responding tissues (Bates and
Peters, 1975; Horiot et al., 1972; Singh, 1978; Sause et al., 1981).

Based upon the Ellis formula, Kirk et al. (1972) developed the CRE (Cumu-
lative Radiation Effect) relationship:

CRE = D • N065 • (T/N)-011

A certain treatment schedule can be represented by one CRE number. Another
corollary of the NSD is the TDF (Time Dose Fractionation) formula developed
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by Orton (Orton, 1973; Orton and Ellis, 1974):

TDF = N • D1 5 3 8 • (T/N)0169 • 10"3

Again, a certain treatment can be represented by a single TDF number. If either
D, N, or T changes, new values of the other parameters can be calculated with
either formula to derive a treatment with the same CRE or TDF.

These relationships are both based upon the NSD formula and, hence, on a
limited set of clinical data, in particular limited with respect to range of doses
and of different tissues. Application to treatment regimens involving high doses
per fraction showed for late responding tissues much more severe reactions than
predicted from the model (Singh, 1978; Turesson and Notter, 1984a,b).

1.4. The Linear-Quadratic model of cell and tissue responses

The information from an increasing number of radiobiological data, both for in
vitro and ir >ivo systems, led to the development of other isoeffect models,
assumed tr be more generally applicable than the ones derived from clinical
data. In 1>'56 Puck and Marcus developed the technique of measuring cell
survival in vitro by the colony assay. Subsequently, cell survival could be
plotted as a function of the radiation dose in so-called survival curves. Several
models have been suggested in the past decennia to give a mathematical descrip-
tion of such curves. A simple model is that in which the log cell survival, ln(S),
is a linear and quadratic function of the dose, the LQ model (Douglas and
Fowler, 1976):

ln(S) = -(aD + pD2) S

The factors ccD and pD2 represent the contributions which depend on single
particle events and on accumulation of sublethal events, respectively. In Fig. 1-1
the curves for the linear and quadratic components are drawn separately. The
actual survival curve is the resultant of these two curves derived by multiplica-
tion of the surviving fraction for a given dose. The ratio of the scaling
parameters a and p is the dose at which the contributions of the linear and
quadratic components are equal (Fig. 1-1).

When fractionated doses are given and full repair of sublethal damage is .
allowed between fractions, the first part of the survival curve will be repeated at !
each subsequent fraction (Fig. 1-2). For n fractions of dose d the linear- J
quadratic (LQ) formula writes: |

ln(S) = -n(ad + pd2) \

For in vitro cultured cells it is fairly easy to determine the fraction of surviving ;



ct-component
lnSa= -aD

10"4-

P-component
inSp=

IrtS = lnS+ lnSo= -(a D + pD2) \a p r | \

f D, dose (Gy)

Figure 1-1. Hypothetical survival curve illustrating the Linear-Quadratic model. The full
curve can be considered to be composed of the two dashed curves representing the a-component
or linear curve and the p-component or quadratic curve, respectively. The ratio a/p is the dose at
which the contributions of the two components are equal. Reprinted with slight modifications
from Van den Berg (1984).

cells. When the reactions of entire tissues are considered, under the assumption
that a radiation-induced tissue effect is the result of depletion of critical target
cells in that tissue, than determination of the absolute surviving fraction is much
more complicated or, in most cases, even impossible.

Rapid turnover tissues in which the target cells are known, offer the
possibility to determine survival by means of an in vivo colony assay. An
example is the determination of crypt cell survival in the intestinal epithelium by
the counting of colonies of regenerating crypts several days after treatment
(Withers and Elkind, 1968, 1969, 1970; Withers, 1971). In this system,
analogous to the in vitro colony forming assay, each individual colony is thought
to be a descendant of one surviving crypt stem cell. With the known average
number of stem cells per crypt, the surviving fraction can than be determined.
However, for most tissues, especially for the slowly proliferating late respond-
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Figure 1-2. Hypothetical survival curves illustrating the effect of fractionation. With each
dose fraction the initial pan of the single dose survival curve is repeated. With decreasing dose
per fraction more fractions will be needed to achieve the same isoeffect, e.g. the surviving
fraction of 10'9 in the figure. For an infinite number of very small fractions, n=°°, the isoeffect
dose is the Extrapolated Tolerance Dose (see section 1.4). Reprinted with slight modifications
from Van den Berg (1984).

ing ones, such techniques are not applicable, partly because it is often not known
with certainty which cells are the stem cells. In such cases, the assumption is
made that a certain radiation-induced effect, like a change in organ function, or
death of the animal resulting from organ failure, is caused by depletion of the
critical cells to a specific surviving fraction. That is, the resultant effect only de-
pends on the surviving fraction, not on the irradiation schedule with which this
survival level is reached. In the LQ formula -ln(S) can then be replaced by an
(unknown) parameter E (for effect):

E = n(ad + pd2)

Douglas and Fowler (1976) rewrote the LQ formula to:

J
nd

<x p .
— _i_ r V n

f
1
f
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The reciprocal of the total dose nd is a function of the corresponding dose per
fraction d and the parameters a and p scaled by the unknown E. Douglas and
Fowler called the inverse of the total dose Fe, hence the often occurring designa-
tion Fc-plot for the graphical representation of data in this format. For each of
different fraction-number regimens required for a specified tissue effect, the
isoeffect dose can be calculated, e.g. by determining the total dose at which 50%
of the animals shows a specified effect in a given tissue. The inverse of these
isoeffect doses will be located on a straight line in an Fe plot if the LQ model
pertains to these data. This graphical representation of isoeffect data has been
employed by Thames et al. (1982), Withers etal. (1982) and Barendsen (1982)
to determine the ratio a/p. These authors demonstrated that this parameter is a
factor that describes the sensitivity of a certain tissue to fractiona'ion of the
radiation dose. The method of determination of a/p is demonstrated in Fig. 1-3.
The slope of the regression line through the datapoints, the full straight line, is
equal to p/E and the intercept with the abscissa is equal to a/E. In the ratio of
these parameters E cancels out and a/p can be determined. The a/p is expressed
in units of absorbed dose, Gy. A simple graphical method to determine a/p from
an Fc-plot is to back-extrapolate the regression line to the ordinate (the dotted
straight line in Fig. 1-3). The intersection with the ordinate is equal to -a/p
(Van den Berg, 1984; Michael, 1985).

Analysis of many sets of experimental data obtained for different tissues in
various animal species, but mostly in rodents, revealed that different tissues have
different a/p ratios (Thames et al., 1982; Withers et al., 1982; Barendsen,
1982). A gross distinction can be made between fast proliferating early respond-
ing tissues, including many types of tumours, with relatively high a/p ratios
(values in excess of 6 Gy) and the slowly proliferating late responding tissues
which have lower a/p ratios of about 1-5 Gy (Thames et ah, 1982; Barendsen,
1982; Fowler, 1984a; Thames and Hendry, 1987).

Barendsen (1982) developed an isoeffect relationship based on the LQ
model in which the a/p ratio is an important parameter. With this isoeffect
relationship (clinical) tolerance doses can be calculated for different tissues at
risk, which results in better estimates, in particular for the late-responding

: tissues, than obtained with the NSD, CRE or TDF formulas. In this LQ isoeffect
relationship the relative effectiveness factor, REF, of a certain treatment for a
tissue is described by:

\ REF = 1+ —
! a/p

j where d is the dose per fraction of that treatment. Multiplication of the REF
i with the total (or tolerance) dose Dtoi obtained for a given dose per fraction
\ results in the Extrapolated Tolerance (or Total) Dose (ETD):
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Figure 1-3. Reciprocal total dose or Fe-plot. The inverse of the isoeffect dose is plotted
against the corresponding dose per fraction. The intercept with the abscissa is equal to a/E and
the slope of the regression line by p/E. Two different methods to determine a/p are shown. The
first method is by calculating the ratio of a/E and p/E. In the second, graphical, method the
regression line is extrapolated to the point -a/p on the ordinate. The dashed curve illustrates the
location of the datapoints in case of incomplete repair of sublethal damage between fractions.

ETD = Dtol • REF

which can be considered as the tolerance dose of a treatment with a very large
number of very small doses (Fig. 1-2). The ETD corresponds to the reciprocal
of a/E in an Fe-plot. This ETD is a constant for a certain tissue and can be used
in the calculation of tolerance doses, fractional doses or fraction numbers in
modified treatments. Two examples may serve to illustrate this point. Suppose
that a well-established treatment of 30 fractions of 2 Gy in six weeks (five frac-
tions per week) is to be modified to a treatment with doses per fraction of 1.8
Gy. How many fractions can be given in the same overall time to achieve the
same level of effect in the dose-limiting normal tissue? Let us assume that
mucosal reactions are dose-limiting and that the oc/p for mucosa is 8 Gy. The
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ETD for the old and the new treatments are the same by definition, therefore

nd'

in which dj and nj are the dose per fraction and the number of fractions of the
new treatment, respectively. This relationship can be rewritten to

n t d t _ g/p + d

nd ct/p + dj

Substituting d = 2, dj = 1.8, n = 30, and <x/p = 8 results in a number of fractions
for the new treatment ni = 34. Hence, the total dose can be increased from 60 to
61.2 Gy. If the dose-limiting tissue would be the lung, with an oc/p of 3 Gy, then
n] would be 35, and the total dose would be 62.5 Gy. This also illustrates that a
higher total dose can be delivered to a tumour if late responding tissues, with
low a/p's, are dose-limiting. This higher dose will result in a larger effect, e.g. a
larger probability of cure, if the cc/p ratio for the tumour is higher than the a/p
ratio of the normal tissue.

In another situation it might be necessary to modify the 30 • 2 Gy treatment
to a schedule in which only three fractions per week in the same overall time
can be given. What will be the fractional and total doses if the critical tissue is
the lung with an assumed a/p of 3 Gy? For the old treatment REF = 1 + (2/3) =
1.66 and DtoI = 30 • 2 = 60 Gy. Hence, the ETD = 60 • 1.66 = 100 Gy. The new
treatment has to consist of 6 • 3 = 18 fractions of dose d. Substituting in the
ETD equation leads to:

rewriting this to:
6d2 + 18d- 100 = 0

leads to an equation from which d can be solved: d = 2.85 Gy. The total dose to
be given in 3 fractions per week than is

18-2.85 = 51.3 Gy

A slightly different, but conceptually similar method is given by Thames and
Hendry (1987). They considered the total effect TE of a fractionation treatment
to be composed of a dosage factor and a fractionation factor:
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dosage factor = n • d (equal to the total dose)

fractionation factor = ot/p + d
leading to:

TE = (n • d) • (oc/p + d)

The above mentioned example solved with this method is described by:

TE = (30 • 2) • (3 + 2) = 300

The new fractionation schedule is:

TE = 300 = (18 • d) • (3 + d)
leading to:

6d2 + 18d - 100 = 0

which is identical to the equation derived above. The solution of this equation
for the dose per fraction is of course d = 2.85 Gy.

If a treatment must be modified during its course, partial ETD's or TE's
can be calculated. The total ETD or TE can be composed of any number of
partial ETD's or TE's. Suppose that the change in the original treatment of 30 •
2 Gy is required after completion of three weeks of therapy. The partial TE(1)
for this part is:

TE(1) = (15 • 2) • (3 + 2) = 150

For the total TE holds:
TE = TE(1) + TE(2)

or:
300 = 150 + TE(2)

TE(2) = 150

The number of fractions to be given in the last three weeks of treatment is 3 • 3
= 9, therefore:

TE(2) = 150 = (9 • d) • (3 • d)
leading to:

9d2 + 27d-150 = 0
and d = 2.85 Gy.

1.4.1. Incomplete repair

Up to this point it has been assumed that the time intervals between subsequent
fractions were all long enough to result in complete repair of sublethal damage.
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However, with treatment regimens in which multiple fractions are given on each
treatment day the time interval between these daily fractions may not be long
enough for repair to be completed. For instance, if repair is assumed to be a
mono-exponential process, the repaired fraction of repairable damage can be
described by:

in which t is the time during which repair has taken place and |i is a parameter
indicating the rate of repair. The time to reach •& = 0.5 is called T^, the
halftime of repair. It is related to \i by:

T ln0.5 In 2
T1/2——- —

If a certain tissue has a T ! / 2 of 1.5 hour and 2 fractions per day are given at six-
hour intervals, then at the second fraction 6.25% of repairable damage will not
have yet been repaired. However, if the interval is only four hours 15.75% of
the sublethal damage from the first fraction is still present. If this is neglected in
the calculation of tolerance doses, serious overestimations of the tolerance doses
and consequently tissue complications will result.

Thames (1985) and Dale (1985) derived in two different, independent ways
an identical correction factor to the LQ model to account for incomplete repair.
This factor is an extension to the quadratic term, in the notation of Thrmes
(1985):

E = n{ad + pd2[ l+hn(f l)]}

in which hn(#) is a complex function of the fraction number n and the &
described above:

If incomplete repair occurs, the value of the total dose D = nd required for
] an effect is smaller than expected form the straight line in an Fe plot. This
\ implies that 1/nd is larger, i.e. the points are located above the straight line
j expected from the LQ model. Only the points at n = 1 and n = «> remain
< unchanged. Consequently the curve for incomplete repair in an F e plot is

. j concave, whereby the curvature depends on the time interval available for
repair (e.g. the dashed curve in Fig. 1-1).

In the isoeffect model described above in the notation of Thames and
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Hendry (1987) the fractionation factor <x/p + d is changed to:

fractionation factor = a/p + d [1 + hn(

in which hn(d) is designated as the "incomplete repair factor ".
Again it is of interest to consider an example to illustrate the method. Let

the 30 • 2 Gy treatment be changed to a twice-a-day schedule in the same overall
time. What will be the new dose per fraction if the time interval between the
two fractions on each treatment day is either 8 or 3 hours? In the new treatment
the number of fractions n = 60. The fractionation factors that pertain to multiple
fractions per day (MFD) treatments (taken from Table 6.3 of Thames and
Hendry (1987)) are 0.0248 for 8-hour intervals and 0.2500 for 3-hour intervals,
assuming an Ty2 of 1.5 hour. In a previous example a TE of 300 has been
calculated for the 30 • 2 Gy treatment. For the MFD treatments, the TE equa-
tion can now be solved for d. For 8-hour intervals:

TE = 300 = (60 • d) • (3 + d (1 + 0.0248))

61.49 d2 + 180 d -300 = 0

d = 1.186 Gy

For 3-hour intervals:

TE = 300 = (60 • d)» (3 + d (1 + 0.2500))

75.00 d2 + 180 d - 300 = 0

d = 1.132 Gy

This results in a reduction in total dose of (60 • 1.186) - (60 • 1.132) = 3.24 Gy
as a consequence of the higher contribution of unrepaired damage with the
shorter intervals of 3 hours. If the Tj/2 is longer than the 1.5 hour assumed in
this example, than the difference between the doses calculated for the two
interval times will even be larger.

I It is clear that for an adequate application of the LQ isoeffect relationships
••_ knowledge is required not only of the a/p doses of different tissues, but also of
j . their repair kinetics represented by the Tj/2 values. Clinically, unexpectedly

'. J. severe normal tissue damage has been observed as a result of too short time
intervals of 2 hours between multiple daily fractions given in hyperfractionated

% radiotherapy (Nguyen et al., 1983, 1985, 1988).

1.4.2. Continuous irradiation

Low dose-rate irradiation is a treatment modality used for special cases, like
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total body irradiation, brachytherapy and intra-cavitary treatments. In such
treatments, the dose is not delivered as small doses within several minutes, as in
"normal" fractionated radiotherapy, but protracted over several hours by
lowering the dose-rate. The biological implication of such prolonged dose
delivery is that repair of radiation-induced damage in the target cells already
starts and continues during the irradiation. In terms of survival curves this
results in an upward shifting of the entire curve. Continuous irradiation at a
very low dose rate can be considered as the ultimate fractionation treatment with
infinitely small doses per fraction.

The survival curve after low dose-rate irradiation can also be described by
a linear-quadratic relationship (Thames, 1985):

E = a(vt) + p(vt)2 • [g(ut)J

whereby v is the dose rate, t is the exposure time and g(nt) is a complex function
of the parameters jx (constant of repair kinetics) and t (Thames 1985):

2(ul-l+e'Mt)= - ^ J-

The mathematical description of the effects of fractionated low dose-rate
irradiations the effects has recently been derived by Nilsson et al. (1989):

E = n

in which v is the dose rate at which each n'th fraction is delivered, tn is the
exposure time per fraction. The function g'(utn) is described as:

and the time component in •& is the sum of the exposure time per fraction tn and
At, the interval time between two subsequent fractions, i.e., •& = exp [~n(tn +
Atn)]. It is assumed here that the repair kinetics during the low dose-rate
irradiation and between the fractions are identical, although this is not necessari-
ly the case.

In the isoeffect model of Thames and Hendry (1987) the fractionation factor
is in this case, analogous to their notation:
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fractionation factor = a/p + (vtn) • [g(utn) + g'(utn) • hn(£)]

The following example to illustrate the calculations with this factor is derived
from experiments described in this thesis. Suppose a treatment is given to the
thorax of rats at a dose rate of 3 Gy/hour and the tolerance dose for that low
dose-rate treatment, dominated by the response of the lungs, is 15 Gy. What
would be the tolerance dose if the treatment is split in two equal fractions that
are given on two consecutive days, i.e. spaced about 21 hours apart? First, the
TE is calculated for the single dose treatment:

TE = (vt,) • {o/p + (vt,) • [g^it,)]}

tj is the exposure time for the single dose, which is five hours. Assuming a T^
of about one hour, gdxt]) can be calculated to be 0.4158. Therefore:

TE = (3 • 5) • {3 + (3 • 5) • (0.4148)} = 138.56

If the treatment is given in two fractions the fractionation factor will be:

fractionation factor = a/p + (vtfr) • [g(utfr) + g'("tfr) •

where tfr is the exposure time per fraction. Since the fractions were ad-
ministered at 24-hour intervals, hn(#) will be negligibly small and the fractiona-
tion factor reduces to:

fractionation factor: 3 + 3tfr • g(utfr)

The dosage factor (which is equal to the total dose) is:

dosage factor = v • 2tfr = 6tfr

The total TE of this fractionated low dose rate treatment, with g(utfr) fully
written, is:

Substituting )i by (In 2)/T 1/2 = In 2 (since 7\/i=l) and solving for tfr leads to an
exposure time per fraction tfr = 2.91 hour. This means that the total dose will be
2 • 2.91 • 3 = 17.46 Gy and hence 2.46 Gy has to be given extra to compensate
for repair of sublethal damage between the two fractions.
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1.5. Outline of the studies

Although this mathematical formalism is complex, it is based directly on well-
established radiobiological knowledge. However, it is possible that other factors,
e.g. cell proliferation, have to be taken into account before a complete descrip-
tion of the influence of dose fractionation, time and dose-rate can be derived for
all normal tissues. Therefore it is of great importance to study fractionation
effects in normal tissues to establish to what extent the present formalism is
adequate to predict new experimental data.

The experiments described in this thesis were initiated in the course of an ap-
plication for a project grant to the Koningin Wilhelmina Fonds, the Netherlands
Cancer Foundation, which has given four years of financial support. The title of
the project (RBI 84-7) was: "Studies on chronic late effects in rat lung and
kidney: determination of the rate of repair of sublethal damage and of the
influence of dose rate", which indeed covers the main purpose of the study.
However, more data were collected, because early effects have been carefully
analyzed as well.

The first experiments for both tissues, lung and kidney, were fractionated
irradiations at long interval times. The purpose of these experiments was to
establish in the WAG/Rij rat strain the course and nature of the radiation-
induced sequelae and the influence of fractionation. From these data it was
possible to determine the oc/p ratio for both tissues. The interfraction intervals
were long, in order to allow full repair of sublethal damage. However, if the
lungs would be treated for extended periods with daily fractions, a slow repair
process as described by Field et al. (1976) might interfere. Therefore, it was
decided to give up to 16 fractions at fixed 6-hour intervals, thereby limiting the
overall time to a maximum of four days.

For the kidney, slow repair has never been observed, but a small influence
of repopulation in prolonged fractionation schedules can not be entirely ruled
out (Robbins et al., 1986; Williams et al., 1986). Repopulation was not observed
until after about 20 days of treatment. Therefore initially the 20-fraction
treatments and later the 40-fraction treatments were given as twice-daily
fractionation schedules with 6-hour intervals between the two daily fractions.
The maximum overall time (in the 40-fraction schedule) was 25 days and this
was considered to be sufficiently short to prevent a significant influence of repo-
pulation.

The minimum interval of 6 hours between subsequent fractions was chosen
as a reasonable compromise between allowing sufficient time for repair and
avoiding too much discomfort for the experimenters. The six hours should be
enough for nearly complete repair if a Tj/2 of 1.5 hour was assumed. The then
available knowledge was based only on data for mouse lung (Vegesna et al.,
1985).

In the course of follow-up of these experiments, Thames published his
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incomplete repair model (Thames, 1985) and developed a novel method to
analyze fractionation data and to calculate a/p and Tj/2 values from them. Based
on these models and methods it was judged that in addition to the full-repair
experiments only one experiment with sufficiently incomplete repair would be
enough to calculate a/p and T ^ . If the data are considered plotted on an Fe-plot
(Fig. 1-1), one straight line and one concave curve, both well defined, would be
sufficient. A fixed interval of 1 hour was adopted in these fractionation schedule-
s, which indeed turned out to be sufficiently short for incomplete repair.

In order to investigate the influence of lowering the dose-rate on the
radiation response of the lung, experiments were performed in which single
doses were administered at the same high dose-rate employed in the fractiona-
tion experiments and at two lower dose-rates. Moreover, in an attempt to deter-
mine whether all repair would be completed during these low dose-rate irradia-
tions or whether after termination of the exposure additional repair occurred,
low dose-rate irradiations were also given in two equal doses on two consecutive
days.

In summary, two large fractionation experiments were performed both for
lungs and for kidneys. In the first experimental series, interfraction intervals
were long enough to allow nearly complete recovery of sublethal damage. In the
second series, intervals were deliberately chosen to be very short, one hour, to
allow only incomplete damage repair. The lungs were also treated with single
and 2-fraction irradiations at two different low dose-rates.

The follow-up of the treated animals was planned to be performed by in
vivo determination of functions or parameters indicative for the performance
status of the organ concerned.

Animals irradiated to the lungs were monitored by determination of the
breathing frequency, since in several mouse studies this had been proven to be a
good indicator of lung damage (Travis et al., 1980; Travis and Down, 1981;
Travis et al., 1983, 1985, 1987; Parkins et al., 1985; Parkins and Fowler, 1986).
Unfortunately, the equipment to measure the breathing frequency was not yet
completely ready at the time the first fractionation experiment was performed.
Consequently, early measurements of the breathing frequency (BF) are lacking

' for this experiment. The reason for this was that, based on the available mouse
data, a rise in BF resulting from radiation-induced pneumonitis was not ex-

v- pected to occur until about 12 weeks after treatment - instead observations
: showed that the rise of the BF started already at 4 weeks in the rat strain used in
% our experiments.
% Histological examinations were performed to elucidate the nature of early
••• and late damage. In addition, the determination of the aminoacid
T hydroxyproline, which is almost exclusively found in collagen, was used as an
; biochemical parameter for radiation-induced fibrosis.

Rats irradiated on the kidney were monitored by the determination of
j" several parameters indicative of kidney function, including serum urea, urine
I-
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osmolality and total urine volume excreted in 24 hours. Also histopathology and
hydroxyproline determinations were performed.

In summary, each individual experimental animal was monitored for 18
months, or until moribund, every 4-12 weeks for the lung-irradiated rats and
every 4-8 weeks for those irradiated to the kidney by determination of one or
more parameters indicative for the function of the relevant organ. At the end of
the observation period the hydroxyproline content was determined and his-
topathological examinations were performed.

1.6. Publications related to the work described in this thesis

Part of the experimental data and results presented in this thesis have been or
are due to be published:

Van Rongen, E., Tan, C , and Zurcher, C. Early and late effects of fractionated
irradiation of the thorax of WAG/Rij rats. Br. J. Cancer 53, Suppl. VII,
333-335 (1986).

Van Rongen, E., Tan, C.H.T., and Durham, S.K. Late functional, biochemical
and histological changes in the rat lung after fractionated irradiation to the
whole thorax. Radiother. Oncol. 10, 231-246 (1987).

Van Rongen, E., Kuijpers, W.C., Madhuizen, H.T., and van der Kogel, AJ .
Effects of multifraction irradiation on the rat kidney. Int. J. Radiat. Oncol.
Biol. Phys., 15, 1161-1170 (1988).

Van Rongen, E., Madhuizen, H.T., Tan, C.H.T., Durham, S.K., and Gijbels,
M.J.J. Early and late effects of fractionated irradiation and the kinetics of
repair in rat lung. Submitted to Radiother. Oncol., December 19S8.

Van Rongen, E., Kuijpers, W.C., and Madhuizen, H.T. Fractionation effects and
repair kinetics in rat kidney. Submitted to Int. J. Radiat. Oncol. Biol. Phys.,
December 1988.

1.7. Tissue structure and radiation pathology

In the following sections, a brief description will be given of the structure and
organization of the lungs and kidneys, followed by a short summary of the most
important features of radiation-induced pathological events. The aim is not to
provide a complete review on radiation pathology, but to describe characteris-
tics required for the interpretation of our experimental results.
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1.7.1. Lung

The function of the lung is the exchange of gases between air and blood, with
the main purpose to provide the cells of the body with the necessary oxygen and
to remove the endproduct of oxygenation processes, carbondioxide. In order to
provide a maximum of gas exchange surface within the limited volume occupied
by the organ, the lung has a complex internal structural organization (Bloom
and Fawcett, 1975; Junqueira and Carneiro, 1984). Air is brought into the lungs
by the bronchial system. This consists of the trachea that divides in two main-
stem bronchi. These branch in turn into a complex tree of smaller channels. The
terminal bronchioles end into the structures in which the gas exchange takes
place, the alveolar sacs. These consist of an alveolar duct which is lined with
packed alveoli, half open spherical structures lined on their inner surface with
specialized epithelium and on their outer surface with a dense meshwork of
capillaries (Fig. 1-4).

respiratory bronchiole

alveolar ducts
smooth muscle

septa

— arteriole

alveoli

vein

Figure 1-4. Photomicrograph of a functional unit of the lung, formed by a respiratory
bronchiole, alveolar ducts, and alveoli. Reprinted with slight modifications from Bloom and
Fawcett (1975).
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The gas exchange takes place through the alveolar wall, i.e., through the
alveolar epithelium and the capillary endothelium and their common basement
membrane. The alveolar sacs are all packed together in the lung, and alveolar
septa separate adjacent alveoli. In the normal situation very little connective
tissue (and collagen) is present in the septa, because the spherical shape of the
alveoli is maintained by a very thin layer of phospholipid-containing fluid, the
surfactant, that covers the internal surface of the alveoli and possesses surface
tension lowering properties. The surfactant is produced by one of the two main
cell types of the alveolar epithelium, the type II pneumocytes. These are fairly
large cuboidal cells that protrude in the alveolar lumen. They contain numerous
organelles with a lamellar internal structure. The content of these lamellar
bodies is secreted into the alveolar lumen and forms the surfactant (Stratton,
1975; Rooney et al., 1975). The type I pneumocytes are very flattened cells that
cover most of the internal alveolar surface. Diffusion of gases occurs through
the flattened sections of these cells.

The sequence of histological and physiological changes after irradiation of
lung tissue is rather complex as a result of the large number of different cell
types and tissue structures in the organ (Gross, 1981; Penney and Rubin, 1977;
Travis et al., 1977; Travis 1980; Guery-Force et al., 1988). There is little
consensus on what is (are) the critical cell type(s) in the lung tissue. Radiation-
induced changes in the capillary endothelium (Phillips, 1966; Adamson et al.,
1970; Ts'ao et al., 1983) as well as in type I and II pneumocytes have been des-
cribed (Faulkner and Connolly, 1973; Penney and Rubin, 1977; Travis et al.,
1977; Travis, 1980). Gross (1981) postulated that the loss of lung compliance,
abnormal gas exchange and respiratory failure can be explained by leakage of
plasma proteins onto the alveolar surface. This leakage may result from loss of
integrity of the capillary resulting from endothelial cell loss. In this case the
capillary endothelial cell would be the most critical target cell. Another possible
critical mechanism is the killing and subsequent sloughing off of type I and/or
type II pneumocytes from the alveolar surface (Phillips and Margolis, 1972;
Vergara et al., 1987; Maisin, 1970). Either of these processes or a combination
of both may result in an increased permeability of the endothelio-alveolar
barrier, facilitating leakage of plasma proteins onto the alveolar surface. A
rapid disappearance of lamellar bodies from type II pneumocytes within hours
to days after irradiation, and a subsequent increase in the numbers of these
organelles above control levels indicating increased surfactant production has
been observed (Vergara et al., 1987; Maisin, 1970; Ts'ao et al., 1983; Penney
and Rubin, 1977). Gross (1981) suggested that these findings may be a secon-
dary reaction in an attempt to maintain the alveolar surface tension. Determina-
tion of surfactant release has been proposed by Rubin and colleagues as an early
indicator for radiation pneumonitis (Rubin et al., 1980; 1983; Shapiro et al.,
1982). At later times after irradiation the number of alveolar type II cells
increases (Ts'ao et al., 1983; Vergara et al., 1987; Maisin, 1970; Faulkner and
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Connolly, 1973; Penney and Rubin, 1977). This may indicate proliferation of
these cells and replacement of radiation-killed type I and type II cells. The type
II cell can be considered as a stem cell of the alveolar epithelium (Rubin et al.,
1983).

The later occurring fibrosis denoted by Gross (1981) simply as a "wound
healing reaction" is apparently of mixed origin. Obliteration of capillaries by
fibrous deposits have been documented (Maisin, 1970; Adamson et al., 1970),
but more important are collagen deposits in the interstitial matrix (Faulkner and
Connolly, 1973; Adamson et al., 1970; Maisin, 1970; Vergara et al., 1987;
Siemann et al., 1982; Phillips 1966; Travis et al., 1977). The origin of these
interstitial deposits is not clear.

The result of the observed changes is that the capability of the lung tissue
for gas exchange is extensively diminished. The irreversibility of the process
adds to the seriousness of this lesion, which at large doses eventually causes
death of the individual (Rubin and Casarett, 1968; Libshitz et al., 1973; Phillips
and Wyatt, 1980).

Clinical manifestations of radiation-induced lung damage are radiation
pneumonitis and fibrosis. Pneumonitis in man, as in rodents, is a relatively early-
occurring effect, which becomes manifest at about 3-6 months after treatment
(Van den Brenk, 1971; Gross, 1977; Fryer et al., 1978; Ringden et al., 1983;
Mah et al., 1987). Patients surviving this phase may develop radiation-induced
fibrosis, which can occur as late as several years after treatment (Rubin and
Casarett, 1968; Libshitz et al., 1973; Phillips and Wyatt, 1980; Cordier et al.,
1983; Rowinski et al., 1985; Trask et al., 1985).

1.7.2. Kidney

The function of the kidney is to filtrate the blood and to remove waste products
from the plasma. The main functional unit of the kidney is the nephron (Fig. 1 -
5) (Bloom and Fawcett, 1975; Junqueira and Carneiro, 1984). This consists of
the renal corpuscle and the connected tubules. The renal corpuscle consists of a
inverted spherical structure, called Bowman's capsule, which is entered on its
top by an afferent arteriole. This forms a capillary network inside the sphere,
the glomerulus. The cells of the inner surface of Bowman's capsule are
specialized epithelial cells covering the external surface of the capillaries. These
cells form a filter through which the majority of the serum and smaller
molecules are sieved, but which retains larger molecules like proteins and the fj
cellular components of the blood. The filtrate, the primary urine, is passed §
through the convoluted and straight parts of the proximal tubule, the loop of |
Henle and the straight and convoluted parts of the distal tubule. These tubuli are X
surrounded by a network of capillaries emerging from the efferent arteriole f
coming from the glomerulus of the same nephron. This capillary network serves '
to reabsorb most of the fluid and the electrolytes. The remaining fluid and the i•-,
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convoluted part of tubule

glomerulus

Bowman's capsule

interlobular artery —

loop of Henle

collecting tubule

Figure 1-5. Schematic representation of the nephron, the functional unit in the kidney, consist-
ing of the renal corpuscle (glomerulus and Bowman's capsule), proximal and distal tubuli, loop
of Henle, and collecting tubule. Reprinted with slight modifications from Bloom and Fawcett
(1975).

waste products its contains are transported via collecting tubes to the calyces and
renal pelvis, and finally pass through the ureter to the bladder.

The different portions of the tubules perform different resorption functions
and there is also a difference in function of nephrons located in the outer part of
the kidney, the cortex, and those in the inner part, the medulla. These differen-
ces and other detailed information on the complex structure and function of the
kidney will not be discussed here.

There is some controversy over what is the critical structure or cell type in
the kidney in relation to its response to radiation treatment. Mostofi and Berdjis
(1971) have published a survey in which authors are cited who advocate either
glomerular, vascular or tubular components of the kidney as the critical
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structures for radiation damage. Most of these studies considered the responses
of kidneys to large single radiation doses. More recent studies suggest that the
tubuli should be considered as the primary target for radiation damage. Hoopes
et al. (1985) irradiated dog kidneys with a single dose of 15 Gy and observed
tubular damage to occur as the primary lesion from 3 weeks ; fter treatment
onwards. The injury partly subsided between 9 and 11 weeks and then increased
again. The second wave of damage was believed to be the result of preceding
vascular damage, leading to a reduced blood supply. Glomerular changes were
also observed. They were preceded by atrophy of the corresponding jux-
taglomerular arterioles, thereby making the glomerular lesions secondary to the
vascular lesions. The sequence of events after fractionated administration of the
radiation may be different from that occurring after single doses, as has been
described by Mohr et al. (1965). They observed in guinea pig kidneys treated
with 5 daily fractions of 600 R (approximately 5.4 Gy) already at 2 days after
treatment severe cellular damage in the glomeruli, an observation not made
after a single dose of 3000 R (approximately 27.0 Gy).

Whatever is the critical target cell type in the kidney, the result of radiation
treatment is failure of the functioning of nephrons. This leads to a decrease in
overall kidney function, which is irreversible. It is the remaining number of
functioning nephrons that determines the final level of radiation nephritis
(White, 1979).

The clinical picture of radiation kidney damage presents in different ways,
depending on the dose administered and on the time after treatment. Luxton
(1962) distinguished acute and chronic radiation nephritis, moderate and late
malignant hypertension and proteinuria. After high doses, more than 28 Gy in 4-
5 weeks, a severe acute radiation nephritis will occur, with a latent period of 5
weeks to 12 months and a high incidence of mortality (Luxton, 1953; Luxton
and Kunkler, 1964). After lower doses different syndromes may occur (Luxton,
1953; Avioli etal, 1963; Birkhead etal, 1979; Le Bourgeois et al., 1979; Kim
et al., 1980; Altman and Gerber, 1983). These may develop into malignant
hypertension (Luxton, 1953; Luxton and Kunkler, 1964) or chronic radiation
nephritis (Moss et al., 1979).
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Chapter 2

MATERIALS AND METHODS

2.1. Animals

Young adult female Wistar rats of the inbred WAG/Rij strain were used in all
experiments. The animals were 12-14 weeks of age at the time of the first
irradiation. They were bred free of common viral and bacterial pathogens as
determined by serologic, microbiologic, and histopathologic monitoring (Snell
ct al., 1982), and kept under these specific pathogen free conditions until shortly
before the start of the experiments.

Groups of 3-5 rats were housed in Makrolon polycarbonate cages on wood
shavings. They had free access to commercial food pellets (Hope Farms,
Woerden, The Netherlands) and acidified water.

2.2. Lung experiments

2.2.1. Irradiation arrangement

The whole thorax of the rats was irradiated using two lateral portals. In order
to irradiate several rats simultaneously a special restraining and shielding device
had been constructed at the institute (Lopes Cardozo et al, 1984), the so-called
"apartment building" arrangement (Fig. 2-1 A). The animals were put in a
supine position on sledges to facilitate positioning in and removal of the animals
from the arrangement. They were shielded by 5 mm lead, except for a 45 mm '
strip extending from about the base of the skull to the caudal edge of the rib
cage. These portals resulted in irradiation of the entire lungs, but also of the
heart and mediastinum, a large part of the trachea and the upper part of the
liver. :.

Irradiation was performed with two parallel-opposed 300 kV X-ray beams
(half-value layer 3.0 mm Cu) generated by two Philips-Miiller X-ray generators
(Fig. 2-1B). In order to obtain the dose-rate of 0.9 Gy/min used in the high dose-
rate (HDR) experiments, the X-ray generators were operated at 10 mA and
were positioned at a distance of 46.5 cm from the "apartment building". To , ;

obtain a sufficiently homogeneous field only 3 irradiation positions could be J
used at this distance. A dose-rate of 0.10 Gy/min as used in the low dose-rate :J
(LDR) experiments was obtained by increasing the distance of the X-ray tubes '&
to 142.5 cm from the irradiation arrangement, using a current of 10 mA. At if
this distance the maximum number of 20 animals could be irradiated ^
simultaneously. A dose rate of 0.05 Gy/min was realized by lowering the ••'_:
current to 5 mA, since due to spatial limitations the distance of 142.5 cm was
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the maximum obtainable.
The dosimetry was carefully checked with a phantom and dose variations in

the treatment volume were less then 5% (Lopes Cardozo et al, 1984). A monitor
ionization chamber was used in dosimetry and during irradiations.

B

Figure 2-1. Lung irradiation arrangement, the "apartment building". In panel A a frontal view
is given with the lead strip covering the head of the animals removed on one side, to show the
position of the animals. Panel B shows the arrangement between the two X ray tubes.
Photographs kindly provided by dr. A. Hagenbeek.
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2.2.2. Anesthesia

The rats were kept under anesthesia during the irradiation using a mixture of
enflurane (2-chloro-1 -difluoromethoxy-1,1,2-trifluoro-ethane, 2-chloro-1,1,2-
trifluoroethyl difluoromethyl ether, Ethrane , Abbott) and air (Ang et al.,
1982). This anesthetic has the advantage that both induction and recovery are
very fast, within minutes, and after recovery the animals almost immediately
resume their normal eating and drinking behavior. This allows multiple
irradiations to be given at short intervals without any adverse effects to the
animals as a result of prolonged anesthesia.

An open circulation system was used as described by Lopes Cardozo et al.
(1984). Dry air from a gas cylinder or, in a later stage, filtered air from the
high pressure air system was passed through an Ethrane flow vaporizer at a
pressure of about 0.1 MPa. Induction of the anesthesia was performed with
about 5 volume % Ethrane. This concentration was also used to maintain
anesthesia during the short HDR irradiations. The longer lasting LDR
irradiations required lowering of the Ethrane concentration to about 1 volume
%. To prevent the body temperature of the animals from decreasing below 37°C
they were insulated with polystyrene foam jigs and the irradiation room was
heated to about 30°C. During irradiation the rats were constantly monitored
using a closed TV circuit. This allowed adjustments in the Ethrane concentration
to be made depending on the breathing movement of the animals. For this
purpose, the vaporizer was installed in the irradiation control room.

2.2.3. Irradiation schedules

In the first HDR experiment, radiation was given as a single dose or in 2, 4, 8
or 16 fractions at 6-hour intervals (Table 2-1). Groups receiving equal doses
consisted of 7 or 8 rats (Table 2-1). The maximum overall treatment time was
90 hours in the 16-fraction schedule. In the second HDR experiment single doses
and 2, 3, 4, 6, 8, 12 and 16 equal dose fractions were given at 1-hour intervals,
resulting in a maximum overall treatment time of 15 hours (Table 2-1).

The first LDR experiment consisted of single doses given at a dose rate of
0.10 Gy/min (Table 2-2). HDR single dose controls were not included in this
experiment. In the second LDR experiment single doses were given at a dose
rate of 0.05 Gy/min and two equal dose fractions with 24 h interval both at dose
rates of 0.10 and 0.05 Gy/min. Single doses at HDR were administered as
controls in this experiment (Table 2-2). A group of 10 rats was kept in the
irradiation arrangement under Ethrane anesthesia without irradiation for 6
hours, the longest irradiation time in the LDR experiments. This group also
served as control in the subsequent follow-up.
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Table 2-1.
Experimental data of the fractionated lung irradiations.

Number
of
fractions

1
2
4
8

16

1
2
3
4
6
8

12
16

Interval
time (h)

-
6
6
6
6

_
1
1
1
1
1
1
1

Range of
dose per
fraction (Gy)

5.25-
3.76-
2.95-
1.60-
0.90-

8.51-
5.06-
3.90-
2.93-
2.22-
1.76-
1.37-
1.13 -

14.00
9.00
5.50
2.95
1.60

11.70a

6.65
4.97
3.73
2.75
2.16
1.64
1.33

Range of
total doses
(Gy)

5.25 - 14.00
7.52- 18.00

11.80-22.00
12.80 - 23.60
14.40 - 25.60

8.51- 11.70
10.11 - 13.30
11.70- 14.90
11.70- 14.90
13.30 - 16.49
14.10 - 17.29
16.49 - 19.68
18.09-21.28

Overall
treatment
time

15 min
6.2 h
24 h
42 h
90 h

13 min
1.1 h

2h
3 h
5 h
7 h

11 h i
15 h :

The I -hour interval data arc normalized using the LDso values of single dose treatments (see
Chapter 3, section 3.2.1)

Table 2-2.
Experimental data of the low dose-rate lung irradiations.

Number
of
fractions

1

2

Dose
rate
(Gy/min)

0.90
0.10
0.05

0.10
0.05

Range of
total doses
(Gy)

9.03 - 13.55a

8.50 - 14.50
14.68 - 20.32a

11.29- 16.94a

15.81 -21.45a

Maximum overall
treatment time

15 min
2.4 h
6.0 h

25.3 h
27.2 h

These doses were normalised using the LD50 values of the single dose data (see Chapter 3,
section 3.2.1). The dose-rates and overall treatment times quoted are those actually given.
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2.2.4. Lung function measurements

The lung function of the animals was determined at regular time intervals after
irradiation. The animals were placed in a plethysmography tube (Coggins et al.,
1981) connected to a Fleisch flow transducer (type 3x0) and a pneumo-
tachograph (Gould, Bilthoven, The Netherlands) (Fig. 2-2). Air volume changes
in the plethysmography tube caused by the breathing movement of the animal
resulted in alternating air flow through the flow transducer. The pressure
differences generated by the flow transducer were registered by the
pneumotachograph. These values were transferred to a microcomputer
interfaced with the pneumotachograph for data storage and processing.
Breathing frequency (BF) was calculated by determining the time necessary for
64 zero-crossings of the breathing movement derived from the zero-crossing
detector of the pneumotachograph. Four or five measurement cycles were
performed on each animal. Environmental noises would startle the animals and
induce an irregular breathing pattern. This necessitated the selection of BF
measurement cycles. The cycle with the lowest BF was assumed to be the one
during which the rat was most at ease. All measurement cycles with a BF more

Figure 2-2. Overview of the equipment used in the measurement of the breathing frequency.
The rats are placed in a plethysmography tube, which is put in one of the cardboard boxes on the
right and connected to the pneumotachograph. The signals are transferred to the microcomputer
for processing and storage, and can be printed.
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than 15 breaths per minute (BPM) higher than the lowest one were excluded
from the analysis. This value of 15 BPM was chosen after examination of
numerous registrations of the BF values from control animals.
The BF values from the four or five measurement cycles were used to calculate
the mean value (± 1 SEM) per animal for each of these parameters. The mean
values per animal were used to calculate the mean values for a group of rats
given the same treatment. Since the inter-animal variation was larger then the
variation between the several measurements made with each animal, the SEM's
for the group mean values were calculated from the mean values per animal
only.

2.2.5. Histopathology

Animals were killed at 76 weeks after irradiation, or prior to that time if their
state of health deteriorated. Animals that died between 4 and 12 weeks after
irradiation did so as a result of radiation-induced lung damage. The mortality
up to 12 weeks was therefore used as an early endpoint. Animals that died
between 12 and 70 weeks post-irradiation from causes not related to lung
damage (as judged from histological analysis) were excluded from subsequent
follow-up.

When they were sacrificed, the animals were anesthetized with an i.p.
injection of ketamine HCl (Vetalar®). The thorax was opened, and the amount
of pleural fluid, if present, was determined using a syringe. The trachea was
excised caudal to the larynx; the thoracic organs were removed en bloc and
rinsed with physiological saline. The left (in the first HDR experiment) or right
lung (in the other experiments) was ligated at the main-stem bronchus and
removed for hydroxyproline (HP) determination. The remaining lung lobes
were slowly inflated by tracheal perfusion with phosphate buffered 10%
formalin using an 18 gauge needle attached to a syringe. The thoracic organs
were then fixed by immersion in the same fixative. Specimens were processed
by routine methods, sectioned at 4 u.m, and stained with hematoxylin-phloxin-
saffron (HPS). Transverse sections of the lung lobes, the mediastinum with
adjoining trachea and oesophagus, and the heart were examined by light
microscopy1. One transverse section of each right lung lobe was used in the first
HDR experiment, and, based on suggestions of the consulting pathologist, three
transverse sections of the left lung lobe per animal were used in the other
experiments in the histologic grading studies. The sections were examined
without knowledge of treatment. Each entire lung perimeter and each area of
histologic alteration was outlined and registered using a digitizing table

At this point we would like to thank dr. Stephen K. Durham and drs. M.J.J. Gijbels, the
pathologists who collaborated in the studies, for their interest and cooperation, and for the
scoring of the many histological slides. Without their expert assistance the histopathological
studies could not have been performed in the present way.
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(MOP-Videoplan, Kontron Elektronik, Eching, F.R.G.) interfaced with a
computer using software developed for morphometry (Digital Research, Pacific
Grove, CA, U.S.A.). Pulmonary histologic alterations were classified according
to the predominant histologic change into one of four catagories. A few animals
that had pulmonary neoplasia or metastatic lung disease were excluded from the
study.

2.2.6. Hydroxyproline determination

The left lung lobe in the first HDR experiment and the right lung lobes in the
other experiments were dried to constant weight for a minimum of 48 hours in
a vacuum desiccator containing silica gel. The dried tissue was weighed and
stored in 50 ml screwcap centrifugation tubes (Beckton and Dickinson, Oxnard,
CA, U.S.A.). Hydrolysis was performed by adding 5 ml of 6N HC1 and
incubation at 110° C for 16 hours. Initially, after cooling, the hydrolysate was
decolorized by adding active coal (Merck, Darmstadt, F.R.G.). This was
pelleted by centrifugation for 2 min at 1000 rpm. The supernatant was filtered
through a 22 jum Millipore filter. The tubes were rinsed with 5 ml 6N HC1
which was also centrifuged and filtered and was added to the first filtrate. The
filtrated hydrolysates were stored at -20° C.

However, in experiments performed to check the effect of charcoal on the
HP concentration, the recovered HP in solutions with a known amount of the
compound declined with increasing amounts of added coal, suggesting that
charcoal also absorbed some HP. Therefore, decolorization was abandoned in
the course of the investigations. The light brown color of the filtrated but not
decolorized hydrolysate appeared not to influence the colorimetric HP
determination. In the rare cases (< 1%) that the hydrolysate was dark brown the
HP content was somewhat overestimated. In such cases a small correction was
applied, based on control studies.

A correction was also applied to the HP concentration that was determined
for hydrolysed samples already treated with coal to compensate for the absorbed
HP. The amount of coal needed to decolorize the hydrolysate had not been
determined exactly, but was dependent on the dry tissue weight. Therefore the

: dry tissue weight was used to determine the correction factor.
; HP determination was performed using the method of Woessner (1961)

' •, r modified according to Stegemann and Stalder (1967) and Meistrich et al.
(1984). A 100 jil sample of the hydrolysate was added to a mixture of 100 ^1

-F 6N NaOH and 1.8 ml 0.3M NaCl. One ml of Chloramine T in citrate buffer in
;* the presence of n-propanol was then added. These solutions were mixed and

incubated for 20 min at room temperature. The incubation was stopped by
.• adding 1 ml of perchloric acid/para-aminobenzaldehyde (PA/PAB) solution in

n-propanol. We used n-propanol in both the Chloramine T and PA/PAB
solutions instead of methylcellosolve as used by Woessner (1961), Law et al.
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(1976) and Meistrich ct al. (1984) since it is less toxic, more stable, and yields
identical results (Stcgemann and Stalder, 1967).

The color was developed by a 15 min incubation in a 60°C waterbath. After
cooling in tap water, the absorption at 550 nm was determined with an
Ultrospec 4050 spectrophotometer equipped with an Autofill 4070 unit (LKB,
Cambridge, U.K.). The absorption data were transmitted to and processed by an
Apple HE microcomputer. The use of the Autofill unit necessitated the
development of a completely new controlling program. This allows for the
measurement of several hundreds of samples in a row, and, after input of the
dry tissue weights, gives the mean absorption and HP per mg dry tissue as
output.

2.3. Kidney experiments

2.3.1. Irradiation arrangement

The left kidney was irradiated with 300 kV X-rays using a Philips-Miiller X-ray
generator operated at 10 mA. The dose rate was 3.4 Gy/min and the beam had a
half-value layer of 2.0 mm Cu.

Figure 2-3. The kidney irradiation arrangement. The rat is located on a lead plate which is
fixed on top of the X ray tube. The irradiation portal is visible. For irradiation, the kidney is
palpated, moved into a lateral skin fold and fixed over the portal with the fixation block . The
animal is continuously breathing a mixture of Ethrane and air through the nostril.
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Irradiation was performed while the animals were placed in a supine position on
a 4 mm thick lead plate fixed on top of the X-ray tube (Fig 2-3). The left kidney
was palpated and carefully manipulated in a lateral skin fold over a 28 mm
diameter circular opening in the lead plate shielding. The remainder of the
abdominal organs was gently pushed outside the radiation field. A specially
designed fixation block was used to keep the kidney in position. This was
achieved by placing the plastic ring attached to the fixation block over the
kidney and fixing the block to the bottom plate. The internal diameter of the
ring is 28 mm and when the block is in position the ring is located exactly over
the opening in the lead plate. Using this restraining device only the kidney and
its overlying skin were in the radiation field, as verified by an abdominal
radiograph in which the kidney is visualized by injection of a contrast medium
(Conray 60) in the tail vein (Fig. 2-4).

Figure 2-4. X ray photograph of the kidney in irradiation position. The white circle indicates
the irradiation portal.

A 3 mm gap between the lower edge of the plastic ring and the surface of the
lead plate prevented excessive compression of the skin. In addition, a
semi-circular cutout in the fixation ring prevented the ureter and the renal
artery and vein being clamped-off.

2.3.2. Anesthesia

The animals were anaesthetized during the irradiation using a mixture of
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enflurane (Ethrane ) and air (Ang et al., 1982). The semi-closed circulation
system as described by these authors was used. In this system the Ethrane/air
mixture is circulated by a peristaltic mini pump through the Ethrane flow
vaporizer, the nostril at the irradiation position, and the induction box. Air is
introduced in the system before the vaporizer at an pressure of about 0.1 MPa.

2.3.3. Irradiation schedules

In the first series of experiments irradiations were given as single doses, in 2, 4,
or 10 daily fractions with 24-hour intervals, or in 20 or 40 twice-daily fractions
with alternating 6 and 18-hour intervals (Table 2-3). In the second series of
experiments single doses were given, and 2, 4, 10, and 20 fractions at 1-hour
intervals (Table 2-3). The 20 fractions, however, were divided over 2 days of
10 fractions each for logistic reasons. This resulted in an interval of 14 hour
between the 10th and 1 lth fraction.

Table 2-3.
Experimental data of the fractionated kidney irradiations.

Number
of
fractions

1
2
4(exp. 1)
4(exp. 2)
10
20
40

1
2
4
10
20

Interval
time (h)

_

24
24
24
24a

6+18b

6+18b

_

1
1
1
l c

Range of
dose per
fraction (Gy)

6.00 - 9.00
5.00 - 8.00
3.00 - 4.50
3.00 - 5.00
1.60-3.20
1.05-2.00
0.62 - 1.00

6.00 - 9.00
4.00 - 6.50
2.25 - 3.75
1.10- 1.90
0.70 - 1.20

Range of
total doses
(Gy)

6.00- 9.00
10.00 - 16.00
12.00 - 18.00
12.00-20.00
16.00 - 32.00
21.00 - 40.00
24.80 - 40.00

6.00- 9.00
8.00- 13.00
9.00- 15.00

11.00- 19.00
14.00 - 24.00

Overall
treatment
time

3 min
I d
3 d
3 d

l i d
l i d
26 d

3 min
l h
3h
9 h

33 h

5 fractions per week
2 fractions per day, 5 times per week
10 fractions per day

46



\

2.3.4. Surgery

Only the left kidney was irradiated in all the fractionation experiments. If the
animals would be left intact, any loss in function resulting from the treatment
would be taken over by the unirradiated right kidney. Hence, it would not be
possible to determine radiation-induced changes in left kidney function using
non-invasive tests. The right kidney was therefore surgically removed (right
nephrectomy, NX) four weeks after the last dose fraction.

The animals were anesthetized with an i.p. injection of Avertine, the right
flank was shaved and an incision was made caudal from the ribcase close to the
spinal cord while the rat was positioned on its left side. The right kidney was
exteriorized, freed from its surrounding fat and the renal artery and vein and
the ureter were clamped and firmly ligated. The kidney was removed and the
wound was closed. The muscle layers were closed with sutures, while the skin
was closed with clamps. These were removed 1 week after the operation. The
animals recovered from the anesthesia within 15 min and had a completely
normal appearance the next day. Operation mortality did not occur.

Control groups were nephrectomized without previous or subsequent
irradiation treatment.

2.3.5. Determination of kidney function

The kidney function of the animals was monitored during their lifespan by
determining four different parameters, starting at 4 weeks after NX.
Measurements were carried out every 4 weeks up to 24 or 28 weeks after NX
and generally every 8 weeks thereafter, up to 70-82 weeks after NX. At this
point the experiments were terminated and the surviving animals were
euthanized.

In order to collect urine, the rats were placed in metabolic cages
(Tecniplast, Buguggiate, Italy) which allow separate collection of urine and
feces. The total volume of urine excreted in 24 hours and the urine osmolality
were determined. These parameters were considered to be indicative mainly for
tubular function. Urine osmolality was measured with a Cryomatic Osmometer
model 3C2 (Advanced Instruments, Needham Heights, MA, U.S.A.). When the
animals were removed from the metabolic cages a blood sample was taken in
order to determine the serum urea content, which closely parallels glomerular
function (Provoost and Molenaar, 1980). Several methods were used in the
course of the experiments. Initially, blood was taken with a syringe from a tail
vein. The animals had to be warmed in order to cause vasodilatation and a
sufficient blood supply in the tail. During the blood collection they were slightly
anesthetized with ether. The blood was allowed to clot for minimally 15 min,
spun at 2500 rpm for 10 min, and the plasma was collected and stored at -20°C.
Since this method often resulted in only very small plasma samples, it was
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decided to adopt another method of blood collection, orbital puncture. In this
case, a blood sample wr taken from the retro-orbital sinus using heparinized
capillary tubes, while the animals were under ether anesthesia. This procedure
avoided warming up of the animals and allowed the much faster collection of
larger samples of blood. The use of heparinized capillaries resulted in the
separation (after centrifugation) of serum, which was also stored at -20°C until
further processing. When sufficient (plasma or) serum samples were collected,
the serum urea content was determined using an Enzymatic colorimetric Urea
test kit (Boehringer Mannheim, Mannheim, F.R.G.). Absorbance at 550 nm was
read by a spectrophotometer as described in the section concerning the HP
determination. In control experiments no difference was found between the
levels of urea in plasma and in serum.

Although in mice Williams and Denekamp (1982) measured lower amounts
of 51Cr-EDTA, an indicator of Glomerular Filtration Rate, in blood samples
taken from the tip of the tail as compared to samples taken by orbital puncture,
we did not observe such differences in the WAG/Rij rats using the urea
determination.

Other experiments not related to the subject of these studies necessitated the
development of a method to collect blood without anesthetizing the animals.
Therefore an animal restrainer was constructed which also allowed collection of
blood from the tail, after warming, but without anesthesia. Blood was collected
from a small incision at the tip of the tail using heparinized capillary tubes
(Microvett CB 300, Sarstedt, Nubrecht, F.R.G.). At the same time a novel
system of urea determination was installed, which operates with so-called dry
chemistry. A 37 \i\ sample of blood is applied on a teststrip containing, in dry
form, the chemicals needed for the same colorimetric reaction as used in the
spectrophotometric urea determination. The strip is inserted in a Reflotron®
(Boehringer Mannheim GmBH, Mannheim, F.R.G.), a device that processes the
strip, determines the absorption at 550 nm, and calculates and prints the urea
content in the blood. The whole procedure takes only 3 min per sample. This
system allows determination of urea levels immediately after blood collection,

t and it was possible in this way to quickly determine if the animals had to be
killed, in contrast to the spectrophotometric analysis with which it sometimes
took several weeks before urea values were known, due to the collection of a
large number of samples. If the urea values increased above about 100 mg/100

'. ml, kidney dysfunction was observed to be irreversible. Animals were killed
; when the urea value was higher that 200 mg/100 ml.

\ 2.3.6. Histopathology

. f The kidney was removed at necropsy and divided into two parts by a
f longitudinal section through the hilus. One half was used for hydroxyproline

determination. The other half was fixed in 10% buffered formalin, embedded in
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paraffin by standard methods, sectioned at 3 urn and stained with hematoxylin-
phloxine-saffron (HPS). Special stains (Martius scarlet blue (MSB), periodic
acid silver methenamine azocarmine aniline blue (PASM AZAN) and sirius red)
were applied when indicated.

The slides were histologically evaluated without knowledge of previous
treatment and the severity of the lesions was graded semiquantatively by light
microscopy using an arbitrary scale ranging from 0 to 3 as will be described
more extensively later. Only renal tissue of animals which had survived at least
52 weeks following the initiation of the experiments was evaluated.

Renal changes were divided into four major divisions depending on the
anatomic structure or location: (I) glomerular, (II) tubular, (III) vascular, and
(IV) interstitial.

Alterations observed in the glomeruli and Bowman's capsules were divided
into two groups: (a) glomerular necrosis with fibrin deposition, and (b)
glomerular fibrosis, glomerular sclerosis, glomerular tuft atrophy, dilated
Bowman's space, and proteinaceous material in Bowman's space.

Alterations observed in the tubuli included: tubular atrophy, tubular
dilatation or cysts, casts, and tubular epithelial regeneration.

The lesions scored in the blood vessels were vascular necrosis with fibrin
deposition and vascular wall fibrosis.

Finally the degree of interstitial fibrosis was estimated.
Other incidental lesions such as interstitial cellular infiltration, cortical

adenomas and cortical carcinomas were noted but not scored.
The following scoring system was used: for changes in the glomeruli, tubuli

and interstitium: 0 = minimal/sporadic, 1 = mild/infrequent, 2 = moderate/
frequent, 3 = severe/commonplace; for changes in the blood vessels: 0 =
none/absent, 1 = minimal/sporadic, 2 = mild/infrequent, 3 = moderate/frequent.

2.4. Data analysis

The data obtained for the various functional endpoints as described in the !

previous sections, breathing frequency (BF) for the lung-irradiated animals and !
urine osmolality and volume, and serum urea for the kidney-irradiated rats,
were used to calculate at each time point mean values ± 1 SEM. Dose-response
or time-response curves were constructed with these mean values. However, this
method of data analysis has one major disadvantage. If one or more animals in a
group die or have to be killed, and if the response of that group with regard to a j
functional parameter is heterogeneous, the mean values for this parameter may f
show a significant change, because of the lack of further data from these dead %
animals. In such cases the mean values do not properly represent the response of §
that group as a whole. f

A second method of data analysis was applied to circumvent this problem. ••
In this method the data are considered according to the threshold-binary or j
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"quanta!" principle the number of animals in a group that exceeds a specified
value for a certain parameter is determined. These data were used to calculate
iso-effect doses. These EDSQ'S are defined as the dose at which 50% of the
treated animals exhibits a certain response, and were calculated using probit
analysis. In the present experiments EDSQ'S were determined at different levels
of damage.

In the lung experiments, the BF data were analyzed at 1.1, 1.2 and 1.4 times
control BF values (Parkins et al., 1985). The lung HP content and the lung dry
weight were analyzed at an isoeffect level of 1.4 times values for the lungs of
control rats. The histopathological lesion granulomatous pneumonia was assayed
at isoeffects of 5 and 6% of the total surface area occupied by this lesion, while
septal fibrosis was assayed at 3 and 5% of the surface area.

In the kidney experiments, levels of 1.2, 1.5 and 1.8 times the mean values
of control animals that had received NX alone were selected for urine volume
and plasma urea. For urine osmolality levels of 0.82, 0.67 and 0.54 times that of
the mean values in controls were chosen, since the osmolality values decreased
with increasing expression of kidney damage. The highest levels of damage
were associated with irreversible kidney damage.

2.4.1. Fe-plot analysis

The quantal response data were analyzed in two different ways. The first
method was the 'classical' Fe-plot analysis (Douglas and Fowler, 1976). The
inverse of the ED50 is plotted as a function of the corresponding fraction dose.
Assuming that the LQ model adequately describes the underlying cellular
radiation response mechanism, a regression line through the datapoints
intercepts the abscissa at a point a/E, while it has a slope equal to p/E (Fig. 1-3).
The ratio cc/p can be calculated from these two parameters, as has been discussed
in Chapter 1, section 1.4. Regression lines were calculated by standard linear
regression analysis.

2.4.2. Tucker tests

The validity of applying the LQ model to the data was tested with two different
• methods described by Tucker (1984). In the first test, the graphical method, the

isoeffect doses are pairwise considered. For treatments with n and m fractions
;' (in which n is the higher fraction number) the difference of the isoeffect doses
: Dn-Dm is plotted as function of Dmdm-Dndn in which dm=Dm/m and dn=Dn/n are

'•* the corresponding fraction doses. If the LQ model is a good description of the
* underlying response mechanism, then a regression line through the origin can

. |] be drawn through the datapoints. We considered this test to yield a positive
F result, i.e., the LQ model to be applicable if (a) there was a positive correlation
I between the calculated points and (b) the regression line through the datapoints
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intercepted the abscissa at a point not significantly different from the origin,
i.e., the origin fell within 1 SEM of the intercept.

In the second, more rigorous test, the computational method, the error en =
Dn - Dn is calculated for each n-fraction estimate. Dn and Dn are the expected
and observed ED50's, respectively. The sum S of the squared normalized errors
is given by:

s-X( i+^rD--D-5
The dose per fraction dn can be derived from this equation:

Values for the parameters a/p and E/cc were determined that minimize S in
equation (2). The expected ED5o's (Dn) were calculated with these values and
the errors en were determined. The LQ model was considered to be a reliable
description of the experimental data if for every observed Dn the corresponding
^ was either smaller than the SEM calculated for Dn, or less than 5% of the
magnitude of Dn, whichever value was larger.

2.4.3. Direct analysis

Fe-plot analysis has several disadvantages from a statistical point of view as t

pointed out by Thames et al. (1986). These authors argued that Fc-plot analysis
incorporates errors in the ordinate scale, since the size of the dose per fraction
is not an independent variable, but is calculated from the EDSQ'S. This results in
underestimation of the confidence intervals of a/p. Thames et al (1986)
developed a method that uses maximum likelihood analysis with a probability '
model for the radiation response. This method uses the entire set of raw quantal
response data to calculate estimates of a and p and of the ratio a/p. According to ; .

...j the authors, their technique gives better error estimates than Fe-plot analysis. };

The Direct Analysis method calculates estimates of both a and p, whereas with ^
! Fc-plot analysis these parameters can only be calculated scaled with E: a/E and p j

& p/E. The method allows for the analysis of the data with two different V|fi;
'i approaches, using a model in which the data are assumed to conform to Poisson ; ' | | /
^ statistics, or one in which this is not necessarily the case, the logistic model. \ $?'

According to Thames et al. (1986) the data may be safely regarded to be t
«• described by Poisson statistics if the error estimates obtained with the logistic " •
y
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model are not larger than the ones calculated using the Poisson model.
The Direct Analysis method also allows the different extensions of the LQ

model that are described in the Introduction, to be used as the radiation response
model. Experiments with fractionations given at long intervals can be analyzed
using the "basic" LQ model. If the intervals are short, allowing only partial
repair of sublethal damage, the LQ model with the extension for incomplete
repair (Thames, 1985) can be used. Low dose-rate experiments can be analyzed
with the continuous exposure LQ model (Thames, 1985) and a variation in
which the incomplete repair and continuous exposure model are combined
allows analysis of results from fractionated low dose-rate experiments. In the
last three variations the halftime of repair of sublethal damage, Tj/2 is
determined as an additional parameter. It is assumed in the models that the
repair processes follow mono-exponential kinetics, al'iiough this is not
necessarily true.

Another interesting possibility which the Direct Analysis method offers is
the calculation of an estimate of the number of Tissue Rescuing Units (TRU's)
(Hendry and Thames, 1986; Travis and Tucker, 1986). The TRU is defined as
the smallest unit in a tissue capable in itself of rescuing the tissue from failure
or from functional damage.

The Direct Analysis method has been applied to the quantal response data
obtained in the lung and kidney experiments as an alternative method and a, p,
a/P> T|/2 and the number of TRU's were determined for the different
endpoints2.

2 We would like to express here our gratitude to dr. Howard D. Thames. In the initial phase of
the study he performed a number of analyses of our experimental data with the Direct Analysis
routines. Later he provided us with the Direct Analysis computer programs, which enabled us
to analyze the data ourself. He always showed great interest in the experimental results and
gave many helpful advises how to improve and expand the Direct Analysis routines.
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Chapter 3

LUNG EXPERIMENTS - RESULTS

3.1. Fractionation experiments: early effects

3.1.1. Breathing frequency

The doses in the first experiment with 6-hour intervals were chosen to be at
most equal to about the LD50 for radiation-induced pneumonitis. Based on the
available knowledge from published data on mouse lung irradiations, an LD50
of about 14 Gy for single dose treatments was assumed (Field and Hornsey,
1974; Travis etal, 1980b; Travis and Down, 1981; Siemann et al., 1982; Hill,
1983). Furthermore, also based upon the mouse data, radiation pneumonitis was
not expected to start until about 12 weeks after treatment (Travis, 1980; Travis
etal., 1980a,b). However, in both respects the WAG/Rij rat turned out to be
quite different from the mouse strains described in the literature, since the LD50 ^
appeared to be much lower than 14 Gy and radiation pneumonitis started
already 4 weeks after irradiation. Animals from the groups that had received ,•
the highest doses per fraction started to deteriorate at that time. They had a sick !
appearance, suffered from weight loss and their breathing frequency (BF) was
elevated. The majority of these animals died between 4 and 10 weeks after
treatment.

Unfortunately we did not expect any early radiation syndrome to occur that
early and as a result of this the pneumotachograph equipment was not yet
available. Therefore it was only possible to make visual observations of an \
increased BF, but no attempt was made to quantify this parameter by manual
counting. Consequently, early registrations of the BF in this long-interval
experiment are lacking. Deaths were recorded, however, and the time of death
was found to be dose-dependent (Fig. 3-1). All deaths were spontaneous, the
animals were not killed when moribund. Autopsy was performed on every
animal and very frequently an accumulation of pleural fluid was observed. In a
number of cases the volume was in excess of 10 ml, which means that almost the
entire thoracic cavity was filled with fluid. Clearly this can provide serious
mechanical hampering of breathing and can be a cause of death in itself.

Histological analysis of the lung tissue revealed that not in all animals a %
radiation pneumonitis was present or that in some cases it was only minimal. :'•!
Therefore the deaths occurring between 4 and 10 weeks have to be attributed to
a combination of pneumonitis and accumulation of pleural fluid. Since these
lesions were not always found together in the same animal, it is likely that they
have a different origin, and are possibly associated with different target cells. In
the discussion in Chapter 4 we will analyze in more detail the possible origin
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and significance of this pleural fluid accumulation.
Also in the second fractionation experiment, with 1-hour intervals, as well

as in the low dose-rate experiments, early effects were measurable as an
increased BF from 4 weeks onwards and the most heavily irradiated animals
died. In these later studies the animals were killed when they appeared to be
terminally ill. If it is true that fluid accumulation occurs only shortly before
death, this might explain why large amounts of pleural fluid were never found
in the later experiments.
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Figure 3-1. Mortality pattern of lung-irradiated rats from the first, 6-hour interval, fractiona-
tion experiment. Panel A: single doses; panel B: 2 fractions; panel C: 4 fractions. The total doses
are indicated at the curves.
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However, also in animals that died spontaneously in these later experiments,
pleural fluid accumulation was only rarely observed and, if present, was only
minimal.

The mortality pattern in these later experiments was similar to that in the
first fractionation study in that there was a clear relationship between the
radiation dose and the time of death.

As stated, early BF measurements were only made in the second, 1-hour
interval, fractionation experiment. In Fig. 3-2 the dose-response curves for data
obtained at 4 weeks after treatment are presented for several regimens. Even
though the time interval between successive fractions was only as short as 1
hour, the curves are generally well separated, indicating a still significant effect
of fractionation, despite the short time during which repair was possible. The
ED50 values are listed in Table 3-1.
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Figure 3-2. Breathing frequency dose-response curves of lung-irradiated rats from the
second, 1 -hour interval fractionation experiment, determined at 4 weeks after treatment. The
curves from the 2 and 4-fraction treatments are not drawn for reasons of clarity. They were
located in intermediate positions. Mean values ± 1 SEM are shown and the shaded area indicated
the mean BF ± 1 SEM of control animals.
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Table 3-1.
Isoeffect doses for different early endpoints after fractionated lung irradiation.

Number
of
fractions

1
2
4
8

16

1
2
3
4
6
8

12
16

Interval
time(h)

_

6
6
6
6

_a

1
1
1
1
1
1
1

ED 5 0 ±SEM(Gy)

LD5O
b

11.20+ 0.52
14.36 ± 0.33
19.64+ 0.48
24.50 ± 13.84

-

11.21+ 0.15
16.32 ± 4.18
14.61+ 0.16
15.55+ 0.83
18.12 ± 1.95

-
-

BF0

10.21 ± 0.43
12.84 + 0.45
17.85 ± 0.83

-
-

10.08 ± 0.22
11.57±0.27
12.45 ±0.17
12.63 ± 0.27
15.43 ±0.18
15.55 + 0.24
18.52 ± 0.29
20.41 ± 0.33 !

The 1-hour interval data ate normalized using the LD50 values of single dose treatments
LD50." mortality up to 12 weeks after irradiation
BF: breathing frequency at 4 weeks after irradiation

3.1.2. Mortality

hi the various experiments groups of animals were treated with single doses to
serve as controls. Analysis of the mortality data obtained for these animals
indicated that the LD50/12 week values for these control groups differed
between each of the two fractionation experiments and the low dose-rate
experiment (Fig. 3-3). This difference caused difficulties in the analysis of the
pooled data with the Direct Analysis routines. The consistency of the results of
the analyses greatly improved when the doses in all fractionation schedules were
normalized using the single dose LD50 data as reference. The reference
treatment was the first fractionation experiment, with 6 hour intervals. The
doses of the second fractionation experiment, with 1 hour intervals, were
multiplied with a factor 1.064. The doses of the low dose-rate experiment were
multiplied by a factor of 1.129, with exception of the doses of the 1 fraction,
0.01 Gy/min treatment. This experiment was performed only several weeks
after the first fractionation experiment, and a single dose, high dose-rate control
group was not included. The observed differences in LD50 values were assumed
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Figure 3-3. The incidence of mortality up to 12 weeks calculated with probit analysis for the
single dose treatments in three different experiments. The datapoints indicate the LD50 ± 1 SEM.
HDR1: 6-hour interval fractionations; HDR2: 1-hour interval fractionations; LDR: low dose-rate
experiment.

to represent small, but significant variations in the radiosensitivity of lungs of
the WAG/Rij rats over the time period of 2 years during which these
experiments were performed. Therefore, a normalization procedure was
applied in all analyses.

8 10 12 14 16 18 20 22 24 26
total dose (Gy)

Figure 3-4. The incidence of mortality up to 12 weeks for selected regimens from the two
fractionation experiraents. The full lines are for the 6-hour interval treatments, the thin lines for 1-
hour interval treatments. The LD50 is indicated ± 1 SEM.
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In Fig. 3-4, the incidence of mortality is shown for several groups from each of
the two fractionation experiments. The single dose curves are identical as a
consequence of the normalization. It is clearly shown in this figure that
fractionation with intervals of 1 hour results in less repair than with intervals of
6 hours. For instance, the LD50 for 2 fractions separated by 6 hours is identical
to that of 3 fractions given at 1-hour intervals. Hence, repair in the 1-hour
interval must have been less than in the 6-hour interval. The corresponding
LD50 values are listed in Table 3-1.

3.1.3. Data analysis

In Fig. 3-5, the LD50 data of both fractionation experiments are plotted on a
reciprocal total dose plot versus dose per fraction (Douglas and Fowler, 1976).
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Figure 3-5. Reciprocal total dose plot for mortality up to 12 weeks after fractionated lung
irradiation. The datapoints are calculated with probit analysis and the error bars indicate 1 SEM.
Closed symbols: 6-h interval fractionations; open symbols: 1-h interval fractionations. The
curves are not drawn though the datapoints, but are calculated using values for a, 0, and T1/2 that
were determined by Direct Analysis of the raw data for different data(sub)sets as indicated.

The so-called "banana curves" (Thames et al., 1986), i.e. the combination of the
straight line describing the full repair data and the curve describing the
incomplete repair points, are calculated using parameters derived from the
Direct Analysis (Thames et al., 1986). It should be emphasized here that these
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curves are not drawn through the datapoints, but were calculated using all raw
quantal-response data. Inspired by data obtained for mouse lung (Travis et al.,
1987), mouse kidney (Rojas and Joiner, 1989) and the parallel experiments with
rat kidney (Van Rongen et al., 1988a,b and Chapters 5 and 6 of this publication)
indicating a possible dependence of a/p and Ty2 on the size of the dose per
fraction, the experimental data were divided into two data sets, 1-4 fractions
(high doses per fraction) and 6-16 fractions (low doses per fraction). These two
subsets were analyzed separately with the Direct Analysis method. The full
curve in Fig. 3-5 represents both the complete set of data, 1-16 fractions, and
the high dose-per-fraction subset, 1-4 fractions. These curves are not
significantly different. The dashed curve describing the low dose-per-fraction
subset (6-16 fractions) is only slightly different from the other two. The
corresponding a/p and T ^ values are listed in Table 3-2. Both the a/p and the
T]/2 values of the 1-16 and 1-4 fraction datasets have largely overlapping
confidence limits and are therefore not significantly different. The mean value
of a/p obtained for 6-16 fractions is somewhat lower and the T\/i value is
slightly higher than the corresponding values of the other two datasets, but in
view of the wide confidence limits these differences are judged not to be
significant. Hence, for this early endpoint there is no dependence of a/p or Tj/2
on the size of the dose per fraction.

The BF data were also analyzed with the Direct Analysis routines, but, as
has been argued previously, only data were available of the 1-hour interval
fractionations. Wide confidence limits were obtained for a/p as well as T1/2. The
derived mean values for all data together are also listed in Table 3-2, but are
considered not to be representative. There were not enough data for analysis of
the two data subsets separately.

Table 3-2.
a/p and T1/2 values calculated for early endpoints (up to 12 weeks)

resulting from radiation-induced pneumonitis after fractionated lung irradiation.

Range of a/p (Gy) T ] / 2 (h)
Endpointa fraction numbers (95% conf. limits) (95% conf. limits)

h LD5 0 1 - 16 3.61 (2.67,4.55) 0.79 (0.70,0.91)
K i, 1 - 4 4.49 (2.96,6.21) 0.70 (0.60,0.83)

6 - 1 6 2.14 (-2.16,8.30) 0.82 (0.56,1.48)

BF 1-16 1.90 (-3.45,8.72) 1.46 (0.95,3.13)

\> a LD50: mortality up to 12 weeks after irradiation
I BF: breathing frequency at 4 weeks after irradiation more than 1.4 times control values
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3.2. Fractionation experiments: late effects

3.2.1. Breathing frequency

The animals in the highest dose groups that survived the early syndrome were
most at risk for developing late radiation-induced damage. An increase in the
mean BF's starting at about 45 weeks after treatment was observed in the
animals from the group that had received the highest dose in the 2 fraction, 6-
hour interval treatment. Animals that received single doses or 4 fractions at 6
hour intervals did not show an increase in mean BF until about 60 weeks after
treatment. Rats treated with 8 and 16 fractions at 6 hour intervals did not show
any significant increase in mean BF at any time during the observation period.

In the 1-hour interval fractionation experiment changes in BF were not
observed between about 12 and 50 weeks post-treatment. In some of the animals
that recovered from severe pneumonitis the BF remained elevated above control
levels, while in the other animals it returned to control values (Fig. 3-6).

300

g*aT 250-

§ 1
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o)Q- 150-

%f. 100-
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14.90
14.10

20 40 60 80
time after irradiation (week)

100

Figure 3-6. Time-course of the breathing frequency determined after irradiation of the lungs
with 4 fractions given at 1-hour intervals. The total doses administered are indicated. The curve
of the lowest total doie is left out for clarity. Mean values ± 1 SEM are drawn and the shaded
area represents the means ± 1 SEM of age-matched control animals.

After about 50 weeks the BF started again to increase slowly but steadily in the
groups that had received the highest doses (Fig. 3-6). These increases continued
until 76 weeks, the end of the observation period.

Dose-response curves could only be made at the latest observation time, 76
weeks after treatment, both for the 6-hour and for the 1-hour interval
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Figure 3-7. Dose-response curves for the breathing frequency determined at 76 weeks after
fractionated lung irradiation. Panel A: 6-hour interval fractionations; panel B: 1-hour interval
fractionations. The number of fractions is indicated at each curve. Mean values + 1 SEM are
plotted. The shaded areas indicate the mean BF ± 1 SEM of age-matched control animals.

Table 3-3.
Isoeffect doses of the breathing frequency (BF) and lung dry weight (DW)

determined at 76 weeks after fractionated lung irradiation.

Number
r>f

fractions

1
2
4
8

16

1
2
3
4
6
8

12
16

interval
time (h)

6
6
6
6

.
1
1
1
1
1
1
1

ED50±SEM(Gy)

BF> 1.2B

10.94 ± 1.03
14.34 ± 0.75
17.70 ±1.10
26.87 ± 4.41

-

9.55±0.47b

12.18 + 0.31
13.49 ±0.21
12.68 ± 0.44
15.55 + 0.31
16.16 ± 0.36
19.05 ± 0.45
20.59 + 0.68

BF > 1.4

11.28 ±
14.34 ±
19.44 ±
36.51 ±

-

11.34 ±
15.15 ±
14.41 ±
15.40 ±
15.76 ±
17.12 ±

22.26 ±

1.00
0.75
0.34

18.95

0.93
2.47
0.40
1.58
0.25
0.69

1.15

DW > 1.4

9.95 ± 0.51
13.06 + 0.68
17.68 ± 0.83
23.74 + 0.51

-

9.34 ±0.16
11.17 ±0.23
12.42 ± 0.20
11.99 ±0.29
15.47 + 0.19
15.44 ± 0.30
17.97 + 0.12
19.27 + 0.77

Breathing frequency > 1.2 times control values
The 1 -hour interval data are normalized using the LD50 values of single dose treatments
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experiments (Fig. 3-7). The isoeffect radiation doses (ED50's) increase with
increasing fraction number (Table 3-3), indicating the sparing effect of
fractionation. The ED5Q values calculated at the isoeffect level of 1.4 times
control BF are all slightly larger than those calculated for 1.2 times the control
value. The differences are small, however, and the confidence limits show
considerable overlap.

3.2.2. Hydroxyproline

Well-defined dose-response curves could not be determined for hydroxyproline
(HP) contents in the left lung of animals treated with fractionated irradiation at
6-hour intervals, when expressed per mg dry weight.

Poorly defined dose-response curves could be constructed when the total HP
content per left lung was calculated (Fig. 3-8, panel A).
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Figure 3-8. Dose-response curves for total HP per left lung (panel A), and left lung dry
weight (panel B), determined 76 weeks after fractionated lung irradiation given at 6-hour inter-
vals. The numbers of fractions are given next to each curve. Mean values ± 1 SEM are plotted
and those of control animals are indicated by the shaded areas.
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This dose-response relationship is most likely attributable to a dose-dependent
increase in left lung dry weight (Fig. 3-8, panel B).

Similar to the results of the 6-hour interval experiments, the HP content in
the lungs of animals treated with fractionated irradiation at 1-hour intervals did
not increase significantly as a function of dose when expressed per mg dry
tissue. The HP per total right lung did increase (Fig. 3-9, panel A), but this
could again entirely be attributed to the dose-related increase in lung dry weight
(Fig. 3-9, panel B).
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Figure 3-9. Dose-response curves for total HP per right lung (panel A), and right lung dry
weight (panel B), determined at 76 weeks after fractionated lung irradiation given at 1-hour
intervals. The numbers of fractions are given next to each curve. Mean values + 1 SEM are
plotted. Those of control animals are indicated by the shaded areas.
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The isoeffect doses for left or right lung weight (Table 3-3) calculated at a level
of 1.4 times the respective values in control animals of the same age, increased
with increasing number of fractions, indicating a sparing effect by fractionated
administration of the radiation dose.

3.2.3. Histopathology

The predominant histological changes observed in this study included: 1) foamy
histiocytosis (FH); 2) perivascular cuffing (PVC); 3) septal fibrosis/alveolar
epithelialization (SF), and 4) granulomatous pneumonia (GP).

A*

Figure 3-10. Typical examples of each of the four histological lesions determined in these
studies in lung (HPS, x 210). Top left: FH: foamy histiocytosis characterized by macrophages in
the alveoli. Top right: PVC: perivascular cuffing around two small-caliber vessels. Bottom left:
SF: septal fibrosis/alveolar epithelialization characterized by thickened alveolar septa; P: normal
lung parenchyma. Bottom right: GP: granulomatous pneumonia with numerous cholesterol clefts;
B: bronchiole.
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FH was characterized by the alveolar accumulation of macrophages, frequently
located in a subpleural location, having abundant microvesiculated amphophilic
cytoplasm. There was preservation of the alveolar wall (Fig. 3-10, upper left
panel).

PVC was characterized by a mononuclear cell infiltrate, predominantly
lymphocytes, around small-caliber (< 75 \im diameter) vessels, which were
usually located at the periphery of the parenchyma (Fig. 3-10, upper right
panel).

SF was characterized by thickened alveolar septa that contained abundant
fibrous connective tissue with minimal numbers of inflammatory cells. The
septa were frequently lined with a single layer of large, plump epithelial cells
(Fig. 3-10, lower left panel).

GP was characterized by an intra-alveolar exudate with associated septa
containing numerous inflammatory cells, predominantly multinucleated giant
cells, macrophages and eosinophils, with smaller numbers of granulocytes and
lymphocytes (Fig. 3-10, lower right panel). Focal areas of necrosis with
destruction of the alveolar septa and cholesterol clefts were frequently observed.
GP was frequently located adjacent to airways.

The percentages of the area of the lung containing FH and PVC were
similar in control and irradiated animals in the 6-hour interval experiments,
whereas there was a dose-related increase in GP and SF in irradiated animals. In
this experiment, histopathological lesions were generally found to be moderately
extensive.
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Figure 3-11. Dose-response curves of the combined areas of lung sections occupied by the
histopathological lesions septal fibrosis and granulomatous pneumonia, determined at 76 weeks
after fractionated irradiation. Panel A: 6 hour intervals; panel B: 1 hour intervals. The number of
fractions is indicated against each curve. Datapoints are mean values ± 1 SEM. The shaded areas
indicate the mean values ± SEM of control animals.
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The histological damage in the lungs treated with fractionated irradiation at 1-
hour intervals was much more severe, and it was in most cases not possible to
make a clear distinction between SF and GP. Therefore, the total area occupied
by both lesions combined, was determined in the lungs of rats from the second
(1-hour interval) experiment. The data from the first, 6-hour interval, ex-
periment were recalculated to obtain combined scores of SF and GP. The
resulting dose-response curves are plotted in Fig. 3-11.

Isoeffect doses calculated for different levels of SF and GP are listed in
Table 3-4.

Table 3-4.
Isoeffect doses at different isoeffect levels of the combined histopathological

lesions septa! fibrosis and granulomatous pneumonia.

Number
of
fractions

1
2
4
S

16

1
2
3
4
6
8

12
16

Interval
time (h)

_
6
6
6
6

_
1
1
1
1
1
1
1

ED50±lSEM(Gy)
Surface area occupied by SF+GP greater than
8%

9.83 + 0.36
12.68 + 0.28
16.82 ± 0.99
23.29 ± 2.62

-

9.75 ± 0.24"
11.40 + 0.50
11.93 ±0.30
12.36 ± 0.26
15.22 + 0.20
15.46 ± 0.31
17.39 ±0.16
20.08 ± 0.35

10%

10.21 ±
12.84 ±
16.82 ±
24.37 ±

-

10.16 ±
11.40 +
12.45 ±
12.61 ±
15.22 ±
15.68 ±
17.80 ±
20.59 ±

0.43
0.45
0.99

17.40

0.22
0.50
0.23
0.13
0.20
0.24
0.26
0.33

12%

10.21 ± 0.43
12.84 ± 0.45
17.85 ± 0.83

-
-

10.16 + 0.22
11.67 + 0.27
12.56 ±0.17
12.74 ± 0.27
15.47 + 0.18
15.68 + 0.24
18.68 ± 0.29
20.59 ± 0.33

The 1 -hour interval data are normalized using the LD50 values of single dose treatments

An increase in the ED5o's is observed with increasing number of fractions as
was also seen for the other parameters investigated. There is again a trend for a
slight increase in ED50 values with increasing level of damage.

No significant histologic alterations were observed in the other organs
investigated.
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3.2.4. Data analysis

Analogous to the analyses performed with the early response data, those of late
responses were also separated into two data subsets, 1-4 and 6-16 fractions. A
graphical example is shown in Fig. 3-12 for the SF+GP data. In the upper panel,
the "banana curve" is calculated for 1-16 fractions and in the lower panel the
curves for the two data subsets are drawn.

4 6 8 10
dose per fraction (Gy)

12

f

Figure 3-12. Reciprocal total dose plots of septa] fibrosis + granulomatous pneumonia at an
isoeffect level of 12% of the total area. Closed symbols: 6-h intervals fractionations; open
symbols: 1-h interval fractionations. The error bars on the datapoints indicate I SEM. The curves
were not drawn through the datapoints, but were calculated using parameters derived from Direct
Analysis of the raw data. Panel A: entire dataset of 1-16 fractions. Panel B: separate analysis of
the two data subsets, 1-4 and 6-16 fractions. Arrows point at the upper right points of the curves
(see text).

67



There appear to be some differences between these two curves. The intercept
with the abscissa is higher for the 1-4 fractions curve, indicating a higher a/p
ratio, and the incomplete repair part of the 6-16 fractions curve is more
concave than that of the 1-4 fraction curve, indicating a longer Tj/2- This is also
reflected in the values of both parameters listed in Table 3-5.

Table 3-5.
«P and T1/2 values calculated for late endpoints, 76 weeks after fractionated lung irradiation.

Endpointa

BF

SF+GP

DW

All parameters

Range of
fraction numbers

1- 16
1-4
6-16

1-16
1-4
6-16

1-16
1-4
6-16

1-16
1-4
6-16

ot/p (Gy)
(95% conf. limits)

2.14
4.43
-0.02

1.86
4.45
0.83

1.90
2.25
1.61

2.27
3.70
1.68

(0.05,4.08)
(0.49,10.70)
(-2.30,2.71)

(1.01,2.67)

(2.61,7.00)

(-8.41,4.89)

(0.71,2.97)

(0.16,4.55)

(-2.55,5.87)

(1.48,3.01)
(2.20,5.37)
(-0.43,4.07)

Ti/2 (h)
(95% conf. limits)

1.03
0.60
0.74

1.15
0.97
1.97

1.20
1.36
2.26

1.13
1.08
1.58

(0.81,1.44)

(0.36,1.66)

(0.57,1.05)

(1.03,1.29)

(0.79,1.26)

(1.03,22.26)

(1.01,1.48) ]

(1.01,2.07)

(1.42,5.47)

(1.02,1.28)
(0.89,1.37)
(1.20,2.33)

BF: breathing frequency > 1.4 times control values
SF+GP: septal fibrosis + granulomatous pneumonia, surface area > 12%

DW: lung dry weight > 1.4 times control values
All parameters: raw data of BF, SF+GP and DW at the above-mentioned isoeffeel levels
subjected in combination to Direct Analysis.

Comparing the a/p values of the two data subsets for each of the three individual
endpoints listed in this table, there certainly is a trend for lower a/p's associated
with the lower doses per fraction, but the confidence limits calculated with this
subset are very wide. As a consequence, it is not possible to state that the
differences are significant. Even if the data of the three parameters are
combined and analyzed with the Direct Analysis routines, an extensive overlap
of confidence limits is found (Table 3-5), again indicating that the differences
are not significant.

A similar conclusion can be drawn for the T1/2 values where there is a trend
for longer repair times associated with the lower doses per fraction (Table 3-5).
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For this parameter as well, largely overlapping confidence limits are found.
Even when the data of the three endpoints are analyzed in combination, the
confidence limits slightly overlap (Table 3-5).

3.3. Low dose-rate experiments: early effects

3.3.1. Breathing frequency

In the low dose-rate (LDR) experiments the BF increased with increasing total
dose (Fig. 3-13). There is a substantial influence of the dose-rate as shown by
the separation of the dose-response curves determined for BF at 4 weeks after
treatment for 0.9, 0.1, and 0.05 Gy/min, respectively. Fractionation of the LDR
treatment led to even further sparing. This is demonstrated by the separation of
the single dose and 2-fraction dose-response curves for each of the two low dose-
rates. The 0.1 Gy/min, 2 fraction curve does not even increase significantly at
the highest total dose administered.

400"
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10 15 20
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Figure 3-13. Dose-response curves of the breathing frequency determined at 4 weeks after
low dose-rate irradiation of lungs. The dose-rate (Gy/min) and the number of fractions are
indicated at each curve. Datapoints are mean values, error bars the SEM. The shaded areas
indicate the mean value ± 1 SEM of control animals.
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The ED50 values are tabulated in Table 3-6. All doses are again normalized to
those of the first fractionation experiment as described in section 3.1.2.

Table 3-6.
Isoeffect doses for different early endpoints determined up to 12 weeks

after low dose-rate lung irradiation.

Number
of
fractions

1

1
2

1
2

Dose-rate
(Gy/min)

0.90

0.10
0.10

0.05
0.05

ED50±SEM(Gy)

LD50
a

11.20 ±0.23c

13.75 ± 0.50
> 15.00c

16.82±0.25c

20.30 + 0.27c

BF>1.2 b

12.49 ± 0.45c

13.7310.31
20.38 ± 3.66C

17.64 ± 0.4 lc

19.31+0.30°

BF>1.4

12.84 ± 0.52°

14.24 ± 0.49
> 15.00c

18.11 ±0.39c

20.10 ±O.36c

LD50: monality up to 12 weeks after irradiation
BF: breathing frequency at 4 weeks after irradiation higher than 1.2 or 1.4 times control values

These doses arc normalized using the LD50 values of single dose treatments

3.3.2. Mortality

The mortality up to 12 weeks, resulting from radiation-induced pneumonitis
(with occasionally some minor accumulation of pleural fluid), paralleled the BF
measurements made at 4 weeks after treatment. The LD50 values are Hsted in
Table 3-6.

3.4. Low dose-rate experiments: late effects

3.4.1. Breathing frequency

The dose-response curves of the BF at 76 weeks after treatment (Fig. 3-14)
were not as clearly defined as those obtained at 4 weeks (Fig. 3-13). The
influence of the dose-rate and of fractionation can be seen, however. ED5Q
values are listed in Table 3-7.
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Figure 3-14. Dose-response curves for the breathing frequency determined at 76 weeks after
fractionated low dose-rate irradiation of the lungs. The dose-rate (Gy/min) and the number of
fractions are indicated against each curve. Datapoints are mean values ± 1 SEM, the shaded areas
indicate the mean value and SEM of control animals.

Table 3-7.
Isoeffect doses for different late endpoints, determined

at 76 weeks after low dose-rate lung irradiation.

Number
of
fractions

1

1
2

1
2

Dose-rate
(Gy/min)

0.90

0.10
0.10

0.05
0.05

ED5o±SEM(Gy)

BF > 1.2a

9.22 ± 1.41C

11.29 ±1.73
15.89 ±1.13C

17.66 ±0.58c

BF>

9.91

14.12
16.75

13.06
19.14

1.4

+ 0.38c

±2.99
± 0.48c

± 8.64C

+ 0.56c

DW > 1.4b

9.22+ 1.41C

10.52 ± 0.58
16.03 + 0.41°

< 14.68C

17.29 + 0.3 lc

a BF: breathing frequency higher than the indicated level above control values
DW: lung dry weight higher than 1.4 times control values

c These doses are normalized using the LD50 values of single dose treatments
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3.4.2. Hydroxyproline

In the LDR experiments, similar to the fractionation experiments, determination
of HP per mg dry lung weight resulted in very poor dose-response curves,
whereas those of HP/total (right) lung and of lung dry weight were more
pronounced (Fig. 3-15). The 10 Gy point of the 0.1 Gy/min, 1 fraction cur/e
for the latter two parameters is much higher than expected (Fig. 3-15), but no
explanation for this observation can be given. The levelling off of some of the
dose-response curves can be explained by the smaller number of animals in the
highest dose groups, due to previous deaths resulting from either pneumonitis
before 12 weeks after treatment or from massive tumour growth necessitating
the killing of the animal. Only the lungs of those animals surviving for more
than 60 weeks were included in the HP analyses. The isoeffect doses are listed in
Table 3-7.
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Figure 3-15. Dose-response curves for total HP per right lung (panel A), and right lung dry
weight (panel B), determined at 76 weeks after fractionated low dose-rate lung irradiation. The
dose-rate (Gy/min) and the number of fractions are given for each curve. Mean values ± 1 SEM
are plotted. Those of control animals are indicated by the shaded areas.
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3.4.3. Histopathology

Dose-response curves similar to those obtained for HP/total lung and lung dry
weight were obtained for the histopathological endpoints SF and GP (Fig. 3-16).

I

10 15 20
total dose (Gy)

25

Figure 3-16. Dose-response curves of the combined areas of lung sections occupied by the
histopathological lesions septal fibrosis and granulomatous pneumonia, determined at 76 weeks
after fractionated low dose-rate lung irradiation. The dose-rate and number of fractions are
indicated against each curve. Datapoints are mean values ± 1 SEM and the shaded area indicates
the mean value ± SEM of control animals.

The combined total area occupied by these lesions was determined as described
for the fractionation experiments (see section 3.2.3). For this endpoint as well,
the 10 Gy point of the 0.1 Gy/min, 1 fraction curve is higher than expected and
sometimes the curves are levelling off. Isoeffect doses are listed in Table 3-8.

3.4.4. Data analysis

Despite the mostly well-defined dose-response curves obtained for the different
early and late endpoints, and their clear separation resulting from differences in
dose-rate and fractionated administration of the total dose, it was only possible
to successfully analyze the data of the mortality up to 12 weeks with the Direct
Analysis routines. For other endpoints, at whatever isoeffect level, values of a/p
and f]/2 could not be derived.

The a/p and T]/2 values for mortality resulting from radiation-induced
pneumonitis are listed in Table 3-9. The mean values for both parameters are
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Table 3-8.
Isoeffect doses for combined area of septal fibrosis and granulomatous pneumonia,

determined at 76 weeks after low dose-rate lung irradiation.

Number ED50 ± 1 SEM (Gy)
of Dose-rate Surface area occupied by SF+GP greater than
fractions (Gy/min) 8% 10% 12%

1

1
2

1
2

0.90

0.10
0.10

0.05
0.05

9.98 ± 1.26a

11.2610.48
15.56 ± 0.27a

< 14.68"
17.77 ± 0.25a

9.98±1.26a

17.72 ± 0.40
15.86 ± 0.35a

< 14.68"
17.89 ± 0.26a

9.98+1.26*

12.36 ± 0.54

< 14.68a

18.18 ± 0.26a

a These doses are normalized using the single dose LD50 values

slightly lower than those obtained for mortality with the fractionation
experiment (Table 3-2), but not significantly different from the values obtained
for the late endpoints (Table 3-5).

Table 3-9.
a/p and T\/2 values for early endpoints (up to 12 weeks) resulting from

radiation-induced pneumonitis after low dose-rate irradiations.

«/p (Gy) T1/2 (h)
Endpoint (95% conf. limits) (95% conf. limits)

LD5o/12week 1.70 (0.49,2.76) 1.01 (0.90,1.14)

74



Chapter 4

LUNG EXPERIMENTS - DISCUSSION

The results of the experiments performed on rat lungs in this study indicate that
the cells responsible for both the early and late radiation-induced effects in this
organ are spared to a large extent by fractionation of the irradiation. The cc/p
ratios obtained for the different endpoints are all low, i.e. within the range of
about 1 - 5 Gy, as compared with those obtained for early reacting normal
tissues and tumours, ranging from about 6 - 12 Gy (Fowler, 1984b; Thames and
Hendry, 1987), indicating a large capacity for repair of sublethal damage
between fractions.

4.1. Early effects • pneumonitis and mortality

The results of the breathing frequency (BF) assay for the WAG/Rij rat strain
used in this study are somewhat different from results obtained by others using
various mouse strains. WAG/Rij rats had an increase in mean BF starting at
about 4 weeks and lasting until about 12 weeks post-treatment. A study in mice
showed an increase in BF between 14 and 30 weeks post-irradiation, and this
increase was associated with histologically-demonstrable radiation-induced
pneumonitis (Travis etal., 1980b). Radiation-induced pneumonitis was observed
in rats in the present study between 4 and 12 weeks after treatment, but not all
deaths that occurred during this time could be attributed to the pneumonitis,
since several animals died of massive pleural fluid accumulation without
histologically-detectable signs of pneumonitis.

Pleural fluid accumulation has also been observed in other rat strains
(Down, 1986; Lopes Cardozo et al., 1985; Varekamp et al., 1987a,b) and in a
number of mouse strains (Down, 1986; Down and Steel, 1983). It has rarely
been observed in human patients (Bachman and Macken, 1959). Different time-
patterns were observed in mice for the occurrence of fluid accumulation. Down
and Steel (1983) observed deaths associated with pleural effusions between 32
and 54 weeks after thoracic irradiation of CBA mice, while the pneumonitis

••. phase lasted until about 20 weeks. In C57B1 mice a very late pneumonitic phase
^ was observed after 40 weeks (Down, 1986), but animals that died between 22
i: and 40 weeks all had pleural effusions (Down and Steel, 1983). WHT and TO
h mice had simultaneously occurring pneumonitis and pleural effusions, but
?; starting already at about 10-12 weeks after treatment (Down, 1986).
I The observations in rats indicate that pneumonitis and pleural fluid
'; accumulation occur at the same time in August rats (Down, 1986) and WAG/Rij

rats (these studies), but separated in time in BN rats (Varekamp et al., 1987a),
I where fluid accumulation preceded pneumonitis. Varekamp etal. (1987b)
! • '

r

•k
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performed experiments to determine the cause of pleural fluid accumulation and
reached the conclusion that a severe pulmonary hypertension occurred after
irradiation of the whole thorax of the BN rat. During the development of the
hypertension pleural fluid accumulated in the thoracic cavity. These authors
presumed that damage to the endothelial cells was the prime cause of the
effusions. Although fluid accumulation also has been observed after localized
heart irradiation in Wistar rats where only about 16% of the lung volume was
irradiated (Lauk, 1986; Lauk et al., 1985, 1987), heart failure was specifically
ruled out as a cause of the effusions in the BN rat (Varekamp et al., 1987b). In
our studies with the WAG/Rij rat, which is also a Wistar strain, heart damage
might have interfered, but the doses used were much lower than those given by
Lauk etal. (1985, 1986, 1987) to the heart. No specific experiments have been
performed in the present study to unravel the cause and nature of pleural fluid
accumulation in the WAG/Rij rat.

Hence, we are left with the conclusion that the target cells responsible for
pleural fluid accumulation are likely to be different from those causing
radiation pneumonitis (Varekamp et al, 1986b). Somewhat unfortunately, the
two sequelae occur at the same time in the WAG/Rij rat strain, and therefore
this matter is rather difficult to be sorted out in more detail for this strain.

4.2. Late effects - breathing frequency

There were very few animals that died spontaneously during the remainder of
the observation period, i.e., beyond 12 weeks after treatment. Pneumonitis and
fluid accumulation were never observed in these cases. Some animals (< 5%)
had to be euthanized and excluded from the study because of a rapidly growing
massive tumour in the radiation field. The remainder of the rats survived until
the end of the observation period, 76 weeks after treatment. Only the animals
from the highest dose groups that had shown the early syndrome, but survived,
had a consistently higher BF than control rats. These animals and some from the
other next-highest dose groups developed a progressive rise in BF starting at
about 50 weeks. Dose-response curves for the different fractionation regimens
could not be made until at 76 weeks.

In mice, the BF frequently remained above control levels after recovery
from pneumonitis (Down and Steel, 1983; Travis etal., 1980). A progressive
and irreversible increase in BF was observed in these animals after more than
36 weeks post-irradiation. This was ascribed to a slow development of
radiation-induced fibrosis (Travis and Down, 1981; Travis etal., 1980). Down
(1986) suggested that at least in some mouse strains this late increase in BF was
caused by accumulation of pleural fluid and not by radiation-induced fibrosis.
However, this may not be true for all rodent strains. The accumulation of excess
pleural fluid was not observed in this study in rats that were killed after the last
BF measurement. This result indicates that the late increased BF's are

76



attributable to other pathological changes in the lung, most probably
radiation-induced fibrosis.

4.3. Late effects - hydroxyproline

Biochemical analysis of the extent of fibrosis with the HP assay did not
demonstrate an increase in the content of this amino acid expressed per mg dry
tissue. The total amount of HP per left lung and the left lung dry weight
generally did increase in a dose-dependent manner. In contrast to these
observations, an absence of radiation effects on lung wet weight at 12 months
(Down et al., 1984) and on both wet and dry weight at 15 months (Travis et al.,
1985) have been reported. Travis et al. (1985) also observed no effect on HP
per lung and only a small dose dependence of HP per mg dry weight.

If it is assumed that the collagen concentration is about 8 times the HP
concentration (Law et al., 1976; Neuman and Logan, 1950; Schwarz et al.,
1985) than the increase in lung weight observed in the present experiments can
not be explained by collagen deposition alone because the HP per mg dry weight
should have been about twice the observed values. Moreover, an increase in
lung weight was not always associated with historically-demonstrable massive
accumulation of collagen in the lung tissue. The inflammatory infiltrate in the ,
granulomatous pneumonia may perhaps partially, but not completely explain the
increase in lung dry weight. The increase in total HP per lung can be attributed
entirely to the increase in lung dry weight.

It can be concluded that determination of HP is not a good indicator of
radiation-induced lung fibrosis is the WAG/Rij rat.

4.4. Late effects - histopathology

There was no effect of radiation dose or dose fractionation on two out of four
histological parameters measured in this study: foamy histiocytosis and
perivascular cuffing were minimally present in both control and irradiated
lungs. There were dose-related increases in the percentage of the total area
occupied by the lesions septal fibrosis (SF) and granulomatous pneumonia (GP).
The extent of SF could provide information on the cause of the observed
increases in lung dry weight discussed above. The largest areas that were found
to be occupied by SF (about 30% of the total area) are by far not enough to be
able to explain the increase in dry weight by pure accumulation of collagen, in ;
particular since the determination of the area also included alveolar spaces. f
Therefore the area occupied purely by fibrotic tissue is much less than the area ?
determined. However, it is evident from the results of this study that there is an -\
influence of the radiation dose and regimen on the extent of fibrotic tissue in the ?
lung.
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Preliminary .studies suggest that granulomatous pneumonia has an allergic rather
than infectious etiology. This conclusion is based on the following observations:
1) the disease has been observed with the same incidence in germ-free rats as
compared to conventionally-reared rats, 2) the animals are consistently free of
viral and bacterial pathogens as determined by microbiologic, serologic, and
histopathologic monitoring, 3) the disease is multifocally-oriented around larger
airways, and 4) there is an influx of a larger number of eosinophils in the early
development of the disease (S.K. Durham, personal communication). GP is
exacerbated by increasing radiation doses and fractionation has a sparing effect,
but the importance of this lesion remains to be elucidated.

4.5. Applicability of the LQ model

The graphical test developed by Tucker (1984) was applied to the long-interval
experimental data to investigate whether they could be described in terms of the
LQ model. The LD50/I2 week was the only early endpoint that could be
evaluated, since BF data of the long-interval fractionation experiment are
lacking. The entire dataset of 1 - 16 fractions gave a positive result, but analysis
of the two subsets failed to indicate the validity of the LQ model.

The data for the left lung dry weight at 76 weeks after treatment at an
isoeffect of 1.4 times the control values were the only data of late endpoints that
could be fitted to a straight line according to the graphical method, indicating
that the underlying radiation response mechanism can be described by the LQ
model. Both the entire dataset as well as the low dose-per-fraction subset gave
positive results. The BF and histopathology data were too diverse for a
regression line to be drawn through the origin.

The computational method indicated that the data from most parameters can
be fitted by the LQ model: lung dry weight at 76 weeks at 1.4 times control
values and SF+GP at isoeffect levels of 8, 10 and 12% surface area responded
positively for the entire dataset and for both subsets (Table 4-1). The BF data
obtained at 76 weeks were only positive for the high dose-per-fraction subset.

The high proportion of negative outcomes^ of the first Tucker test (the
graphical method) might be explained to some extent by the fact that this
method is not completely unbiased, at least for tissues with low a/p values.
Guttenberger (1987) has demonstrated with simulated data that this test gave
more than 50% false-negative results when the a/p was 1 Gy and none when the
a/p was 20 Gy. He recommended that the second test should be used in these
situations. Since the a/p values obtained in these studies with both lungs and
kidneys were low (less than 3 Gy), we have attached a larger value to the results
of the computational method.

It should be recognized that, although sometimes negative results were
obtained with the tests, no definite conclusions may be drawn on whether the
LQ model offers an adequate description of the radiation response of the critical
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target cells. Generally, the LQ model is considered to be a good description of
the radiation response of rodent lungs (Parkins and Fowler, 1985,1986; Parkins
et al., 1985; Siemann et al., 1986; Travis and Tucker, 1986; Travis et al., 1987).
In order to further analyze the lung data in terms of determination of a/p and
Tj/2 values, we have assumed that the LQ model is applicable to the data.

Table 4-1.
Tests to the applicability of the LQ model applied to different ranges

of fraction numbers of the 6-hour interval lung data

Early endpoints0

Mortality

Late endpointsd

BF > 1.2
BF > 1.4
DW
SG+GP > 8%

>12%

Graphical method

l -16 a 1-4 6-16

+b

_ _ _
_ _ _
+ - +

_ _

i.d.e - i.d.

Computational method

1-16 1-4 6-16

+ + +

- + -
- + -
+ + +
+ + +

+ + i.d.

a Range of fraction numbers
b +: the LQ model is applicable to this dataset

-: the LQ model is not applicable according to this test
c Mortality up to 12 weeks

BF: breathing frequency at 76 weeks after irradiation at isoeffect levels of 1.2 and 1.4 times
control values; DW: left lung dry weight at an isoeffect level of 1.4 times control values;
SF+GP: septal fibrosis and granulomatous pneumonia at isoeffect levels of a combined area of
8,10, or 12% occupied by these lesions

e Insufficient data available

4.6. Repair parameters

The experimental data obtained in this study may give the impression that there
are differences in a/p and T1/2 values for early and late responses in the rat lung.
This is only true, however, if the fractionation data are considered separately,
and the conclusion is based on the slightly higher parameter values obtained for
early mortality. As has been mentioned already, the data for the BF are
considered not to be representative, since only 1-hour interval data could be
included. Travis et al. (1987) observed a much higher a/p value when only the
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short-interval data were analyzed, as compared to values obtained from analysis
of combined long- and short-interval data. If the LDR mortality values are also
taken into consideration, there is no difference in a/p for the early and late
endpoints.

In the analysis of the present lung data we used a slightly different approach
than Travis et al. (1987). These authors analyzed different data subsets while
including the single dose data in each of them. We felt that it was not correct to
incorporate the single dose data in the low dose-per-fraction subset, since this
would considerably level off any difference in a/p between high and low doses
per fraction. An illustration of this point is offered by the curves drawn in Fig.
3-11, panel B. The single dose points calculated for die two datasets (the upper
right points of the "banana" curves, indicated by arrows) are considerably
different from each other, in this case as a result of the downward displacement
of the low dose-per-fraction "banana" curve (the dashed curve). In the kidney
studies an upward bending of the complete-repair data curve was observed at
low doses per fraction at some assay times, resulting in an even larger
difference between the calculated single dose points for the low and high dose
per fraction subsets (Chapter 5).

The location of the low dose-per-fraction "banana" curve would be quite
different (closer to the high dose-per-fraction curve) if the experimental single
dose data were included in the analyses. This implies that the difference obser-
ved by Travis et al. (1987) between both a/p and T ^ values obtained for high
and low doses per fraction would even be greater than now calculated by these
authors.

Even though with the method employed in the present study any difference
in a/p and/or Tj/2 would potentially be detected earlier and even though the
smallest fractional doses (1.13 Gy) were smaller than those used in the study of
Travis et al. (1987), no significant influence of the size of the dose per fraction
on a/p or T1 / 2 (Tables 3-2 and 3-5) could be detected, in contrast to the
conclusions of Travis et al. (1987). There is, however, a trend for smaller a/p
values and longer T ^ ' s associated with low doses per fraction. This is true for
early (up to 12 weeks) as well as late effects (determined at 76 weeks), but the
confidence limits are largely overlapping and only the mean values differ. It is
possible that, if treatments with more than 16 fractions and with lower doses per
fraction would have been given, a difference might have been detected, but the
present data down to doses per fraction of 1.13 Gy do not yield significant
differences.

The a/p ratio's calculated from the late endpoints BF, lung dry weight and
histopathology data from the present study in rats are similar to the data
obtained in mice (Table 7-1).

In general, there are no significant differences between a/p ratio's
calculated with the Fe-plot method (Douglas and Fowler, 1976) (data not shown)
and those calculated with the Direct Analysis method (Thames et al., 1986).
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The values of the a/p ratio's of the different endpoints (Tables 3-2 and 3-5)
indicate that, in general, the cells responsible for the late responses in the rat
lung are about equally sensitive to fractionation of the irradiation as are those of
the early (pneumonitis) response in this tissue, but much more sensitive than the
target cells in acutely responding tissues, like the skin and intestinal epithelium
(Thames et al., 1986; Thames and Hendry, 1987), and in most experimental
tumours (Fowler, 1984b; Thames and Hendry, 1987). This implies that when
the responses of the lungs to radiation are the dose limiting factor,
hyperfractionation (Thames etal., 1983; Withers, 1985) will selectively protect
the lungs against the development of these lesions. This will be discussed further
in Chapter 7.

4.7. Tissue rescuing units

The error estimates for the a/p ratio's calculated from the present data with the
logistic model were in all cases smaller than those calculated using the Poisson
model (data not shown). This indicates that the Poisson model can be safely
applied (Thames et al., 1986), allowing for the derivation of direct estimates of
both a and p as well as of the number of tissue rescuing units, TRU's (Hendry
and Thames, 1986; Thames et al., 1986) in the lung (Tables 4-2 and 4-3). TRU's
have been defined as the smallest units in a tissue capable of rescuing the tissue
from failure or functional damage.

Table 4-2.
Values for a and f5 and numbers of tissue rescuing units in rat lung calculated for early endpoints,

up to 12 weeks after treatment, resulting from radiation pneumonitis

Endpoint

Mort. FI

BF

Mort. LDR

Range of
fraction
numbers

1-16
1-4
6-16

1-16

1-2

cclC
(95%

2.38
3.31
0.91

0.53

3.03

> (Gy1)
conf. lim.)

(1.73,3.04)
(2.27,4.35)
(-0.36,2.19)

(-0.76,1.82)

(1.05,5.03)

p • 100 (Gy'2)
(95% conf. lim.)

6.60
7.38
4.26

2.80

17.89

(5.49,7.70)
(5.90,8.86)
(1.66,6.87)

(2.04,3.55)

(11.40,24.37)

Numbers of
tissue rescuing units
(95% conf. Urn.)

3.5*106 (5.i-l05,2.3«i07)
1.8* 107 (1.4«106,2.2-108)
9.0«103 (2.1-102,3.8'105)

9 .9 'K) 3 (2.5-103,4.0-104)

1.5-1012 (1.7-108,1.2-1016)

Mort. FI: mortality up to 12 weeks after fractionated irradiation; BF: breathing frequency at 4
weeks after fractionated irradiation at an isoeffect level of 1.4 times the control value; Mort.
LDR: mortality up to 12 week after low dose-rate irradiation
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Table 4-3.
Values for a and p and numbers of tissue rescuing units in rat lung calculated for

late endpoints, 76 weeks after after fractionated irradiation

Endpointa

BF>1.2
BF> 1.4

SF+GP > 8*3
> 10<
> 12'

DW

Range of
fraction
numbers

1-16
1-16
1-4
6-16

I 1-16
7o 1-16
7o 1-16

1-4
6-16

1-16
1 -4
6-16

a«10(Gy- ])
(95%

0.69
0.51
0.95
-0.01

1.93
1.90
1.57
3.58
0.57

0.68
1.60
0.30

conf. lim.)

(0.28,1.09)

(0.09,0.94)
(0.25,1.66)
(-0.86,0.83)

(1.31,2.55)
(1.21,2.58)
(0.91.2.42)
(2.32,4.85)

(-2.57,3.71)

(0.31,1.05)
(0.36,2.83)

(-0.28,0.87)

P • 100 (Gy2)
(95%

3.23
2.40
2.15
4.80

8.73
9.43
8.47
8.05
6.48

3.59
1.83
1.83

conf. lim.)

(2.57,3.90)

(1.74,3.06)
(1.33,2.97)
(2.66,6.95)

(7.19,10.26)
(7.67,11.19)
(6.89,10.05)
(5.81,10.30)
(3.82,9.85)

(3.05,4.13)
(1.12,2.54)
(1.12,2.54)

Numbers of
tissue rescuing units
(95% conf. lim.)

7.3» 103

4.2* 103

2.8«103

2.0* 103

1.7-106

4.9« 106

1.7-106

4.5* 106

4.3»105

7.3«103

1.2-103

1.2-103

(3.2-103,1.6»104)

a.7"103,1.0-104)
(9.9-102,8XM03)
(3.1-102,1.2.104)

(3.3-105,9.1-106)
(6.5'105,3.7M07)
(2.6-105,l.l-107)
(3.1«105,6.6-107)
(5>1O3,3.3-1O7)

(3.5-103,1.5-104) !
(3.9-102,3.5>103) ;

(3.9-102,3.5-104)

a BF: breathing frequency at 76 weeks after irradiation at isoeffect levels of 1.2 and 1.4 timer the
control value; SF+GP: seplal fibrosis + granulomatous pneumonia at isoeffect levels of a
combined area of 8,10, or 12% occupied by these lesions; DW: lung dry weight at an isoeffect
level of 1.4 times the control value

However, in such complex tissues like the lung and kidney, consisting of a large
number of different cell types, the TRU is merely an operational unit, rather
than a physical entity. This will be dealt with in more detail in Chapter 6, where
the results of the kidney experiments are discussed.

TRU's have been tabulated in Tables 4-2 and 4-3 for the complete dataset at
different isoeffect levels, wherever possible. Analogous to the lack of difference
in oc/p and T I / 2 values at the late assay time, no differences in numbers of TRU's
were found for the two data subsets (Table 4-3). The mean number of TRU's
associated with BF at 76 weeks and lung weight range between 4.2 and 7.3»103,
those of SF+GP between 1.7 and 4.9*10 . This might indicate that the TRU's for
SF+GP are different from those associated with changes in BF and lung weight.
TRU's for the early endpoint radiation pneumonitis might also be different
from those for BF, since a mean number of 3.5»106 was found (Table 4-2).
With this endpoint different numbers were found for the two data subsets, but
the significance of this differerxe is quesfionable in view of the rather wide
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confidence limits obtained on a/p and T1/2 for each of the two subsets (Table 3-
2). Unrealistically high numbers of TRU's, with very wide confidence limits,
were found for early mortality in the LDR experiments (Table 4-2). Assuming
that 1 g tissue contains about 109 cells, than 10 cells would correspond to 1000
g tissue, or about 5 rats. Obviously, the validity of these data is questionable,
also because of the large uncertainties.

In general, the numbers of TRU's are about the same as those calculated by
Travis and Tucker (1986) for lethality up to 28 weeks after lung irradiation
(103 - 105) but smaller than those calculated for lethality between 28 and 52
weeks post-irradiation (7«106 - 108). Hendry and Thames (1986) mentioned a
number of (4 - 27)»106 TRU's for mouse lung, probably also for lethality up to
28 weeks.

The differences in TRU's are paralleled by, in some cases significant,
differences in both a and p values between the different endpoints (Tables 4-2
and 4-3). However, these differences do not result in differences in the cc/p
ratios (Tables 3-2 and 3-5). This indicates that, although perhaps the
dose-response curves for the speculatively different TRU's might be different,
the overall sensitivity to fractionation of the irradiation is not. •
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Chapter 5

KIDNEY EXPERIMENTS - RESULTS

5.1. The effects of nephrectomy

The nephrectomy (NX) by itself modified the parameters measured in the urine.
In control animals that were only nephrectomized, urine osmolality and volume
changed after a latent period of about 45 weeks (Fig. 5-1, panels B and C).
Serum urea values remained constant over the entire observation period of 18
months (Fig. 5-1, panel A).

100i

20 40 60
time after treatment (week)

80

Figure 5-1. Time-dependence curves of the functional parameters measured in control animals
that were either untreated or weve only nephrectomized. Panel A: serum urea. Panel B: urine
osmolality. Panel C: urine volume.
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The alterations were not merely age-related, since in animals that received no
NX the values of the urinary parameters remained constant throughout the
entire observation period.

5.2. The effects of single doses

Irradiation of rat kidneys resulted in a slowly but continuously progressing
deterioration of kidney function. Radiation-induced alterations in the different
kidney function parameters started to become apparent at about 8 weeks after
NX. In Figure 5-2 the changes in the different parameters after single doses of
X rays are shown. With increasing radiation dose, deviations from control
values start earlier and increase more rapidly.

300

200

100

20 40 60 80

3000

To 3
o ^ 2000"

10001
• c •
3

20 40 60 80

30

-£ 20

o 10

20 40 60
time after NX (week)

80

Figure 5-2. The effect of irradiation of the kidney with single doses of X rays on each of the
functional parameters. Panel A: serum urea. Panel B: urine osmolality. Panel C: urine volume.
The doses in Gy are indicated at each curve. Mean values ± 1 SEM are plotted. The shaded areas
indicate the time course for NX only controls.
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The changes of the three different parameters occur according to an equal dose-
time pattern, suggesting no preferential damage by radiation of one of the
functional compartments of the kidney.

5.3. The effects of fractionation - functional parameters

Dose-response curves were constructed for each of the functional parameters at
various assay times, starting at 12 weeks after NX. The long-interval 4-fraction
experiment was performed twice and the dose-response curves for the two
experiments are shown separately.

300] A 24-h intervals

200"

100"

o
o

ta
2

o5

B 1-h intervals

300"

200"

10 20

C 24-h intervals

30 40 0 10 20 30 40

D T 1-h intervals

69-72 wk |

30 40 0 10

total dose (Gy)

20 30 40

Figure 5-3. Dose-response curves for serum urea determined at 12 (panels A and B) or 69-72
weeks after NX (panels C and D). The left-hand panels, A and C, show the long-interval data. In
the right-hflnd panels, B and D, the 1-hour interval data are plotted. The number of fractions is
indicated against each curve. Curves from the second 4-fraction, long interval experiment are
marked with an asterisk. The mean values ± 1 SEM are drawn and the shaded areas indicate the
mean values ± 1 SEM of control, NX only, animals at the corresponding assay times.
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The left-hand panels in Fig. 5-3 show those curves for serum urea as determined
at 12 (panel A) and 69-72 weeks after NX (panel C) for the long-interval
fractionations. The serum urea levels at later assay times are invariably higher
than at earlier ones, indicating progression of damage and a dose-dependence in
the expression of damage. In the right-hand panels (B and D) in Fig. 5-3 the
corresponding data of the 1 -hour interval fractionations are plotted. Progression
of damage is again evident. The position of the curves, however, is shifted
towards lower doses in comparison to the corresponding curves of the
long-interval fractionation studies.

t
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o
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2500 •

2000 •

1500"
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A k 24-h intervals B 1-h intervals

1o
25001
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1500"

1000"

500"

0

10 20 30 40

C 24-h intervals

0 10 20 30 40

D 1-h intervals

20

69-72 wk |

10 20 30 40 10 20 30 40

total dose (Gy)

Figure 5-4. Dose-response curves for urine osmolality determined at 12 (panels A and B) or
69-72 weeks after NX (panels C and D). In the left-hand panels, A and C, the long-interval data
are shown, and in the right-hand panels, B and D, the 1-hour interval data are plotted. The curves
are marked with the number of fractions. Curves from the second 4-fraction, long interval experi-
ment are indicated with an asterisk. The datapoints represent mean values ± 1 SEM and the
shaded areas indicate the mean values ± 1 SEM of control, NX only, animals at the correspond-
ing assay times.
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Figure 5-5. Dose-response curves for urine volume determined at 12 (panels A and B) or 69-
72 weeks after NX (panels C and D). In the left-hand panels, A and C, the long-interval data are
presented. In the right-hand panels, B and D, the 1-hour intewal data are plotted. The number of
fractions is indicated for each curve. The asterisk indicates the curves from the second 4-fraction,
long interval experiment. Mean values ± 1 SEM are plotted and the shaded areas indicate the
mean values ± 1 SEM of control, NX only, animals at the corresponding assay times.

For instance, the 20-fraction curve at 12 weeks intersects the 100 mg/100 ml
level at about 32 Gy for the long-interval fractionations (Fig. 5-3, panel A) and
at only about 19 Gy for the 1-hour interval data (Fig. 5-3, panel B).

Equivalent observations were made for the other two functional parameters,
urine osmolality (Fig. 5-4) and urine volume (Fig. 5-5).
The time-response curves after fractionated irradiation were similar to those
observed after single doses. They are not shown here.

Isoeffect doses, ED50, were calculated by probit analysis for each fractio-
nation schedule separately. The progression of damage is also reflected in the
continuing decrease in the FD50 values (data not shown). The level of effect at
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0.16 B

8 10 0 2

dose per fraction (Gy)

10

Figure 5-6. Reciprocal total dose (Fe) plots for serum urea at an isoeffect level of 1.8 times
the values in NX-only control animals. Isoeffect doses were calculated with probit analysis, at
different assay times as indicated. Closed symbols: long-interval data; open symbols: 1-hour
interval data. Error bars indicate the SEM. The curves are not drawn through the datapoints, but
are constructed using parameters calculated with the Direct Analysis routines. In the left-hand
panels, A, C, E, and G, the entire dataset from 2-40 fracn'om was used to calculate the curve. In
the right-hand panels, B, D, F, and H, curves are plotted that were calculated for the two data
subsets, 2-10 and 10-40 fractions, separately.

which the ED50's were determined, 1.8, 1.5, or 1.2 times the control values,
only influenced their absolute magnitude. The time-dependent decrease was
independent of the level of assessment.

5.4. Data analysis - stratification of data into different subsets

The reciprocal EDJQ'S determined for serum urea at different assay times after
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NX are plotted in Fig. 5-6 (the individual data points) as a function of the
corresponding dose per fraction (Fe-plot; Douglas and Fowler, 1976). The
curves in each of the panels are not drawn through the datapoints, but are
constructed using parameters obtained from the best fit to the raw data
calculated with the Direct Analysis routines. The "banana" curves, i.e., the
combinations of the curve and the straight line, in the left-hand panels of these
figures were determined using all data from 2 through 40 fractions of both the
short and long-interval fractionations. The single dose data were not included in
the analysis. The reason for this will bu discussed later. Even then, it is obvious
that in a number of cases there is no good fit of a single "banana" curve to all
datapoints. This can be seen from the fact that the long-interval data obtained at
12 weeks, but especially those obtained at 32-36 weeks after NX deviate from
the linearity that would be expected if the LQ model were applicable throughout
the entire range of fraction numbers. Tests of the applicability of the LQ model

%
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(Tucker, 1984) also pointed in this direction. The application of these tests will
be dealt with in the discussion of the kidney data (Chapter 6).

If the long-interval datapoints (closed circles) obtained at 32-36 weeks
would simply be connected by lines, the curve would bend upwards at the 20-
and 40-fraction points. The data for urine osmolality and volume are not shown
here, but followed the same pattern as the urea data. The datapoints of the 20-
and 40-fraction regimens are located at higher reciprocal ED5Q'S than expected
according to the LQ model, indicating a higher effectiveness of the smaller
doses per fraction used in these regimens. The 32-36 week data of all
parameters and the urea and osmolality data at 52-56 weeks (Fig. 5-6, panels C
and E, for the urea data) show this "hockey-stick" shape of the long interval data
curve.

When the analysis of the data had progressed until about 40 weeks after NX,
the results of the Tucker tests applied to the 32-36 weeks dataset and the
graphical poor fit observed in the Fe-plots prompted stratification of the data
into two subsets, 2-10 fractions (high doses per fraction) and 10-40 fractions
(low doses per fraction). This procedure was also inspired by the data obtained
by Rojas at that time (Rojas et al., 1986; later published in a more extensive
form by Rojas and Joiner, 1989). The subsets were analyzed separately with the
Direct Analysis routines. Subsequently all datasets obtained at all different assay
times were analyzed in this way. The resulting "banana" curves are plotted in
the right-hand panels of Fig. 5-6 for the urea data. In the above-mentioned cases
where the low dose-per-fraction long interval data deviate from the LQ model,
graphically significant differences are observed between the two data subsets
(Fig. 5-6, panels D and F). It can already be seen in the figure, by back-
extrapolation of the straight lines, which intersect the abscissa at -oc/p (Van den
Berg, 1984; Michael, 1985), that in these cases the a/p values for the higher
doses per fraction are lower than those for the lower doses per fraction.

5.5. Data analysis - determination of cc/p and T\n

The complete time-course of a/p values for the entire dataset (2-40 fractions)
; and for the two subsets of 2-10 and 10-40 fractions separately is illustrated in

Figs 5-7 to 5-9 (panels A and B) for each of the three functional parameters
• separately. The corresponding Tj/2 values are plotted in panels C and D of these
'• figures. The numerical values for the cx/p of each of these parameters are listed
' in Tables 5-1,5-3, and 5-5, those of the corresponding Tj# values in Tables 5-2,
! 5-4, and 5-6.
| The serum urea <x/p data (Table 5-1 and Fig. 5-7) indicate that the difference
| between the values of the two subsets increases up to 26 weeks after NX and
f gradually diminishes thereafter. No difference is present anymore after 60
\ weeks. A significant difference between the subsets, as judged from non-
I overlapping confidence limits, is only present between 16 and 35 weeks.

|
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Table 5-1.
values determined for serum urea at selected assay times for different isoeffect levels.

Time a/p (Gy) (95% confidence limits)
after NX Isoeffect
(week) level3 2 - 4 0 b 2 - 1 0 1 0 - 4 0

12 1.8 1.59 (1.14,2.09) 1.00 (-0.03,2.33) 1.54 (0.69,2.99)
1.5 1.73 (1.28,2.25) 0.55 (-0.41,1.78) 2.84 (1.36,7.67)

32-36 1.8 1.48 (1.07,1.96) 0.26 (-0.85,1.34) 2.38 (1.39,4.13)

1.5 1.81 (1.34,2.37) 0.85 (-0.11,2.08) 2.56 (1.48,4.67)

52-56 1.8 1.54 (1.14,2.00) 0.92 (0.12,1.93) 1.94 (1.05,3.53)

69-72 1.8 1.65 (1.25,2.12) 2.06 (1.06,3.46) 1.06 (0.40,2.18)
2.1 1.54 (1.20,1.97) 1.74 (0.82,2.92) 1.45 (0.80,2.56)

a Isoeffect levels were urea values higher than indicated above the urea value of age-matched
control animals that were only ncphrectomized j

Range of fraction numbers !

Table 5-2.
T]/2 values determined for serum urea at selected assay times for different isoeifect levels.

Time a/p (Gy) (95% confidence limits)
after NX Isoeffect
(week) level" 2 - 4 0 b 2 - 1 0 1 0 - 4 0

2.60 (2.13,3.33) 2.66 (2.02,3.86) 2.21 (1.55,3.87) :
2.49 (2.01,3.26) 2.36 (1.79,3.45) 4.04 (-35.2,1.91)

1.59 (1.32,2.00) 1.30 (1.04,1.73) 2.36 (1.67,4.03) f

2.16 (1.73,2.86) 1.71 (1.32,2.43) 3.03 (1.98,6.42) ;

1.63 (1.37,2.02) 1.52 (1.23,2.01) 1.78 (1.31,2.79) j

1.94 (1.61,2.44) 2.08 (1.61,2.92) 1.39 (1.04,2.11) \

I
i

Isoeffect levels were urea values higher than indicated above the urea values of age-matched J
control animals that were only nephrectomized !

12

32-36

52-56

69-72

1.8
1.5

1.8
1.5

1.8

1.8
2.1| 2.1 1.74 (1.47,2.13) 1.88 (1.48,2.58) 1.51 (1.17,2.11)

Range of fraction numbers
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The apparent difference in cc/p values at 26 weeks is compromised by the
extremely large confidence intervals of the T1/2 value of the 10-40 fraction
subset (Table 5-2 and Fig. 5-7), rendering the reliability of the results obtained
with this specific dataset rather ambiguous. The Ty2 values for the two data
subsets at other assay times are not significantly different. The overlap of the
confidence limits of both a/p and Tj/2 for serum urea becomes larger with
progressing time after treatment. At 70 weeks after NX there is no difference
anymore between the parameters obtained for the two data subsets.
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Figure 5-7. Serum urea: time-course of a/p (panels A and B) and T1/2 (panels C and D). In
panels A and C the mean parameter values are plotted calculated for the entire dataset of 2-40
fractions (full lines, closed circles) or the two data subsets, 2-10 fractions (dotted lines, open
circles) or 10-40 fractions (dashed lines, open squares). In panels B and D rhe 95% confidence
limits for each data subset are indicated by die hatched areas, and those of the entire dataset by the
two lines.
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Table 5-3.
/p values determined for urine osmolality at selected assay times for different isoeffect levels.

Time tx/p (Gy) (95% confidence limits)

after NX Isoeffect
(week) level" 2 - 40b 2 - 1 0 1 0 - 4 0

1.74 (1.19,2.36) 0.40 (-0.42,1.49) 1.52 (0.42,3.61)
1.77 (1.21,2.45) 0.41 (-0.68,1.77) 2.59 (1.04,7.33)

1.59 (1.22,2.03) 0.69 (-0.16,1.71) 2.35 (1.50,3.88)
1.54 (1.17,1.96) 0.66 (-0.16,1.59) 2.19 (1.40,3.60)

1.60 (1.20,2.07) 0.68 (-0.11,1.64) 2.30 (1.27,4.23)

1.89 (1.45,2.39) 1.75 (0.78^.98) 1.87 (0.96,3.60)
1.91 (1.45,2.46) 1.51 (0.47,2.84) 2.09 (1.01,4.44)

a Isoeffect levels were urine osmolality values lower than indicated below the osmolality values of
age-matched control animals that were only nephrectomized
Range of fraction numbers '

Table 5-4.
T1/2 values determined for urine osmolality at selected assay times for different isoeffect levels.

12

32-36

52-56

69-72

0.54

0.67

0.54

0.67

0.54

0.54
0.48

T1/2 (h) (95% confidence limits)
after NX Isoeffect
(week) level* 2-40 b 2-10 10-40

1.01 (O.83.1./7) 0.84 (0.71,1.05) 1.00 (0.73,1.57)
0.92 (0.75,1.19) 0.84 (0.67,1.12) 1.22 (0.80,2.56)

1.29 (1.10,1.56) 1.15 (0.94,1.48) 1.72 (1.33,2.44)
1.49 (1.27,1.81) 1.20 (0.98,1.53) 1.90 (1.47,2.67)

1.80 (1.49,2.29) 1.68 (1.34,2.24) 2.19 (1.53,3.87)

2.23 (1.81,2.89) 2.25 (1.73,3.23) 2.03 (1.42,3.57)
1.94 (1.59,2.50) 1.97 (1.53,2.78) 1.83 (1.25,3.47)

a Isoeffect levels were urine osmolality values lower than indicated below the osmolality values of
age-matched control animals that were only nephrectomized
Range of fraction numbers

12

32-36

52-56

69-72

0.54
0.67

0.54

0.67

0.54

0.54
0.48
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A difference in a/p between the subsets for urine osmolality is present between
26 and 64 weeks, and approximately constant (Table 5-3, Fig. 5-8). Only at 26
weeks, however, do the confidence limits not overlap. At 70 weeks no
difference is present anymore. The T1/2 values follow this general pattern,
except that they increase gradually from 16 weeks onwards and that even at 26
weeks the confidence limits overlap (Table 5-4, Fig. 5-8).
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Figure 5-8. Urine osmolality: time course of a/p (panels A and B) and T1/2 (panels C and D).
The mean values for the parameters are plotted in panels A and C. The full lines and closed
circles are for the entire dataset of 2-40 fractions, the dotted lines and open circles for the data
subset of 2-10 fractions, and the dashed lines and open squares for the subset of 10-40 fractions.
In panels B and D the 95% confidence limits for each data subset are indicated by the hatched
areas, and that of the entire dataset by the two lines.
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Table 5-5.
oy(J values determined for urine volume at selected assay times for different isoeffect levels.

Time a/0 (Gy) (95% confidence limits)
after NX Isoeffect
(week) level" 2 - 40b 2 - 1 0 1 0 - 4 0

12 1.8 1.63 (0.94,2.49) 1.04 (-0.59,3.46) 2.06 (0.78,4.97)
1.5 2.20 (1.25,3.56) 1.25 (-0.87,4.80) 3.05 (1.02,16.03)

32-36 1.8 1.31 (0.90,1.80) 0.12 (-0.66,1.17) 2.56 (1.50,4.53)
1.5 1.17 (0.69,1.78) 0.36 (-0.88,2.10) 1.85 (0.88,4.00)

52-56 1.8 1.60 (1.17,2.10) 1.57 (0.54,2.97) 1.40 (0.64,2.72)

69-72 1.8 1.99 (1.46,2.64) 2.70 (1.24,4.67) 1.31 (0.56,2.86)
2.1 1.94 (1.43,2.56) 2.76 (1.37,4.56) 1.34 (0.57,2.85)

Isoeffect levels were urine volumes higher than indicated above the urine volumes of age-matched
control animals that were only nephrectomized
Range of fraction numbers

Table 5-6.
Tj/2 values determined for urine volume at selected assay times for different isoeffect levels.

Time Tm (h) (95% confidence limits)
after NX Isoeffect
(week) level" 2 - 4 0 b 2 - 1 0 1 0 - 4 0

1.72 (1.32,2.48) 1.76 (1.23,3.14) 1.99 (1.28,4.40)
1.83 (1.30,3.09) 1.98 (1.24,4.97) 2.47 (1.26,3.32)

1.41 (1.17.1.78) 1.06 (0.86,1.39) 2.32 (1.65,3.92)
1.10 (0.88,1.44) 0.88 (0.66,1.32) 1.49 (1.07,2.46)

2.36 (1.90,3.11) 2.65 (1.94,4.19) 2.11 (1.49,3.64)

2.05 (1.64,2.74) 2.53 (1.78,4.41) 1.49 (1.07,2.44)
2.13 (1.71.2.82) 2.65 (1.88,4.50) 1.58 (1.13,2.59)

Isoeffect levels were urine volumes higher than indicated above the urine volumes of age-maiclied
control animals that were only nephrectomized
Range of fraction numbers

12

32-36

52-56

69-72

1.8
1.5

1.8
1.5

1.8

1.8
2.1
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The urine volume data for both a/p (Table 5-5 and Fig. 5-9, panels A and B)
and T1/2 (Table 5-6 and Fig. 5-9, panels C and D) exhibit a very irregular time-
course. Only at 35 weeks there is a similar difference between the two subsets as
observed for the other two parameters in that the a/(J and Tj/2 values for the 10-
40 fraction subset are higher than for 2-10 fractions. This is also the only single
point at which the confidence limits of each of these factors do not overlap. At
all other assay times very wide and almost completely overlapping confidence
limits were calculated. The 16-week data for urine volume have not been plotted
as they were very aberrant from the general pattern for unknown reasons.
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Figure 5-9. Urine volume: time course of a/p (panels A and B) and T1/2 (panels C and D). In
panels A and C the mean values for each parameter are plotted calculated for the entire dataset of
2-40 fractions (full lines, closed circles) or for each of the two data subsets, 2-10 fractions
(dotted lines, open circles) or 10-40 fractions (dashed lines, open squares). In panels B and D the
95% confidence limits for each data subset are indicated by the hatched areas, and that of the
entire dataset by the two lines.

98



Table 5-7.
a/3 values determined using data from all parameters at selected

assay times for different isoeffect levels.

Time ot/p (Gy) (95% confidence limits)
after NX Isoeffect
(week) level3 2 - 4 0 2 - 1 0 1 0 - 4 0

1.67 (1.32,2.05) 0.97 (0.20,1.88) 1.60 (0.94,2.54)
1.91 (1.53,2.33) 0.77 (-0.01,1.70) 2.65 (1.68,4.38)

1.45 (1.21,1.71) 0.34 (-0.14,0.90) 2.44 (1.83,3.28)
1.47 (1.20,1.78) 0.65 (0.03,1.39) 2.12 (1.51,2.99)

1.58 (1.34,1.84) 1.06 (0.54,1.65) 1.82 (1.28,2.56)

1.83 (1.56,2.12) 2.22 (1.53,3.03) 1.36 (0.91,2.01)
1.81 (1.55,2.09) 2.03 (1.36,2.79) 1.56 (1.06,2.28)

a Isoeffect levels were serum urea values and urine volumes higher than 1.5,1.8, or 2.1 times the
respective values in age-matched control animals that were only nephrectomized, and urine
osmolality values lower than 0.67,0.54 or 0.48 times the control values
Range of fraction numbers

Table 5-8.
Ti/z values determined using data from all parameters at selected

assay times for different isoeffect levels.

Time T^ (h) (95% confidence limits)
after NX Isoeffect

12

32-36

52-56

69-72

1.8
1.5

1.8
1.5

1.8

1.8
2.1

(week) level" 2-40b 2-10 10-40

1.64 (1.43,1.91) 1.52 (1.29,1.86) 1.56 (1.24,2.08)
1.57 (1.36,1.86) 1.48 (1.24,1.84) 1.99 (1.47,3.09)

1.42 (1.28,1.61) 1.16 (1.02,1.34) 2.15 (1.77,2.73)
1.46 (1.29,1.68) 1.19 (1.02,1.43) 1.94 (1.58,2.51)

1.91 (1.70,2.18) 1.92 (1.66,2.28) 2.02 (1.64,2.62)

I
2.04 (1.81,2.35) 2.27 (1.89,2.83) 1.58 i.30,2.21) |
1.93 (1.71,2.20) 2.13 (1.802.61) 1.61 ;1.32,2.06) 4

a Isoeffect levels were serum urea values and urine volumes higher than 1.5,1.8, or 2.1 times the |
respective values in age-matched control animals that were only nephrectomized, and urine '
osmolality values lower than 0.67,0.54 or 0.48 times the control values V

b Range of fraction numbers J
.3

99 *
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The time-course of a/p for the combined data of all three functional parameters
is not dissimilar from the general pattern that emerges from the analysis of the
individual constituents (Table 5-7 and Fig. 5-10, panels A and B). The a/p of the
10-40 fraction subset is generally higher than that of the 2-10 fraction dataset,
but confidence limits are in most cases considerably overlapping, except at 35
weeks. At more than 60 weeks after NX no differences are present anymore.
The T]/2 values of the two subsets calculated for all parameters together are
even closer together than those of a/p (Table 5-8 and Fig. 5-10, panels C and
D). Also for this factor non-overlapping confidence limits are found only at 35
weeks after NX and a difference is virtually absent after about 40 weeks.
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Figure 5-10. The time course of a/p (panels A and B) and T]/2 (panels C and D), calculated
using the data of the three functional parameters together. In panels A and C the mean values for
a/p and T1/2 are plotted calculated for the entire dataset of 2-40 fractions (full lines and closed
circles) or for each of the two data subsets, 2-10 fractions (dotted lines and open circles) or 10-40
fractions (dashed lines and open squares). In panels B and D the 95% confidence limits for each
data subset are indicated by the hatched areas, and those of the entire dataset by the two lines.
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5.6. The effects of fractionation - hydroxyproline and histopathology

At the end of the follow-up period of 18 months, the hydroxyproline (HP)
content of the kidney and the histological damage were assessed.

HP was calculated as HP per mg dry *' 'sue and as total HP per kidney.
Furthermore the total kidney dry weight ai.a the fraction of dry matter (the
ratio dry/wet weight) were determined. In contrast to the results of the similar
analyses in the lung (Chapter 3, section 3.2.2), in the kidney only the HP/mg dry
weight gave well-defined dose-response curves (Fig. 5-11).

15

13

a>
7-

A 24-h intervals

10 20 30 40 0 10

total dose (Gy)

20 30 40

Figure 5-11. Dose-response curves for HP per mg dry kidney tissue determined at the end of
the observation period, 69-72 weeks after NX. In the panel A the long-interval data are plotted
and in the panel B the 1-hour interval data. For some long-interval regimens insufficient data
were available to determine this parameters. The number of fractions is indicated at each curve.
Mean values ± 1 SEM are plotted and the shaded areas indicate the mean ± 1 SEM of control,
NX only, animals.

The curves for the other parameters were less clear and often did not differ
from the range of the control values. The dose-response curves of the HP/mg
dry weight show the same general pattern as the curves of the functional
parameters at all assay times. Increasing fractionation of the radiation dose
results in increased sparing of the accumulation of HP. Isoeffect doses are larger
when more fractions are given. Furthermore fractionation at 1-hour intervals
(Fig. 5-11, panel B) resulted in a shift of the curves to lower total doses,
compared to the curves obtained with the long-interval fractionations, as a result
of incomplete repair in the short periods. Repair is still significant, however, as
illustrated by the clear separation of the dose-response curves.

Similar conclusions can be derived for the histopathology data. The
histopathology scoring for the kidney was, unlike the system used for the lung,
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done by dividing the damage into 4 classes of severity, as described in Chapter 2
(section 2.3.6). For each treatment group five different structures were scored:
tubuli, interstitium, blood vessels, glomerular necrosis and glomerular fibrosis,
and for each structure the mean value for each group was calculated by
averaging the ordinal scores. Of course, the resulting data can only serve for
illustrative purposes, since a mathematical relationship between the scores and
the severity of damage (e.g. killing of target cells) has not been established. The
dose-response curves for damage to the individual structures all showed an
identical pattern. The curves shown in Fig. 5-12 are those calculated for the
total kidney damage, i.e. the sum of the scores for all five parameters.
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Figure 5-12. Dose-response curves for the total histological damage determined in the left
kidney of animals that survived for more than 60 weeks after fractionated X-irradiation. The total
damage was calculated by summation of the scores of the individual criteria. The dose-response
curves for these subdivisions were similar to the curves shown. The long-interval data are plotted
in panel A, and the 1-hour interval data in panel B. The number of fractions is indicated against
each curve. No histological alterations were observed in control, NX only, animals.

Well-defined dose-response curves can be observed, as with the functional
parameters. Also for histological damage there is once again a clear effect of
fractionation of the irradiation and, compared to long intervals, a shift of the
dose-response curves to lower total doses resulting from incomplete repair in
the 1-hour interval experiments.

5.7. Data analysis - determination of a/p and T\u

Isoeffect levels chosen to convert the data of the late-response parameters to
quantal responses were for HP/mg dry weight a level of 1.4 times control values
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and for the histopathological endpoints: tubular damage: > 3+, interstitial
damage: > 2+, total glomerular damage: > 4+ and total kidney damage > 6+.
The a/p values for the late effects are listed in Table 5-9.

Table 5-9.
a/p values determined for HP and histology endpoints

at the end of the follow-up period of 18 months.

a/p (Gy) (95% confidence limits)

isocircci
Endpoint level

Hydroxyproline
HP/mg 1.4b

Histopathology scoring
Tubular > 3+c

Interstitial "S 2+
Total glomerular > 4+
Total kidney > 6+

2-40 s

1.90

0.99
0.94
1.14
1.62

(1.28,2.74)

(0.51,1.51)
(0.43,1.49)
(0.44,1.90)

(1.09,2.28)

2-10

-

1.21
1.28
1.20
1.57

(-0.00,2.86)
(-0.05,3.06)
(-0.18,3.18)
(0.25,3.51)

10-

1.39

0.84
0.47
0.91
1.77

40

(0.45,3.22)

(-0.04,2.24)

(-0.43,1.90)
(-0.46,3.85) !
(0.69,4.32)

Range of fraction numbers
HP/mg: HP per mg dry kidney tissue 1.4 times higher than the level in control animals that
were only nephrectomized
Equal or higher than indicated for the arbitrary scoring used

Analogous to the procedures employed for the functional parameters, the values
were determined for the entire dataset as well as for the two subsets of 2-10 and
10-40 fractions. Values for the 2-10 fraction subset of the HP/mg data could not
be determined. The oc/p's of the 2-40 and 10-40 fraction datasets were not
significantly different from those of the functional parameters determined at the
latest assay time, 69-72 weeks.

The mean a/p values of the individual histopathology endpoints are all lower
than the corresponding values of the other parameters (functional and HP). The
confidence intervals however are very wide and for the greater part
overlapping. Therefore the differences cannot be considered significant. The
values for total kidney damage are very similar to those of the other parameters
and, hence, the mean a/p values for all late endpoints range between 1.5 and 1.9
Gy.

Equivalent differences and similarities as for a/p are found for the T ^
values (Table 5-10), although for this parameter the differences are smaller.
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Table 5-10.
T1/2 values determined for HP and histology endpoints

at the end of the follow-up period of 18 months.

T1/2 (h) (95% confidence limits)

isoeneci
Endpoint level

Hydroxyproline
HP/mg 1.4b

Histopathology scoring
Tubular > 3+c

Interstitial > 2+
Total glomerular > 4+
Total kidney > 6+

2 - 4 0 a

2.55

1.25
1.84
1.20
2.15

(1.93,3.75)

(1.04,1.58)
(1.50,2.38)
(0.94,1.65)
(1.70,2.92)

2-10

-

1.46
2.07
1.37
2.29

(1.14,2.06)

(1.54,3.13)
(1.04,1.98)
(1.663.71)

10-

2.22

1.11
1.48
0.90
2.28

40

(1.49,4.30)

(0.81,1.73)

(1.032.64)
(0.57,2.14)
(1.46,5.23)

a Range of fraction numbers

HP/mg: HP per mg dry kidney tissue 1.4 times higher than the level in control animals that
were only nephiectomized

c Equal or higher than indicated for the arbitrary scoring used

Again the value for total kidney is similar to the Tj/2 values obtained for the
functional parameters and for HP/mg dry weight. Therefore the T1/2 values for
late endpoints range between 1.7 and 2.5 hour.

The histopathology values indicate that also for this late endpoint, like it has
been observed for the other ones, there is no difference between the ct/JJ and T1/2
values calculated for the two data subsets and hence, there is no influence of the
size of the dose per fraction on a/p and/or T^.
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Chapter 6

KIDNEY EXPERIMENTS - DISCUSSION

The effect of administration of up to 40 dose fractions of X rays to the rat
kidney was investigated in this study. Three different parameters were regularly
determined for a period of up to 72 weeks to assess kidney function. Serum urea
was considered to be mainly indicative of glomerular function. Urine osmolality
and the total volume of urine excreted in 24 hour served as indicators for
tubular damage.

6.1. The effects of nephrectomy

In all experiments only the left kidney of the animals was irradiated. Since any
functional loss of the irradiated kidney was expected to be largely compensated
for by the unirradiated kidney, the right kidney was surgically removed 4 weeks
after the last dose fraction. It has been observed that the time interval between
irradiation and nephrectomy (NX) does not significantly influence the rate of
development of kidney damage and the final level of damage attained. Only the
latent period before kidney damage becomes measurable was influenced by the
time of NX (A.J. van der Kogel and E. van Rongen, unpublished data).

If NX is not performed, the untreated kidney gradually takes over the
function of its irradiated counterpart when the radiation damage develops
(Chauser et al., 1976; Jordan et al., 1978, 1985). This is a slowly progressing
process, due to the normally very low turnover rate of kidney parenchymal cells
(Phillips and Leong, 1967; Pabst and Sterzel, 1983). After unilateral irradiation
without NX, no overall functional changes can be detected, but at autopsy the
irradiated kidney may appear completely necrotized (Jordan et al., 1978;
Madrazo and Churg, 1976; Mostofi et al., 1964). If NX is performed, however,
the irradiated kidney is forced to continue functioning, even at twice the normal
level. This imposes a heavy functional load on the irradiated kidney, which
forces the use of a large amount of the reserve capacity. After unilateral NX the
single nephron filtration rate increases by 60% and this is followed by
hypertrophy and hyperplasia of predominantly the proximal tubule (Hayslett,
1983). This induces accelerated proliferation (Robbins et al., 1986) which may
lead to accelerated expression of radiation damage, even of injury that would ^
otherwise remain undetected. •]

The time of NX was chosen as reference time for the data analysis. This '•
experimental design avoids some of the problems associated with choosing the
correct reference time when the animals are treated with fractionation schedules
with different overall times. The results are not necessarily identical, however,
with those obtained after bilateral irradiation (Stewart et al., 1984, 1987;
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Williams and Denekamp, 1982; Williams et al., 1985,1986).
Since the NX itself caused changes in the values of urine osmolality and

volume (Fig. 5-1) isoeffect doses could not be determined at a fixed level of
these parameters. Instead, they were determined at levels of 1.8, 1.5, or 1.2
times the values of the NX-alone controls (or 0.54, 0.67, or 0.82 times for
osmolality, since these values decreased with increasing expression of damage).

6.2. The effects of fractionation

The manifestation of radiation-induced damage in the kidney, reflected in
alterations in the different functional parameters, is a continuously ongoing
process, in which different stages or waves of damage cannot be distinguished.
There is, however, a dose-dependent latent period before the expression of
damage. This effect has also been described for human and mouse kidney
(Glatstein, 1973; Madrazo and Churg, 1976; Jordan etal, 1978, 1985; Williams
and Denekamp, 1982, 1983; Williams et al., 1985; Lebesque et al., 1986;
Stewart etal., 1987) and for other late-responding tissues like the spinal cord
(Carsten and Zeman, 1966; Van der Kogel and Barendsen, 1974; Hopewell and
Wright, 1975; White and Hornsey, 1978; Van der Kogel, 1986) and the lung
(Travis et al., 1980a; Lopes Cardozo et al., 1985; Travis and Tucker, 1986;
Varekamp et al., 1987).

The dose-response curves plotted in Figures 5-3 to 5-5 demonstrate that
increased fractionation has a considerable sparing effect on radiation-induced
kidney damage. Even when only very short intervals of 1 hour are allowed
between successive fractions in order to prevent complete repair of sublethal
radiation damage, fractionation still has a significant sparing effect. This is
witnessed from the shift of the dose-response curves to higher total doses with
increasing number of fractions.

In general the steepness of the dose-response curves increases with
increasing time after NX as a result of the slowly progressing nature of the
radiation-induced damage.

6.3. Applicability of the LQ model

The isoeffect doses of all long-interval fractionation schedules (1-40 fractions)
have been subjected to procedures testing the fit of these data to the linear-
quadratic (LQ) model (Tucker, 1984). In most cases conformation of the data to \
this model could not be determined. This might indicate that determination of j
the fractionation parameter a/|J is not justified. However, Barendsen (1982) has y
postulated that the LQ model should not be applied for doses which lead to a
surviving fraction of target cells of less than 10 2. This implies that in general
the response to large single doses cannot be expected to be adequately described
by the LQ model.
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Table 6-1.
Tests to the applicability of the LQ model applied to different ranges of fraction numbers

of the long interval (complete repair) kidney data.

Time
after NX
(week) Endpoinr3

Graphical method Computational method0

2 - 40b 2-10 10 - 40 2-40 2-10 10-40

12 urea > 1.8 +
osmo < 0.54 -
volu > 1.8 -

23-28 urea > 1.8 +
osmo < 0.54 +
volu > 1.8

32-36 urea > 1.8
osmo < 0.54 -
volu > 1.8

40-44 urea > 1.8 +
osmo < 0.54 +
volu > 1.8 +

52-56 urea > 1.8 +
osmo < 0.54
volu > 1.8

64 urea> 1.8
osmo < 0.54
volu > 1.8

69-72 urea > 1.8
osmo < 0.54 +
volu > 1.8

urea > 2.1 +
osmo < 0.48 +
volu > 2.1

HP/mg > 1.2 -
HP/mg > 1.4 +

i.d.d
i.d.
i.d.

i.d.
i.d.
i.d.

i.d.
i.d.

i.d.
i.d.
i.d.

i.d.
i.d.
i.d.

urea: serum urea with isoeffect level
osmo: urine osmolality with isoeffect level
volu: urine volume with isoeffect level
HP/mg: HP per mg dry kidney weight wilh isoeffect level
Range of fraction numbers
+ : all results positive, the LQ model fits the data satisfactorily
± : one result slightly negative, there is some doubt on the fit of the LQ model
- : one or more results negative, the LQ model does not fit the data, according to this test
Insufficient data available
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For this reason we have investigated the influence of omitting the single dose
data on the outcome of the Tucker tests. In most cases this procedure indeed led
to a positive result, indicating that the LQ model might be applicable. A number
of datasets, however, especially those from the later assay times, continued to
fail in conforming to the LQ model according to these standards (Table 6-1).
The influence of the omitting of the single dose data on the oc/B ratio and on the
T1/2 value was only marginal (data not shown).

If the LQ model is a good description of the long interval (complete repair)
data then a straight line will result when the reciprocal EDso's are plotted in an
Fc-plot (Douglas and Fowler, 1976) as a function of the corresponding dose per
fraction (Fig. 5-6). Considering the position of the datapoints of some of the
intermediate assay times in the Fe-plots, especially those obtained between 20 and
50 weeks after NX (Fig. 5-6), failure of the Tucker tests is not unexpected. The
reciprocal ED5Q'S of the treatments with low doses per fraction (20 and 40
fractions) appear in a number of cases to deviate systematically from a straight
line, resulting in an upward bending of the curve, i.e., the total doses that are
required for the endpoint considered are smaller than expected based on the LQ
model. In such cases the LQ model is clearly not applicable if all data are taken
together, even if the single dose data are left out. Therefore the data were
divided into two subsets comprising high and low doses per fraction,
respectively. Separate analysis of these data subsets with the Tucker tests
indicated that in a large number of cases the LQ model could be regarded as an
adequate description for each of the two data subsets (Table 6-1). For this reason
the data subsets were analyzed separately in all analyses.

However, at assay times of more than 50 weeks after NX even the two data
subsets often did not conform to the LQ model according to the criteria of the
Tucker tests. The corresponding F e plots indicate sometimes significant scatter
of the reciprocal ED50 values around the straight line (Fig. 5-6). It is possible
that at these assay times damage had progressed to such an extent that the chosen
isoeffect levels of 1.8 times the control values were too low, because damage in
the majority of the animals, also those that had received the lowest doses, had
progressed beyond these isoeffect levels. In order to check this hypothesis,
quantal response data were collected at a higher isoeffect level, i.e. at 2.1 times
control values for serum urea and urine volume, and at 0.48 times control
values for urine osmolality. Indeed this resulted in an increase in the number of
positive outcomes of the Tucker tests, but still not all data(sub)sets conformed to
the standards (Table 6-1). It should be realized, however, that these findings do
not necessarily mean that there is an influence of the level at which damage is
assessed on the outcome of these tests (or on the estimates of values for a/B or
T1/2). Because of the slowly but steadily progressing nature of radiation-induced
kidney damage, more and more animals in lower dose groups became responder
at the 1.8 times control isoeffect level. This resulted at the later assay times in
some fractionation schedules in the absence of groups consisting completely of
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non-responders, and in very few groups with less than 100% response. Choosing
a higher isoeffect level results in a general diminishing of the number of
responders in all groups and, hence, in better estimates of isoeffect doses with
(in some cases) conformation of the data to the LQ model.

We have also applied the Tucker tests to data taken from published reports
on the effects of fractionated irradiation of mouse kidneys. Different endpoints
were used in these studies, as indicated in Table 6-2. In several cases these data
yielded a positive response to the tests. Omitting the single dose data did not
change the results in any single case. The data obtained from Stewart et al.
(1987) gave negative results when all data were taken together. However,
analysis of subsets of these data ( 1 - 8 and 1 6 - 6 4 fractions, respectively)
resulted in positive outcomes.

Table 6-2.
ratios calculated with Fc-plot analysis from various studies on mouse kidneys.

Time
after
treatment
(month)

6
6
6

12
6
6
9
9
9
9

End-
point8

1
2
2
2
3
4
5
6
7
8

a/p (Gy)
(95% conf. lim.)

4.64 (2.61,6.67)
0.19 (-0.36,0.75)
0.17 (-0.54,0.88)
1.09 (0.21,1.97)
2.12C

4.05c

2.24 (1.98,2.50)
1.83 (1.58,2.08)
0.95 (0.60,1.31)
2.01 (1.82,2.20)

Test
resultb

-
+
-

+d

+
+
+
+

Reference

Caldwell (1979)
Jordan era/. (1981)
Jordan et al. (1985)

—
Stewart era/. (1987)

—
Meistrich <??«/. (1984)

—
—
—

1. LD50 (nephritis)

2. ED50 (histopathology grade 3)
3. ED50 (urine output 20 times per 24 hour)
4. ED50 (5I Cr-EDTA clearance, 5% remaining activity)
5. ED50 (kidney wet weight 78 mg)
6. ED50 (kidney dry weight 14 mg)

7. ED50 (dry/wet weight ratio = 1.8)
8. ED50 (hydroxyproline 13.8 mg/g dry kidney weight)
Result of application of the second Tucker test (computational method). + : LQ model valid; - :
LQ model not valid
Confidence limits were not calculated since no error estimates were available: the data were read
from dose-response curves
Only if devided in two subsets (1 - 8 and 16 - 64 fractions)
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These data were collected at 26-27 weeks after treatment, the same time period
in which there was a difference in the two subsets of the present study on rats. It
is conceivable that at later times the differential effects of the data from Stewart
et al. (1987) would also have disappeared, but the authors did not follow their
animals for longer time periods.

The higher proportion of negative outcomes of the first Tucker test (the
graphical method) might be explained to some extent by the fact that this method
yields a high proportion of false-negative results when the cc/p is low
(Guttenberger, 1987) as has been discussed in Chapter 4, section 4.5. The second
(computational) method is recommended in these situations.

Several hypotheses can be advanced to explain why the response of the
rodent kidney to fractionated irradiation does not conform to the LQ model
over the entire range from high to low doses per fraction. It is possible that the
experimental conditions of constant repair, no repopulation and no
redistribution, required for application of the model (Barendsen, 1982; Thames,
1985), were not met.

Observations similar to those made in this study, indicating that the LQ
model failed at low doses, have also been made for mouse kidney (Joiner and
Johns, 1988; Stewart et al., 1987) and for rat spinal cord (Ang et al., 1987a; Van
der Schueren et al., 1988). In a recent paper Thames etal. (1988) suggested that
the results in these studies are due to incomplete repair resulting from the
multiple fractions applied per day. For this explanation to be correct, it was
necessary, however, to assume a very long overall T1/2 value of 2.8 hour for the
kidney. For the analyses of the present data we have modified the Direct
Analysis routines to correct for possible incomplete repair between the multiple
fractions given each treatment day in the 20- and 40-fraction schedules. This did
not result in an improvement of the fit of the data to the LQ model. Moreover,
the upward displacement of the reciprocal EDso's for long-interval
fractionations cannot be explained by incomplete repair resulting from regimens
with multiple fractions per day if identical fractionation schedules are applied in
all treatments. This can be demonstrated as follows. If a short interval that will
result in incomplete repair would be allowed between all fractions, like in the
present 1-hour interval fractionations, a downward bending curve will result, as
shown in the curves of the 1-hour interval data in Fig. 5-6. For a constant
6-hour interval this curve would be very close to the straight line representing
complete repair, but, assuming a Tj/2 value of 1.5 hour or longer, it would still
be significantly different from it and have a clear concave shape (Fig. 6-1). If a \
6-hour interval is introduced between only half the number of fractions, as in \
the 2-fractions-per-day schedules of the 20- and 40-fraction treatments, the
resulting curve will be closer to linearity than with constant 6-hour intervals, ';
but it will still have the concave shape, which is a consequence of the model
(Fig. 6-1). It could be concluded from this that if 20 and 40 fractions, as in the
present experiments, or 40, 60 or 80 fractions, as in the experiments of Stewart
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etal. (1987), are administered according to the same multiple-fractions-per-day
(MFD) schedule, this will never result in an upward bending of the curve as
observed in these studies. The datapoints of these MFD schedules should be
located on a different curve having a concave shape. Consequently, incomplete
repair resulting from the multiple fractions given on each treatment day is not
likely to be the cause of the observed deviation of the low dose-per-fraction data
from the LQ model.
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1 ?
S 0.03 •

0.02-

0.01
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* data urea
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dose per fraction (Gy)

Figure 6-1. Detail of the reciprocal total dose (Fe) plot of serum urea determined at 32-36
weeks after NX. The section with the long-interval data for 10, 20 and 40 fractions is shown.
The straight, full line is the curve that describes the complete repair data (long intervals of 24
hour). The dashed line is calculated with an interval of 6 hours between all fractions. The dotted
line is the curve representing a treatment in which fractions are administered twice-daily, with an
interval of 6 hours between the two fractions given on each treatment day. This figure
demonstrates that the deviations of the 20 and 40-fraction datapoints from the full-repair curve are
not described by the 2 fractions-per-day curve.

A second explanation of the deviation of the 20- and 40-fraction points from the
expected straight line is, that a slow, long-term repair process analogous to that
observed in the lung (Field et al., 1976) can interfere in the high fraction
number regimens. However, slow repair has not been unequivocally
demonstrated to occur in the kidney (Williams et al., 1985, 1986; Hopewell and
Robbins, 1986). An increased proliferation rate after X-ray treatment also has
never been directly observed (Glatstein et al., 1975; Williams et al., 1985;
Hopewell and Robbins, 1986). Repopulation of the kidney by accelerated
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proliferation reflected by a small increase in isoeffect doses was not observed
before about 20 days after the start of treatment in pig and mouse kidney
(Hopewell and Robbins, 1986; Williams etal., 1985). In the present experiments
proliferation, if any, is not expected to be of major importance, since the longest
overall treatment time was 24 days for the 40-fraction schedule.

Stewart et al. (1987) considered saturation of repair due to partial
inactivation of the repair mechanisms as another explanation for the observed
higher effectiveness of low doses per fraction. We have observed repair
saturation with two tumour cell lines in vitro (Van Rongen, 1985) but only with
short intervals of up to 4 hours. It seems plausible that during the 18-hour
overnight intervals in our 20 and 40 fraction schedules sufficient time was
available to make up any temporary loss of repair enzymes.

An unexpected higher effectiveness of doses per fraction lower than about 1
Gy was observed in mouse kidneys (Stewart et at., 1987; Joiner and Johns,
1988), and in rat spinal cord (Ang et al., 1978a; Van der Schueren et al., 1988).
It has been suggested recently that these observations may be the result of a
diminished induction of the (molecular) repair mechanisms, due to the low
levels of radiation-induced damage resulting from these low doses (Joiner and
Johns, 1988). These authors suggested that a correction factor should be added
to the a component of the LQ model:

in which oto is the a for high doses per fraction d, g is a factor of "extra"
sensitivity, compared with the high dose response where a = OCQ and dc is a
"critical dose for repair stimulation". Joiner and Johns (1988) choose to vary a,
since the changes in effect, i.e. deviations from the LQ model, were observed at
low doses per fraction where the ad term dominates over 3d . We feel that this
may not be correct since, if molecular repair mechanisms are induced, it is more
likely that this is to a certain extent an all-or-nothing effect rather than a gradual
process, i.e. a certain threshold dose has to be exceeded for induction to take
place. In terms of the underlying survival curve of the critical target cells this
would mean that there exists a flexure dose(region) (Tucker and Thames, 1983;
Withers, 1977). Up to this flexure dose the survival curve is exponential, and at

•A higher doses it has a downward curvature. It is not unlikely that the size of this
; flexure dose is dependent on the proiiferative status of the tissue considered, and

not on the fractionation sensitivity reflected in the a/p ratio as suggested by
•t Tucker and Thames (1983) and Fowler et al. (1983). In this respect it is
I remarkable that the deviations from the LQ model at low doses per fraction
\ have been observed in kidney and CNS, tissues in which proiiferative activity is
; virtually absent.
: Another hypothesis to explain the deviations from the LQ model is the
] occurrence of reoxygenation. However, this process is most likely of minor
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importance in a so well vascularized organ like the kidney. Hopewell and
Robbins (1986) postulated the development of oedema resulting in some hypoxia
in the kidney, but this has never been demonstrated experimentally.

Finally, redistribution of cells over the cell cycle resulting in a larger
fraction of cells in radiosensitive phases might occur. This can only have a very
minor influence on the overall radiosensitivity of the kidney, in view of the
small fraction of about 1% of actively proliferating cells that is normally found
in the adult kidney (Pabst and Sterzel, 1983; Phillips and Leong, 1967).

We conclude, considering the results of the Tucker tests, that for the
majority of our data on fractionated irradiation of the rat kidney, the results
conform to the LQ model if the single dose data are omitted from the analysis.
However, the deviation of the data at very small doses per fraction deserves
further investigation.

6.4. a/p ratios

In the preceding section we have concluded that the LQ model provides an
adequate description of the data subsets separately, but also of all data from 2-40
fractions together. The assumption has been made that the validity of the LQ
model can also be applied to the incomplete repair data. The a/p's calculated
from the present experiments (Tables 5-1, 5-3, 5-5, 5-7, 5-9) correspond well
with the values calculated from literature data (Table 6-2). Small differences
were sometimes observed between the recalculated ratio's and those originally
given by the authors. This was probably due to different methods of calculation.
In the recalculation the inverse of the variance was used as a weighting factor in
the Fe-plot analysis, while the original authors possibly not have done so.

The results obtained in the present experiments do not indicate that there are
consistent alterations in a/p ratio with increasing time after treatment.

The overall mean a/p values for the rat kidney range between 1.5 and 1.9
; Gy for the entire dataset of 2 - 40 fractions. These values are among the lowest

reported for this organ (Table 6-2) and for other late responding normal tissues
;.- (Fowler, 1984b; Thames and Hendry, 1987). This implies that
: hyperfractionation will result in sparing of the kidney from radiation damage,
•" relative to early responding tissues and tumours. A further discussion of a/p
• ratios of the kidney and a comparison with values obtained for the lungs and for
'l, other late responding organs will be given in Chapter 7.
r.
; 6.5. Repair halftimes
I
| The kinetics of repair of radiation-induced damage in the rat kidney is associated

with longer T1/2 values than has generally been assumed for late responding
tissues. The repair half-times of between 1.7 and 2.5 hour determined in the
present experiments for the full dataset of 2-40 fractions are higher than those

113



observed for lung in the present study (Tables 3-2 and 3-5) and for other late
responding tissues (Table 7-2).

A difference between the Tj/2 values obtained with low and with high doses
per fraction has been reported by Rojas and Joiner (1989) for mouse kidneys
assayed at the same time at which such differences have been observed in the
present experiments, i.e. about 30 weeks after treatment (Table 7-2). However,
these observations are not in accordance with the concept of dose-independence
of repair kinetics. They indicate on the contrary that die size of the dose per
fraction may be of influence on the induction of repair processes.

If the flexure dose hypothesis as discussed in section 6.4 is correct, this
clearly has consequences when fractionated irradiations are to be given to the
kidney, either experimentally or clinically, with doses per fraction lower than
about 1 to 1.5 Gy. An implication of the experimental data obtained at 32-36
weeks after NX would be that for doses per fraction decreasing below about 2
Gy, the a/(J and T1/2 values will increase and will become infinitely large below
the flexure dose.

In view of the disappearance of the differences in a/p and Tj/2 between the
two data subsets at the later assay times, these difference seem to be at most a
transient phenomenon. The mean values for a/(3 and T l/2 determined at the latest
assay time are probably the most relevant. The clinical implication of the
magnitude of a/p and Tj/2 will be discussed in the Chapter 7.

6.6. Tissue rescuing units

As discussed earlier, the Direct Analysis method of Thames et al. (1986) is based
on the assumption that a tissue consists of a number of subunits called Tissue
Rescuing Units, TRU's, each of which is capable, on its own, of saving the tissue
from failure or from functional damage (Hendry and Thames, 1986; Thames et
al., 1986). In the present study the number of TRU's in the kidney has been
calculated for each of the functional endpoints (Tables 6-3 to 6-7). There is a
fairly large variation in numbers of TRU's of between 1.4 • 103 and 2.8 • 105,
but there are no significant differences between the datasets with high and low
doses per fraction. A larger variation of between 4.2 • 103 and 4.9 • 106 was

I derived in the lung studies (Chapter 4). Studies in mouse lung (Travis and
Tucker, 1986; Hendry and Thames, 1986; Thames and Hendry, 1987) reported

; values ranging between 102 and 106. These data suggest that the TRU as an
; operationally defined unit is less useful for late responding tissues.
, The number of TRU's calculated in the present study for various endpoints
| in the rat kidney (Tables 6-3 to 6-7) correlate reasonably well with those
r obtained for mouse kidney (Thames and Hendry, 1987). In mice the higher
I numbers of TRU's (10 -107) were generally derived for a glomerular function
) (EDTA clearance) and the lower numbers of 103 - 105 for a tubular function

(urination frequency).
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Table 6-3.
Tissue rescuing units determined for serum urea at selected assay times

for different isoeffect levels.

Time
after NX
(week)

12

32-36

52-56

69-72

Endpoint51

1.8
1.5

1.8
1.5

1.8

1.8
2.1

Number of
Tissue rescuing units
(95% confidence limits)

2.1 • 104 (7.9 • lO^S.S • 104)
1.6 • 104 (7.1 • 1O3,3.7 • 104)

3.1 • 104 (1.0 • 104,9.5 • 104)

2.9 • 104 (9.2 • 103,8.8 • 104)

5.3 • 104 (1.6-1G*,1.7'1<?)

7.2 • 104 (1.9 • 104,2.7 • 105)
2.3 • 105 (4.2 • 104,1.3 • 106)

12

32-36

52-56

69-72

0.54
0.67

0.54
0.67

0.54

0.54
0.48

8.3 • 103

5.7 • 103

1.4'10s

2.8 • 10s

5.1 • 104

7.9 • 104

3.7 • 104

(4.0 • 1(P,IJ
(2.9 • lC^.U

(2.9 • 104,7.3
(3.9 • 104,1.4

(1.6 • 104,1.6

(2.0 • 104,3.1
(1.2* 104,! .2

•104)

•104)

•10 s )
• 106)

•10s)

•10s)
•10s)

Isoeffect levels were urine osmolality values lower than indicated below the osmolality values of ' r
age-matched control animals that were only nephrectomized i •-,'
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Isoeffect levels were urea values higher than indicated above the urea value of age-matched • {

control animals that were only nephrectomized >

Table 6-4.
Tissue rescuing units determined for urine osmolality at selected assay times

for different isoeffect levels. j

Time Number of l

after NX Tissue rescuing units ' f
(week) Endpoint" (95% confidence limits) k ,



Table 6-5.
Tissue rescuing units determined for urine volume at selected assay times

for different isoeffect levels.

Time
after NX
(week)

12

32-36

52-56

69-72

Endpoint*

1.8
1.5

1.8
1.5

1.8

1.8
2.1

Number of
Tissue rescuing units
(95% confidence limit!,)

2.2 • 103 (1.3 • 1033.8 •
1.4 • 103 (7.2 • 102.2.5 •

1.7* 10* (6.8 • 10M.3 •
5.8 • 103 (2.3 • l(P,L5 •

3.6 • 104 (1.1 -10*,1.2»

2 0 • 10* (7.5 • 103,5.3 •
2.4*10* (8.2 • lO3^.! •

103)
103)

104)
10*)

10s)

104)

Isoeffect levels were urine volumes higher than indicated above the urine volumes of age-matched
control animals that were only nephrectomized

Table 6-6.
Tissue rescuing units determined for combined data from all parameters

at selected assay times for different isoeffect levels.

Time
after NX
(week)

12

32-36

52-56

69-72

Endpoint"

1.8
1.5

1.8
1.5

1.8

1.8
2.1

Number of
Tissue rescuing units
(95% confidence limits)

1.2 • 10* (8.7 • IQ?,U • io4)
1.1* 10* O.6-V?,\.6-\tf)

7.4 • 10* (4.2 • 104,1.3 • 10s)
3.4 • 104 (2.1 • 10*3.6 • 10*)

1.2- 105 (6.3 • 10*^.3 • 10s) ;

1.1 • 105 (6.0 • 104.2.2 • 10s) =
1.2 • 105 (6.2 • 10*2.3 • 10s) :

a Isoeffect levels were serum urea values and urine volumes higher than 1.5,1.8, or 2.1 times the
respective values in age-malched control animals that were only nephrectomized, and urine
osmolality values lower than 0.67,0.S4 or 0.48 times the control values
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This difference is not found in the present experiments with rats. The above-
mentioned range of TRU's was found for the tubular parameters. The numbers
of TRU's calculated for urea, the glomerular parameter, are within the same
range, as did those of the HP and histopathology endpoints.

The number of TRU's in the rat kidney corresponds to the number of
nephrons, which in our rats is about 1 - 2 • 104 per kidney of 0.7 g (Hayslett,
1983; Pelayo et al., 1983) and it is tempting to assume some relation between the
nephron and the TRU. Functionally, however, a TRU is not likely to be
equivalent to a single nephron. In this highly compartmentalized organ, a
nephron is permanently lost when the last stem cell within a nephron is killed. It
can be assumed that at least 10 - 20% of functioning nephrons (>103) is required
to maintain a minimal kidney function. Therefore, kidney sensitivity seems
mostly determined by the number of stem cells per nephron. The minimum
number of cells necessary to regenerate an entire nephron, however, is not
known (Withers et al., 1986).

Table 6-7.
Tissue rescuing units determined for HP and histology endpoints

at the end of the follow-up period of 18 months.

Endpoint

Hydroxyproline
HP/mg

Histopathology
Tubular
Interstitial
Total glomerular
Total kidney

Isoeffect
level

1.4a

scoring
S3+
>2+
S4+
S6+

Number of
Tissue rescuing units
(95% confidence limits)

1.1 • 104

9.8 • 103

7.4 • 103

2.3 • 103

1.0 MO4

(2.9 • 1&A.7 •

(2.5 • l&J.S •
(2.2 • lO'.ZS •
(8.8 • lO^. l •
(3.3 • If?$.2 •

104)

104)
104)
103)
104)

HP/mg: HP per mg dry kidney tissue 1.4 times higher Chan the level in control animals that
were only nephrectomized

b Equal of higher than indicated for the arbitrary scoring used

6.7. Radiation damage to different compartments of the kidney

The assumption has been made that the different functional parameters used in
this study are indicative for different functional compartments in the kidney.
The results of studies in which the kidney function after cisplatin administration
was monitored (Van Rongen et al., 1988b, 1989) confirm this assumption. The
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action of cisplatin on the kidney is known to be confined to the tubular part of
the nephron (Dobyan et al., 1981; Goldstein and Mayor, 1983; Ward and
Fauvie, 1976). In our studies only urine volume and osmolality remained
permanently altered after cisplatin administration. Serum urea changed only
temporarily in the first week after treatment as a result of overall kidney
dysfunction.

Histologic scoring also indicated that the minor persistent damage of
cisplatin was mainly restricted to the tubules, whereas irradiation had its
predominant effect both on the glomeruli and tubules (Van Rongen et al., 1988b,
1989). These results are compatible with studies performed by other
investigators both in man (Gonzalez-Vitale et al., 1977; Dentino et al., 1978;
Madias and Harrington, 1978; Bitran et al., 1982) and in rats (Ward et al., 1976;
Lelieveld et al., 1984).

The results of the present experiments also do not indicate a differential
action of radiation on different functional compartments in the kidney.
Differences in absolute radiosensitivity or in effectiveness of fractionation
between tubuli and glomeruli could not be detected with the endpoints used. The
<x/p values calculated for the three parameters were not significantly different
(Tables 5-3 to 5-5). This finding is also confirmed by the similarity of the
numbers of TRU's calculated for the different parameters (Tables 6-3 to 6-7).

i
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Chapter 7

GENERAL DISCUSSION

The experimental studies described in the preceding chapters show that the
anticipated effects of fractionated administration of radiation doses to rat lungs
and kidneys were indeed observed. Both organs showed a late response to
radiation treatment and the effects of fractionation could be described by a low
a/p ratio. This is fully in accordance with the hypothesis that tissues with a late
response to radiation treatment can be characterized by low a/p ratios of up to
about 4 Gy and tissues with an early response by high a/p values of between
about 6 and 15 Gy (Barendsen, 1982; Thames etal., 1982; Withers etal., 1982;
Fowler, 1984a,b; Thames and Hendry, 1987).

7.1. a/p ratios

The a/p values calculated for rat lung in our studies (Tables 3-2, 3-5 and 3-9)
are similar to those observed in mouse lung by other investigators (Tables 4-2
and 7-1). The data obtained for the rat kidney (Tables 5-1, 5-3 and 5-5) are also
not significantly different from published mouse data (Tables 6-2 and 7-1),
although in general the a/p values for rat kidney are lower than those of mouse
kidneys.

7.1.1. The influence of the dose per fraction on a/p

In recent years there has been increasing debate as to whether there is an effect
of the size of the dose per fraction and of the dose-rate on a/p. We have
therefore collected all presently available published data on these effects in
rodent tissues. In Table 7-1 an overview is given of this data for late responding

: tissues. Such data have been reported for only three tissues: lung, kidney and
> CNS. Most data have been obtained for the lung. Travis et al. (1983) treated
* mouse lung with fractionation schedules using fractional doses of 1.5 or 3.0 Gy
; and observed slightly though not significantly higher a/p ratios for the lower
i dose per fraction. In later studies by these authors (Travis et al., 1987) ranges
% of fractional doses were employed (Table 7-1), but in this case no difference
i was observed between a/p values calculated for high and low doses per fraction.
f: No change in a/p by lowering the dose per fraction was reported by Vegesna et
\ al. (1985) and Parkins et al. (1985). Down et al. (1986) irradiated mouse lungs
t at different dose-rates, but also did not derive alterations in a/p with changing
I dose-rate. Our own data indicate small but not significant differences between
\, a/p values calculated for the high and low-dose-per-fraction datasets. In contrast

to the data obtained by Travis et al. (1983), the a/p's for low doses per fraction
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Table 7-1.

Summary of a/p values of late responding normal tissues.

Tissue Endpointa

Lung LD50/28 wk

BF 28 wk

LD50/80-224 d

LDso/80-365 d

LD50/80-120d

BF 28 wk

BF 68 wk

LDso/68 wk

BF 14 wk

LD50/12 wk

all endpoints

76 wk

LD5afi2wk

CNS paralysis

paralysis

Kidney EDTA clear.

all parameters

32-36 wk

69-72 wk

histopathology

Ref"

1

1

2

2

3

4

5

5

5

6

6

6

7

8

9

6

6

6

Dose

del.0

F+T

-

F

-

F

F

-

-

LDR

F

-

FLDR

F+T

F+T

MFD

F

-

-

Range of dose per fraction

(Gy)d or dose-rate

High dose/fr. Low dose/fr.

3.0 1.5

-

4.7-10.3° 1.6-4.0e

-

1.15 - 8.45e

0.95 - 9.35e

-

-

0.02- l.OGy/min

2.93-9.006 1.13-2.95

2.93 - 7.25" 1.13 - 2.95

0.05 -1.0 Gy/min

1.7 -17.5°

2-15 1-2.9

1.83 - 12.5 0.75 - 1.94

1.1 - 6.5 0.62 - 3.20

-

-

<x/p (Gy) (95% conf. limits)

High dose/fr. Low dose/fr.

2.9 (1.9,3.9)

4.3 (2.7,5.9)

4.9 (3.6,6.7)

3.7 (3.1,4.3)

3.6

3.0

2.5

2.0

3.42

4.5 (3.0,6.2)

3.7 (2.2,5.4)

1.7

3.4

1.7

1.9 ±0.2

0.3 (-0.1,0.9)

2.0 (1.4,2.8)

1.6 (0.3,3.5)

4.2 (2.8,4.5)

5.0 (3.2,6.8)

4.5 (3.8,5.2)

3.9 (3.4,4.5)

(2.9,4.5)

±0.3

±0.3

±0.4

2.1 (-2.2,8.3)

1.7 (-0.4,4.1)

(0.5,2.8)

(2.7,4.3)

4.0

6.1

2.4 (1.8,3.3)

1.6 (1.1,2.3)

1.8 (0.7,4.3)

"t ;

LD50: mortality up to the specified time; BF: breathing frequency; all endpoints (lung): combined data of

breathing frequency, septa] fibrosis + granulomatous pneumonia and lung dry weight at 76 weeks; all parameters

(kidney): combined data of the three functional parameters; histopathology: total kidney histopathology score

References: 1. Travis el al. (1983) 4. Parkins et al. (1985) 7. Ang et al (1987a)

2. Travis el al. (1987) 5. Down et al. (1986) 8. Van der Schueren et al. (1988)

3. Vegesnaeta/. (1985) 6. This study 9. Stewart el al. (1987)

Dose delivery: F: fractionation at fixed intervals; F+T: idem + top-up dose; (F)LDR: (fractionated) low dose-rate

irradiation; MFD: multiple fractions per day

Single doses are not included in the range of dose per fraction

Single doses were included in the data analysis
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were lower than those for high doses per fraction, both for early and late
effects. The data obtained with the low dose-rate treatments did not permit to
detect possible alterations in a/p with changing dose-rate.

In the rat spinal cord Ang et al. (1987a) did not observe differences in a/p
with different sizes of dose per fraction. Extension of these studies with doses
per fraction as low as 1 Gy (Van der Schueren et al., 1988) indicated a higher
a/p ratio associated with lower doses per fraction.

In mouse kidney Stewart et al. (1987) calculated an a/p ratio of 6.1 Gy after
treatments with low doses per fraction, which is very high for a late responding
tissue. Higher doses per fraction were associated with an a/p ratio of 1.9 Gy.
Different effects of low and high doses per fraction were also observed in
mouse kidneys by Rojas and Joiner (1989). It is noteworthy that the data
reported by both groups were gathered at the same assay times at which the
differences in a/p were observed in our rat data. A possible explanation for a
difference between the effects of low and high doses per fraction might be
provided by the existence of a threshold dose for the induction of repair
mechanisms (flexure dose; Tucker and Thames, 1983; Withers, 1977). In terms
of a survival curve for the critical target cells, this means that the initial part
(below about 1.5 Gy) would be linear when plotted on a semi-logarithmic scale.

7.1.2. Time-dependent alterations in a/p

Data have also been published indicating that there might be different a/p's for
early and late responses in the same tissue. For mouse lung a small but not
significant decrease in a/p between 28 and 68 weeks after treatment has been
observed (Parkins et al., 1985; Parkins and Fowler, 1986) (Table 7-1). The
fractionation data obtained in this study with rat lungs show the same trend,
although only for a single early endpoint, mortality up to 12 weeks, sufficiently
accurate a/p values were obtained (Table 7-1). The early endpoint for the low
dose-rate treatments resulted in a lower a/p than with fractionated irradiations
(Table 7-1). If this value is also taken into account then the a/p does not change
in time. This means that the a/p for early responses resulting from radiation
pneumonitis is not significantly different from that of the responses resulting
from radiation-induced fibrosis. A time-dependent change in a/p values in the
rat lung might be explained by the existence of different target cells (Travis and
Tucker, 1986). Experimental data have been obtained for the lung that indicate

* that early and late effects are not only well-separated in time, but are also totally
different lesions (Travis, 1980; Travis et al., 1980a,b; Van Rongen et al., 1987).

<* Thus it would not seem unreasonable to assume that different target cells might
} be involved, but this still has to be proven.
r The kidney is the only other tissue for which data are available concerning
i possible alterations in a/p with progressing time after treatment. Our own
I studies indicate that, unlike the data obtained for the lung, there is no

I
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suggestion of a continuous increase or decrease in a/p in the kidney. Some
variation in a/p has been observed, but only if the two data subsets were
analyzed separately. In that case the a/p values calculated for the high dose-per-
fraction subset* between 2,0 and 40 weeks after NX were lower than those
obtained for the low dose-per-fraction subset. These differences were significant
however only at 32-36 weeks. They disappeared at later assay times, resulting in
completely equal a/p values at 18 months (Tables 5-1, 5-3, 5-5, 5-7 and 5-9).

The observation that the different a/p values for different sizes of dose per
fraction are only present up to about 40 weeks after NX, might possibly be
explained by the existence of two different types of target cells. In this model
the cells responsible for the "early" damage would differ in their repair
capabilities from the cells responsible for the "late" damage. In the first cell
type there would be a lower limit for additional sparing by fractionation at
fraction doses of about 1-1.5 Gy. In the second cell type this limit would, if
present, be lower and in any case not detectable in the present experiments.
Since the expression of damage reflected in the alterations in the three
functional parameters did not indicate the presence of two separate waves of
damage, a gradual shift to the expression of the "late" damage has to be
assumed, adding to the overall decrease in kidney function. Assessment of
changes of the functional parameters would then not be able to discriminate
between the two types of damage. It should be stressed, however, that the only
indication for different target cells is the temporary difference in a/p values for
low and high doses per fraction. No other evidence for this hypothesis, for
instance from sequential histopathological analysis of the kidneys, has been
obtained, since the experiments were not designed for this specific purpose.

7.2. The repair halftime T 1 / 2

In Tables 7-2 and 7-3 a summary is given of all available data on the repair
halftime Tj/2 in late and early responding tissues, and on the effect of the size of
the dose per fraction and of the dose rate on this parameter. Data for late
reacting tissues (Table 7-2) were again only available for lung, kidney and CNS.
For early responding tissues, equivalent studies with skin, lip mucosa, jejunum,
colon and spermatogonia have been described (Table 7-3).

'; 7.2.1. Late responding tissues

f Most data are available for the lung (Table 7-2). The study by Travis et al.
\ (1987) indicates a small but significant difference in T ^ values between low
; and high doses per fraction. The Tj/2 for low doses is higher than for high

. \ doses. The present lung data indicate an identical difference and also higher T1/2
I values associated with the late endpoints. This is in contrast to what has been
I described for the a/p ratio, where the difference in the two studies pointed in
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Table 7-2.

Repair halftimes Tic of late responding normal tissues.

Tissue Endpoint*

Lung LD5(^80-224d

LD5o/8O-365d

BF 24-56 wfc

+ LD5o/56 wk

LD5o/l8-12Od

BF 14 wk

LD50/I2 wk

all endpoints

76 wk

LD5o/l2wk

CNS paralysis

Kidney haemalocrit +

EDTA clear.

all parameters

32-36 wk

69-72 wk

histopathology

Ref*

1

1

2

3

4

5

5

5

6

7

5

5

5

Dose

del.0

F

-

MFD

F

LDR

F

-

FLDR

F+T

F+T

F

-

-

Range of dose per fraction

(Gy)d or dose-rate

High dose/fr. Low dose/fr.

4.7-10.3* 1.6-4.0°

-

9 2 ; 1.1

(2W) (2f/d); (3f/d)

1.15 - 8.45e

0.02 -1.0 Gy/min

2.93 - 9.006 1.13-2.95

2.93 - 7.25e 1.13-2.95

0.05 -1.0 Gy/min

1.7 - 17.5e

7.0 2.0

1.1-6.5 0.62-3.20

-

-

T1/2 (h) (95% conf. limits)

High dose/fr. Low dose/fr.

0.60(0.53,0.69) 0.83 (0.76.0.92)

0.53 (0.47.0.62) 0.69 (0.64.0.76)

0.8 1.2; 0.3-0.7

1.5 (1.3,1.9)

0.85

0.70 (0.60.0.83) 0 .82 (0.56.1.48)

1.08 (0.89,137) 1.58 (1.20,2.33)

1.01 (0.90,1.14)

1.55 (1.40.1.73)

0.92 (0.82,1.02) 1.69 (1.30,2.08)

1.2 (1.0,1.3) 2.2 (1.8.2.7)

2.1 (1.8,2.6) 1.6 (1.3,2.1)

2.3 (1.7,3.7) 2.3 (1.5,5.2)

LD50: mortality up the specified time; BF: breathing frequency; all endpoints (lung): combined data of breathing

frequency, septal fibrosis + granulomatous pneumonia and lung dry weight at 76 weeks; all parameters (kidney):

total kidney histopathology score
b References: 1. Tiavis etal. (1987) 5. This study

2. Parkins et al. (1988) 6. Ang et al. (1987a)

3. Vegesna et al. (1985) 7. Rojas and Joiner (1989)

4. Down et al. (1986)
c Dose delivery: F: fractionation at fixed intervals; F+T: idem + top-up dose; (F)LDR: (fractionated) low dose rate

irradiation; MDF: multiple fractions per day

Single doses are not included in the range of dose per fraction
c Single doses were included in the data analysis

the other direction. Data of Parkins et al. (1988) obtained after treatment of
mouse lung with multiple fractions per day snowed higher T1/2 values associated
with lower doses when treatments are compared in which 2 or 9 Gy were given
twice-daily (Table 7-2). The T1/2 obtained with 3 fractions per day in these
studies was much lower, but the authors suggested that these data were not
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adequately described by a mono-exponential repair process. Instead two repair
components should be assumed, resulting in a fast initial and a slower later
repair rate. One single Ty2 of 1.5 hour was calculated by Vegesna et al. (1985)
to describe their entire set of lung irradiation data.

The low dose-rate data of Down et al. (1986) could also be described by a
single Tj/2- Our own low dose-rate studies did not permit to determine possible
alterations with changing dose-rate.

The kidney data obtained by Rojas and Joiner (1989) indicate that the T1j2

for fractional doses of 2 Gy is significantly higher than that calculated for doses
of 7 Gy. Identical observations are made in the present study for data between
20 and 40 weeks after NX. At later assay times the difference in T ^ values
disappeared, parallel to that of the a/p values described earlier in section 7.1.

In addition to the effects in the two late responding tissues described in this
study, variations in T\/i with dose per fraction have also been investigated in
CNS (Table 7-2). The studies by Ang et al. (1987a) and Van der Schueren et al.
(1988) have been mentioned in section 7.1 with respect to the differences in a/p
values observed. Ang et al. (1987a) did not observe alterations in T1 /2 values
with decreasing dose per fraction and Van der Schueren et al. (1988) did not
determine T1/2 values.

7.2.2. Early responding tissues

Only three reports describe changes in T j / 2 with dose per fraction in early
responding tissues (Table 7-3). Rojas and Joiner (1989) observed in skin a Tj/2
of 3.46 hour associated with fractional doses of 10.5 Gy and of 1.29 hour with
4.4 Gy, when given as split-dose treatment followed by neutron top-up doses.
Treatment with 3 daily doses of 4 Gy given for five consecutive days resulted in
a T1/2 of 1.00 hour. Ang et al. (1985) calculated for mouse lip mucosa a T\n of
1.2 hour for high doses per fraction, which was slightly higher than the value of
0.9 hour determined for low doses per fraction. No difference in a/p was
reported in either study. Dale et al. (1988) reported a dependence of T1 /2 on
dose-rate in studies on the effects of fractionated low dose-rate irradiation in
mouse jejunum. The T ^ increased from 0.1 hour at 0.02 Gy/min to 0.6 hour at
0.35 Gy/min. They reported a fall off of T1 / 2 at the high dose rate of 1.2
Gy/min, but this might have been caused by incorporation of very low TJ/J
values with large confidence limits in the calculation of the mean T\p_ value at
this dose-rate, which results in an artificially low value.

In other reports on these and other early responding tissues (Table 7-3), no
effect of fraction size or dose-rate on T j ^ was observed.

In general, the difference in a/p values between early and late responding
tissues (Barendsen, 1982; Fowler, 1984b; Thames et al., 1982; Thames and
Hendry, 1987) is not paralleled by different T ^ values (Tables 7-2 and 7-3).
For both early and late responding tissues a wide range of repair halftimes has
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Table 7-3.

Repair halftimes T1/2 of early responding normal tissues.

Tissue

Skin

Lip

mucosa

Jejun.

Colon

Sperma-
togonia

Endpoint*

K7

av. score
10-32 d

av. score=3
desquamaCion

# surv ./crypt

# surv./crypt
bowel obstr.

surv. fraction

Ref6

1

2

2

3

4

5

6

7

6
8

9

Dose
del."

FLDR

F+T

MDF

F

LDR

F

F

FLDR

F

MDF

LDR

Range of dose per fraction

(Gy)d or dose-rate

Highdose/fr. Lowdose/fr.

0.06-1.6 Gy/min

10.5 4.4

4.0

8.5-10 5 -6

0.025 -10.7 Gy/min

2.4 - 9.2C

(not specified)

0.02-1.2 Gy/min

(not specified)

3-8

0.025 - 1.12 Gy/min

T1/2 (h) (95% conf. limits)

High dose/fr. Low dose/fr.

1.3 (1.1.1.64)

3.5 (2.6,4.3) 1.3 (0.9,1.6)

1.0 (0.9,1.1)

1.2 0.9

0.8

0.6 (0.5,0.8)

0.5 (0.5,0.5)

0.2 0.6

1.0 (0.9,1.0)

1.5

0.42

K7: average score of 7 days around the peak value; # surv .crypt: number of surviving cells per crypt; bowel

obstr.: bowel obstruction
b References: 1. Henkelmanef ai. (1980) 4. ScaUiet et al. (1987) 7. Dale et al. (1988)

2. Rojas and Joiner (1989) 5. Vanuytsel etal.( 1987) 8. Sassy et al. (1988)

3. Angela/. (1985b) 6. Thames et al. (1984) 9. Delic et al. (1987)
c Dose delivery: F: fractionation at fixed intervals; F+T: idem + top-up dose; (F)LDR: (fractionated) low dose rate

irradiation; MDF: multiple fractions per day

Single doses are not included in the range of dose per fraction

Single doses were included in the data analysis

been calculated. There is even inconsistency of the values calculated for several
tissues depending on the endpoint used. For instance, for lip mucosa (Table 7-3)
Ang et al. (1985) reported values of 1.2 and 0.9 hour for high and low doses
per fraction, respectively, while in the same laboratory Scalliet et al. (1987)
calculated a T1/2 of 0.78 hour for low dose rate irradiations, with no effect of
lowering the dose rate down to 0.025 Gy/min. Vanuytsel et al. (1987) calculated
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a T]^ of 0.58 hour, but they used the Direct Analysis method of Thames et al.
(1986) in contrast to the reciprocal total dose method (Douglas and Fowler,
1976) employed by Ang et al. (1985) and Scalliet et al. (1987).

Thames etal. (1984) calculated a Tj/2 value of 0.97 hour for mouse colon,
while Sassy et al. (1988) derived a value of 1.5 hour, but their endpoints were
different.

Our own experiments with rat lung also resulted in differences in Tif2
values determined for the three late (76 weeks) endpoints (Table 3-5). For high
as well as low doses per fraction, Ty2 values increased in the order: breathing
frequency -> septal fibrosis -» dry weight, although with widely overlapping
confidence limits. The values calculated for the entire dataset were not
significantly different, however.

The situation for the kidney data presented in this study with respect to the
T]£ values is more complex, partly as a result of the only temporary nature of
differences between high and low doses per fraction as has been described
earlier. At the time at which this difference is present, between about 20 and 40
weeks after NX, the Ty2 associated with low dose per fraction is higher than
with high doses per fraction. There is some variation between the three
functional parameters in absolute values, but the difference, when present, is
found for all parameters. If the Tj/2 values are considered that are calculated for
the three parameters combined (Table 5-8) then there seems to be a difference
present at 35 weeks after NX, but this is only significant at the 1.5 times the
control level. At the later assay time of 70 weeks, the difference is reversed.
High doses per fraction result in higher Tj/2 values than low doses per fraction,
but the confidence limits are considerably overlapping at both isoeffect levels.
The T1/2 values for the other late endpoints (Table 5-10) also indicate no
difference between the two data subsets.

Tables 5-8 and 5-10 do indicate that the T1/2 values determined at the
earlier assay times are lower than those determined later. There is a gradual
shift from values of around 1.5 hour to values of about 2 - 2.2 hour. This might
perhaps also add weight to the hypothesis of the existence of two target cell
populations in the kidney.

7.3. Overall mean values for a/p and T1/2 determined in this study

In Table 7-4 a summary is given of the approximate mean values for ot/p and
Tj/2 for lung and kidney. For the lung the values for both parameters calculated
for high and low doses per fraction are equal for early endpoints and differ for
the late endpoints. The reverse is true for the kidney, where differences
between the values calculated for high and low doses per fraction are observed
for early endpoints. If the difference between the results for high and low doses
per fraction is ignored because it is not significant, overall values for <x/p and
T1/2 can be calculated. The data from all the early or late endpoints have been
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Table 7-4.
Approximate mean values for a/p and Tip. calculated for rat lung and kidney

for early and late responses.

o/p (Gy)

Lung

Kidney

T1/2 (h)

Lung

Kidney

Early responses

High doses
per fraction

3.5

0.5

0.8

1.2

Low doses
per fraction

3.5

2.5

0.8

1.9

Late responses

High doses
per fraction

3.7

1.8

1.1

2.2

Low doses
per fraction

1.7

1.8

1.9

2.2

combined and subjected to the Direct Analysis procedures.
The oc/6 and Ti# thus calculated are listed in Table 7-5. Again also with this

procedure, the ot/p determined for the late endpoints in the lung, 2.3 Gy, is
lower than that calculated for the early endpoints, 3.5 Gy. The difference in a/p
values for early endpoints obtained with fractionation and low dose-rate studies,
1.7 Gy, still remains. The Tj/2 values for early and late endpoints in the lung do
not differ very much. They are both close to 1 hour.

Table 7-5.
a/p and T\p. values with 95% confidence intervals calculated for rat lung and kidney

by combining all experimental data obtained for early and late responses.

Early responses Late responses

t

<*/p (Gy)

Lung

Kidney

Ti/2 (h)

Lung

Kidney

3.54

1.67

0.95

1.57

(2.48,4.62)

(1.45,1.90)

(0.84,1.09)

(1.44,1.73)

2.27

1.77

1.13

2.10

(1.48,3.01)

(] .56,2.00)

(1.02,1.28)

(1.90,2.34)
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The kidney data indicate that the a/p does not vary significantly between early
and late endpoints. The Ti /2 values are significantly different, however. Late
responses are associated with long repair halftimes of 2.1 hour, in contrast to
the 1.6 hour found for early endpoints.

7.4. Clinical implications

The data presented in Tables 7-4 and 7-5 may lead to the following conclusions.
Irrespective of whether there is in the lung a difference between the effects of
high and low doses per fraction, an a/p of about 3.5 Gy is the optimal value to
be used in dose calculations using the LQ isoeffect model (Barendsen, 1982;
Thames, 1985; Dale, 1985, 1986). For late responses the a/p might be lower,
but administration of radiation doses calculated using this lower value would
result in more severe early lung reactions. Although the absolute difference in
dose calculated with either a/p may be not very large, it is possible that the
incidence and severity of early reactions increases to an unacceptable level, in
view of the steep dose-response curves that are not only observed in the
experimental animal systems, but also for clinical lung complication rates (Mah
et al., 1987). The similarity between these clinical and the experimental data
lends support to the assumption that the observations made in the experimental
systems with respect to a/p and T\n can be extrapolated to the human situation.

The choice of a/p value for the kidney is more dependent on the possible
existence of a different reaction for high and low doses per fraction. The
temporary nature of the difference does not indicate that it is a significant factor
for clinical applications. However, it is of interest to obtain insight in
radiobiological mechanisms, because different cell types might be involved. In
any case an a/p value of 2.5 Gy is very low and indicates an even bigger
difference between this late responding tissue and tumours than that found for
the lung.

The clinical implication of these conclusions might be, that if late reactions
in one of these late responding tissue are dose-limiting, hyperfractionation
might be advantageous in reducing these late reactions (Thames et al., 1983;
Withers etal., 1987). On the other hand the Ty2 value for late reactions in the
kidney is higher than for the early ones, with the implication that the time
interval between subsequent fractions to accomplish at least 95% repair should
minimally be 6 hours to spare the late reacting tissues, in contrast to 3.5 hours if
T1/2 = 0.8 hour, as for the early endpoints.

7.5. Clinical trials with multiple fractions per day

A number of clinical trials has been initiated to explore the assumed benefits
related to unconventional fractionation schemes. These can be divided in two
main groups, as has been discussed briefly in Chapter 1.

128



In accelerated fractionation schedules, the size of the dose per fraction is
approximately equal to the conventional 1.8-2 Gy. Two or three fractions are
given on each treatment day. The rationale behind these treatments is to give the
total radiation dose in a short overall period to counteract accelerated prolifera-
tion of clonogenic tumour cells during the treatment. Since late responding
tissues do not repopulate to a significant extent during a course of radiation
therapy, shortening the overall treatment time is not expected to be of influence
on the tolerance of these tissues. Early responding tissues do exhibit an
accelerated cell division in the course of a radiation therapy treatment, and
shortening the overall treatment time hence can be expected to result in more
severe reactions in such tissues. To avoid excessive acute reactions either the
total dose must be reduced, or a split, a radiation free period, has to be intro-
duced halfway in the schedule, to allow the acute responding tissues to recover.

Clinical trials studying the effects of accelerated fractionation have been
mainly confined to tumours in the head and neck region, since these are in
general fast proliferating tumours with a relatively high prevalence, and are
easily accessible for volume measurements. The different approaches to
acceleration have been discussed by Peters et al. (1988). These included total
dose reduction as practiced by Svoboda (1975) and Resouly and Svoboda (1982)
and in the "CHART" (continuous accelerated hyperfractionated radiotherapy)
treatment used by Saunders et al. (1988), split-course treatment as in the
EORTC randomized trials (Van den Bogaert et al., 1986) and in the studies by
Wang (1985, 1988), and volume reduction as in the "concomitant boost"
technique employed by Knee et al. (1985). Peters et al. (1987) calculated the
differences in regeneration of tumour cells resulting from a reduction in total
dose and concluded that such approach would not be advantageous for head and
neck tumours unless rather extreme conditions of clonogenic cell potential '•
doubling time (Sasaki et al., 1980; Begg et al., 1985) and cell loss (Sasaki et al.,
1980) apply. Nevertheless, Saunders et al. (1988) reported complete tumour
regression in all 15 patients treated for head and neck malignancies, although
early mucosal reactions were rather severe. The treatment of preference as ;
stated by Peters etal. (1988) for head and neck tumours would be one without
split, since tumour cells are expected to regenerate during the radiation-free in-
terval. However, mucosal reactions can be expected to be less severe when a
split is introduced. If the potential doubling time of tumours in individual j
patients can be determined, e.g. by the BrdU method (Begg et ah, 1985; Wilson .;
et al., 1985), very rapidly proliferating tumours can be identified for which a i|
split-course treatment would offer too great a risk of extensive repopulation. |

| For such tumours the concomitant boost technique would be more appropriate. $
| The second main type of unconventional treatment is hyperfractionation. In |
I such treatments the overall time is not or only minimally reduced, but each |
I, daily dose is divided in two or more smaller fractions. The daily and total dose -
| both are higher than in conventional schedules. The principle rationale of
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hyperfractionation is that late responding tissues are relatively more spared by
administration of a large number of smaller-than-usual fractions. This is in
accordance with the data obtained for lung and kidney in the present study. He-
nce, hyperfractionation explores differences in a/p ratio between tumours and
normal tissues. Very fast growing tumours are not suitable'to be treated in this
way, however, since they might display an accelerated repopulation which may
outbalance the increase in daily and total dose.

A large number of clinical trials on hyperfractionation has been devoted to
the treatment of brain tumours. Douglas and Worth (1982), Fulton et al (1984)
and Shin et al. (1983, 1985) treated with doses per fraction of 0.89 - 1.0 Gy
given three times per day up to 61 Gy. They found better results in terms of
survival after the hyperfractionated treatments in comparison to conventional
treatments. Packer et al. (1987) (two fractions of 1.2 Gy per day, total dose
64.8 Gy) and Freeman et al. (1980) (1.1 Gy/fraction twice daily, total dose 66
Gy) observed no difference in tumour response between hyperfractionation and
conventional treatment. Based on the lesser acute side effects with the
hyperfractionated treatment they started to investigate the effect of increasing
the total dose. This was also initiated by Shin et al. (1980). Payne et al. (1982)
and Ludgate et al. (1988) did not find an advantage of hyperfractionation over
conventional treatment. Payne et al. (1982) treated with an accelerated
hyperfractionation schedule in which four daily fractions of 1 Gy were given to
a total dose of 36-40 Gy in an overall treatment time of only two weeks. They
found the only advantage of hyperfractionation to be the lesser burden to the
patients due to the shorter treatment time, since patients with brain tumours
generally have a very limited life expectancy. A purely accelerated treatment
was given to brain tumours by Keim et al. (1987) who treated with twice-daily
1.6 Gy fractions to a total dose of 60 Gy in 16 days. They also observed equal
effects of the accelerated and conventional treatment on both tumour and brain.

Several groups have also started clinical trials of treatment of lung tumours
with multiple fractions per day. Seydel et al. (1985) treated non-small cell
carcinomas with twice-daily 1.2 Gy fractions up to 50.4 Gy and, in a reduced
field, to total doses of 60.0 - 74.4 Gy. They observed an at least equal survival
compared to a historical control series but a lower incidence of serious
complications: 8.6% in the hyperfractionated treatment versus 16% in controls.
A dose finding study was started to determine the maximum tolerated dose with
the hyperfractionated schedule. Von Rottkay (1986) irradiated non-small cell
bronchus carcinomas with 1.8 Gy fractions given twice-daily. In a number of
patients, however, part of the treatment was also given as once-daily 2 Gy
fractions and his standard protocol is now to give 40 Gy in daily 2 Gy fractions
and to complete treatment with twice-daily 1.8 Gy fractions up to 66 Gy,
making his schedules a partly accelerated treatment. The overall treatment time
in his series varied between 4 and 5.5 weeks. In these patients, all schedules
combined, 94% tumour regression was observed, versus 61% in historical
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controls. Survival was not reported. Consequently, the overall advantage of
accelerated fractionation over conventional treatment in these patients is not
clear. The reactions of lung tissue in the accelerated fractionation series were
similar to those in the control series. Furthermore, a higher rate of oesophagus
complications was observed in the accelerated treatments with the shortest
overall time. This is not unexpected since the oesophagus can be considered as
an early reacting tissue.

A purely accelerated treatment to bronchial carcinomas was given by
Saunders et al. (1988) in the already discussed CHART protocol. They observed
46% complete remissions, compared to 15% in historical series. Early effects
were reported to be acceptable, while late effects were less than expected with
conventional therapy.

Hyperfractionated treatments have also been employed for bladder carcino-
mas in several studies. Edsmyr et al. (1985) treated patients with either 1 Gy
fractions three times per day to a total dose of 84 Gy or once-daily doses of 2
Gy up to 64 Gy. Both treatments resulted in an identical rate of complications,
but tumour control and survival rate in the hyperfractionated series was
improved.

Cox et al. (1988) treated patients with bladder carcinomas with two frac-
tions per day of 1.2 Gy up to 50.4 Gy to the whole pelvis and continued with a
reduced volume to total doses of 60.0 - 69.6 Gy. Overall survival was similar to
a historical control series receiving 60 Gy in 2 Gy daily fractions. Normal tissue
effects, even the 11% severe late complications, were considered to be
acceptable. The late effects might have been less, if the 4-hour interval that was
given between each pair of daily fractions, would have been longer. The same
can be said from the treatment protocol used by Zaghloul et al. (1986). They
gave post-surgical whole pelvis irradiation to patients with bladder carcinoma.
Three 1.25 Gy fractions were given per day at 3-hour intervals. Although the
total dose was as low as 37.5 Gy, early effects were the limiting factor. Longer
intervals would have resulted in more complete repair and presumably would
have allowed a higher total dose.

O'Connell et al. (1985) treated in a pilot study patients with gastric cancer
with an accelerated regimen giving 1.5-1.7 Gy twice daily to a total dose of 40
Gy with an additional 5 Gy small field boost, in combination with 5-
Fluorouracil (5-FU) chemotherapy. Conventional treatment consisted of 1.8 Gy
daily up to 45 Gy + 5 Gy boost + 5-FU. More severe complications resulted
from the accelerated treatment. Without 5-FU fewer complications were
observed. A new pilot study by these authors continues to investigate the effect
of 1.5 Gy twice daily without 5-FU. The accelerated fractionation treatment is
probably already at the border of the tolerance of the gastric mucosa. This *,
might explain why the combination with 5-FU has exceeded tolerance.

In pancreas/bile duct carcinoma, Schuster-Uitterhoeve et al. (1987) com-
pared the efficacy of hyperfractionation with or without split. Fraction doses of
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1.0 - 1.1 Gy were given twice daily at 3.5-hour intervals for 7 days, 5 days per
week, followed by a 12-day split. These cycles were repeated until total doses of
60-70 Gy were reached. In a small number of patients 44-45 Gy were given
without split. Both the normal tissue tolerance as well as the tumour response
and survival were comparable to historical series. The response to the treatment
without split seems better, but there were only four patients in this group. In
any case the survival of all these patients was longer than the mean survival in
the group treated with split-course irradiation, and toxicity was less.

Another but limited report on hyperfractionated treatment of pancreatic
carcinoma has been given by Seydel et al. (1985). They treated twice daily with
1.2 Gy fractions up to 50.4 Gy and combined this with chemotherapy. Toxicity
was mild and the treatment was considered to deserve further study.

Finally, a number of clinical trials with hyperfractionation has been
reported for head and neck carcinomas (Backstrom et al., 1973; Medini et al.,
1985; Meoz et al., 1984; Horiot et al., 1985; Parsons et al., 1984). These have
been discussed by Thames and Hendry (1987) and will not be extensively
described here. In general, the results indicate only slight, if any, improvement
over conventional radiotherapy.

Million et al. (1985) treated head and neck carcinomas with 1.2 Gy frac-
tions twice daily up to 74.4 - 76.8 Gy. Acute toxicity was similar to that in
conventional treatment and late effects were probably less, but these results
were based on very few patients. A slight increase in local control was
suggested, compared to conventional treatment.

Marcial et al. (1987) compared the effects of single daily doses of 1.8 - 2.0
Gy up to a total dose of 66.0 - 73.8 Gy with 1.2 Gy twice daily to a total dose of
60.0 Gy in head and neck carcinomas. Loco-regional control did not improve
with hyperfractionation, but acute normal tissue reactions were more severe,
especially when intervals of less than 4.5 hour were maintained between
fractions given on each treatment day. The importance of a sufficient interval
between subsequent fractions is also demonstrated by the studies of Nguyen et
al. (1983, 1985, 1988). They treated patients daily with 6 fractions of 1.1 Gy
and only 2-hour intervals and encountered severe early and late toxicity.

From all these studies taken together, it seems that unconventional
fractionation up to now has not yet given the expected improvements in
treatment. As for accelerated fractionations, the normal tissue effects, especially
in early responding tissues like mucosa which is at risk in treatment of head and
neck malignancies are still limiting the total dose to a too low level. If a •
radiation-free split is given during the treatment, the advantage of accelerated <
fractionation with respect to tumour sterilization might be cancelled as a result J
of accelerated repopulation in the tumour during the split. If such early j
responding tissues are at risk, the concomitant boost technique is likely to be |
more appropriate. Another point is, that it is extremely important to maintain a
sufficiently long interval between fractions that are given on the same treatment
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day. If the interval is too short, in general less than about 4 hours, incomplete
repair may account for much more severe damage than expected. An interval of
6 hours is probably minimally required. However, when more data become
available on repair halftimes in different normal tissues, selective adjustments of
the minimally required interval may be made. The experiments with rat kidneys
described in the present work indicate that for this organ an 8-hour interval
would be safer.

Hyperfractionation has resulted in more positive results than accelerated
fractionation in the described clinical trials. Although several studies were pilot
or phase I studies and were hence performed on patients with a bad prognosis,
the data suggested that further studies were warranted. Since late normal tissue
toxicity was frequently less than in conventional treatments, hyperfractionation
might have been given with somewhat lower doses than can be tolerated. Dose
escalation studies are in progress to determine the maximum tolerated dose.
Hyperfractionation studies have been mainly confined to brain tumours, with a
few studies on bronchial and pancreas carcinomas and head and neck sites.
Extension of the number of clinical trials in which hyperfractionation is given
to tumours originating in an environment of late responding normal tissues like
CNS, lung and kidney seems to be the next logical step.

f
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SUMMARY

The effect of ionizing radiation on the cells constituting a normal tissue or a
tumour is impairment of the ability for unlimited proliferation. In the case of a
tumour, this is the desired effect. If all cells in a tumour are sterilized, the
tumour will eventually be eradicated. For normal tissues, however, the effect of
irradiation is a threat to the integrity and function of the tissue. In normal
tissues the proliferating cells are the stem cells which divide and differentiate
and compensate in this way for the loss of functional cells. These stem cells may
be, depending on the tissue, a separate subpopulation consisting of
undifferentiated cells that are continuously dividing to compensate for the
normal loss of functional cells, or , in tissues with a virtually absent turnover of
functional cells, be recruited from the functional cells themself. Impairment of
the proliferative activity of the stem cells will result in a much lower or even
absent compensation of loss of cells from the functional compartment, with
subsequent loss of tissue function and integrity. This is an undesirable, but inevi-
table side effect of radiation treatment.

However, many normal tissues have a greater capacity for repair of
radiation damage than most tumours. To exploit this intrinsic property, ra-
diation is administered over several fractions, separated by a certain period of
time, typically 24 hour in most clinical treatment protocols. In the interfraction
time interval the cells can repair part of the radiation-induced damage. If this
happens to a greater extent in normal tissues than in tumours, tumour cure may
be obtained without serious effects in the normal tissues.

The differences that exist between normal tissues with respect to their prolif-
erative activity result in differences in their response to radiation treatment. Tis-
sues with a high proliferative activity, compensating continuously for a high cell
loss, will have a rapidly measurable response. It takes only a short period (days
to weeks) after irradiation before it becomes apparent that the normal depletion
of functional cells is not sufficiently compensated for by replenishment from the
stem cells, because a proportion of these has lost the ability to proliferate.
Examples of such tissues are the skin and intestinal epithelium. In another group
of tissues the rate of loss of functional cells is very low and these tissues have a
correspondingly low proliferative activity. Since only when doomed cells try to
divide their damage will be expressed, it takes much longer before radiation-
induced depletion of the stem cells becomes measurable as a loss in tissue
function.

The differences in proliferative activity are related to differences in
sensitivity to fractionation. In general, fast proliferating tissues (including many
tumours) are less influenced by fractionation than the slowly proliferating ones,
in other words, fast proliferating tissues are relatively less spared by
fractionation than slow proliferating tissues. This means that, when slowly
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proliferating tissues are dose-limiting, it will be advantageous, i.e., lead to a
therapeutic gain, if a high number of small fractions is given. Indeed a number
of clinical trials is presently being conducted to explore the effects of such
hyperfractionation. In order to accurately determine how and to what extent an
existing radiotherapeutic treatment schedule can be optimised by altering the
fractionation regimen it is necessary to be able to describe mathematically the
response of the (stem cells of the) target tissues. A number of models have been
generated in the past half of the century. Recent radiobiological and clinical
research has focussed on the linear-quadratic model. This model is based on the
description of single cell survival curves studied in the laboratory and has been
demonstrated to be applicable to reactions of normal tissues and tumours as
well. The model is described in Chapter 1, together with correction factors that
may be added to account for incomplete repair in short intervals between
subsequent fractions or for the effects of continuous irradiation. The ratio a/p of
the parameters associated with the linear and quadratic term in the model have
been demonstrated to provide an adequate determinant of the sensitivity of tissue
responses to fractionation. In general, the a/p ratio for early responding, fast
proliferating tissues, including many tumours, is high, between about 6 and 15
Gy, and it is low, about 1-5 Gy for late responding, slowly proliferating tissues.

Isoeffect models have been designed in which this parameter a/p is used to
calculate new tolerance doses when existing clinical radiotherapy schemes have
to be modified. These models are also described in Chapter 1. It is obvious that
it is necessary to have an accurate knowledge of the a/p ratio of different tissues
in order to successfully predict tolerance doses with these iso-effect models.

The first of the two main goals of the present study was to determine the
a/p values associated with both early and late effects in rat lungs and kidneys.

When hyperfractionation is employed, it will be necessary to administer
two or three fractions on each treatment day, to avoid excessive prolongation of
the overall treatment time. In such cases, it is necessary to have knowledge of
the rate of repair of radiation damage in the normal tissue, in order to avoid too
short intervals with incomplete repair.

Determination of the rate of repair in rat lungs and kidneys, reflected in the
repair halftime T1 / 2 , was the second aim of these studies.

Both organs have been treated with a number of different fractionation sche-
dules. The interfraction intervals were either long, to allow repair of sublethal
damage to be completed, or short, to deliberately result in incomplete repair. A
package of sophisticated computer programs allowed calculation of a/p and Tj/2
values from the data obtained.

The possible influence of the size of the dose per fraction on a/p and/or T^
was investigated by dividing all data into two subsets with high and low doses
per fraction, respectively, and analysis of these data subsets separately. With
regards to the lung, no significant differences were observed between a/p and

values calculated for high and low doses per fraction. There was a slight
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though also not significant difference in a/p between early and late endpoints,
3.54 and 2.27 Gy, respectively. The Tj/2 values paralleled this change, but
showed an even smaller difference: values of 0.95 hour for early and 1.13 hour
for late endpoints were calculated. These differences indicate that different
target cells might be responsible for the early occurring radiation pneumonitis
and the later appearing radiation-induced fibrosis.

In the kidney, differences between the high and low dose-per-fraction
subsets were observed, but only between about 20 and 40 weeks after treatment.
In the time period where differences could be established, the a/p for low doses
per fraction was higher than that for high doses per fraction and the Tj/2 was
correspondingly longer. Disregarding this transient difference and considering
only early and late effects for the entire dataset, no significant differences in a/p
values are present: 1.67 Gy for early and 1.77 Gy for late effects. The T ^
values are significantly different, however. For early effects a T j^ of 1.57 hour
was calculated and that associated with late effects was 2.10 hour. A possible ex-
planation for this difference, which is supported by the disappearance of the
difference between high and low doses per fraction, is the presence of two dif-
ferent target cell populations responsible for the early and late effects. This
hypothesis could not be confirmed by time-related differences in the response of
the functional parameters, which were not observed, or histopathological dif-
ferences between early and late effects after treatment, since these studies were
only performed at the end of the observation period.

Notwithstanding the remaining uncertainties, the studies described in this
publication confirm the general idea that late responding tissues have low a/p
values. An a/p value of 2.5 - 3.5 Gy for lung is in full agreement with available
literature data. This is also true for the a/p value of 1.7 Gy for the kidney, but
this is among the lowest values observed. The T j ^ values deviate for both tissues
from the hitherto assumed mean value of 1.5 hour. For lung a T1/2 of about 1
hour seems more appropriate, while for kidney it may be as high as 2 hour.

The clinical implications of these observations are, assuming that
extrapolation from rats to humans is justified, that indeed hyperfractionation
may be advantageous when lungs or kidneys are dose-limiting. The minimum
interval to be maintained between fractions given on one treatment day differs,
however, between both tissues. The Tj/2 of about 1 hour for lung necessitates an
interval of at least 4.3 hours to repair 95% of damage, while with the T1/2 of 2
hour found for kidney the minimum time is 8.6 hours.
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SAMENVATTING

Wanneer een tumor wordt behandeld door middel van bestraling, wordt altijd
een zeker gedeelte van het omringende gezonde weefsel meebestraald. De effec-
ten van de bestraling in deze gezonde weefsels beperken de totale dosis straling
welke aan een tumor kan worden toegediend. Het gevolg van een bestraling zal
zijn, dat een gedeelte van de cellen waaruit een weefsel of tumor is opgebouwd
zodanig wordt beschadigd dat zij na één of hooguit enkele delingen afsterven.
Voor wat betreft de cellen van een tumor is dit het beoogde effect. Een tumor
zal verdwijnen wanneer alle cellen gedood zijn. Bij gezonde weefsels heeft het
doden van cellen echter een voor het organisme nadelig effect, namelijk een ver-
mindering van het functioneren van het weefsel.

De gevolgen van bestraling zullen in veel weefsels pas enkele weken tot
maanden na de behandeling merkbaar zijn. Dit komt doordat de cellen die
zorgen voor het functioneren van het weefsel doorgaans niet-delende cellen zijn
en dus niet direct ten gevolge van stralingsschade dood gaan. De functionele
cellen hebben echter in de meeste weefsels een beperkte levensduur welke,
afhankelijk van het type weefsel, korter of langer kan zijn en waarna zij op
natuurlijke wijze afsterven of worden verwijderd. Vervanging van de func-
tionele cellen vindt in een aantal weefsels plaats vanuit een in het weefsel aan-
wezige hoeveelheid speciale cellen, de stamcellen. Deze cellen hebben als functie
om door middel van celdeling nieuwe cellen te produceren, welke de afge-
storven functionele cellen kunnen vervangen. In een andere groep weefsels zijn
geen speciale stamcellen aanwezig, maar kunnen functionele cellen, indien dit
nodig is, een stamcel functie vervullen door zich te delen ter aanvulling van een
verlies van functionele cellen. Wanneer bij een bestralingsbehandeling de
stamcellen zodanig worden getroffen dat zij na één of enkele delingen dood
gaan, zal de aanvoer van nieuwe functionele cellen verminderen en zal hierdoor
na verloop van tijd functie verlies van het weefsel optreden. Dit is een
ongewenste maar niet altijd te vermijden bijwerking van bestraling.

Cellen kunnen echter een bepaald gedeelte van de stralingsschade herstellen.
Daarom wordt een bestralingsbehandeling nooit als één grote dosis gegeven,
maar in de vorm van een groot aantal kleine fracties, verspreid over een aantal
weken. In de periode tussen twee opeenvolgende fracties kunnen de cellen de
aangebrachte schade voor een groot gedeelte herstellen. Wanneer dit herstel-
vermogen in gezonde weefsels groter is dan in tumoren, kan de kans op
genezing door optimalisering van de fraerionering worden vergroot,

In het algemeen kunnen weefsels worden ingedeeld in twee groepen. De eer-
ste groep bestaat uit weefsels waarin de functionele cellen een zeer beperkte le-
vensduur hebben. De stamcellen in deze weefsels zullen dus vaak moeten delen
om voor vervangende cellen te zorgen. Derhalve zal het inactiveren van een
gedeelte van de stamcellen ook vrij snel, na enkele dagen tot weken, merkbaar
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zijn in een vermindering van de functie van het weefsel. Voorbeelden van deze
weefsels zijn de huid en het darmepitheel. Tumoren kunnen doorgaans ook tot
de groep van weefsels met een hoge celdelingsactiviteit worden gerekend.

De tweede groep bestaat uit die weefsels waarvan de functionele cellen een
lange levensduur hebben. Er behoeven dus niet in een hoog tempo nieuwe
functionele cellen te geproduceerd te worden, en derhalve zijn de stamcellen
zelf ook functionele cellen met slechts een soms bijzonder lage celdelingsac-
tiviteit. Dientengevolge zal het effect van bestraling pas zeer lang, weken tot
maanden, na het toedienen merkbaar zijn in een verandering van het
functioneren van het weefsel. Voorbeelden van organen met dit soort weefsels
zijn longen en nieren.

Tussen deze twee groepen weefsels bestaan ook verschillen in het vermogen
tot herstel van stralingsschade. De weefsels met een lage celdelingsactiviteit heb-
ben een relatief groter vermogen tot herstel dan weefsels met een hoge
celdelingsactiviteit, inclusief tumoren. Voor de kliniek heeft dit tot gevolg dat
wanneer langzaam delende weefsels de beperkende factor vormen bij radiothe-
rapie, de kans op tumorgenezing het grootst is, wanneer een ten opzichte van de
gebruikelijke behandeling groter aantal kleinere doses straling wordt gegeven.
Om de totale behandelingsduur in dergelijke gevallen te beperken tot de
gebruikelijke 5 ä 6 weken, worden vaak 2 of 3 fracties op dezelfde be-
handelingsdag gegeven. Het is duidelijk dat het dan van groot belang is om vol-
doende tijd tussen twee opeenvolgende fracties aan te houden om de cellen van
de gezonde weefsels de gelegenheid te geven de stralingsschade zoveel mogelijk
te herstellen.

Wiskundig wordt het effect van bestraling tegenwoordig vaak beschreven
als de som van een lineaire en een kwadratische functie van de stralingsdosis:

effect = ad + ßd2

Hierin is d de dosis en a en ß zijn factoren welke karakteristiek zijn voor elk
weefsel. Uit onderzoek aan een groot aantal weefsels is gevonden dat de
verhouding a/ß een parameter is die het vermogen tot herstel van stralings-
schade en daarmee de gevoeligheid van een weefsel voor fractionering van de be-
straling aangeeft. Weefsels met een lage celdelingsactiviteit worden vaak
gekenmerkt door een lage a/ß waarde en voor weefsels met een hoge cel-
delingsactiviteit, inclusief tumoren, zijn hoge a/ß waarden gevonden. Laag is in
dit verband 1-5 Gy (Gy, gray, is de eenheid van stralingsdosis), hoog is daarbij
ongeveer 6-f 5~Gy~.

De snelheid van herstel van stralingsschade wordt uitgedrukt door de
halfwaardetijd T1/2, de tijd welke nodig is om 50 procent van het mogelijke
herstel te verrichten, waarbij er vanuit wordt gegaan dat het herstel plaatsvindt
volgens een enkelvoudig exponentieel verlopend proces:

fractie niet-herstelde schade = e
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waarbij t de tijd na bestraling is en (J. een faktor die karakteristiek is voor elk
weefsel. Wanneer 50% herstel heeft plaats gevonden geldt t = T\ß e n :

en H

De effecten van bestraling kunnen in eenzelfde weefsel op verschillende wij-
zen en tijdstippen tot uitdrukking komen. In de long treedt bijvoorbeeld 1-3
maanden na bestraling longontsteking op. Deze verdwijnt na enkele weken wan-
neer de dosis niet te hoog was. Na één tot enkele jaren kan een ander effect
merkbaar worden, namelijk bindweefselvorming in het bestraalde gebied. Het is
denkbaar dat voor dergelijke verschillende effecten ook verschillende a/ß en
Tjy2 waarden gelden. Hierover was tot nu toe zeer weinig bekend.

Het doel van het in deze publikatie beschreven onderzoek was daarom het
bepalen van de a/ß en T]^ waarden voor relatief vroeg en laat optredende effec-
ten in longen en nieren van de rat.

Voor het onderzoek werden ratten op één van beide organen bestraald met
verschillende aantallen fracties, welke zijn toegediend met lange tijdsintervallen
(om volledig schade-herstel te krijgen) of met korte tijdsintervallen (om op-
zettelijk slechts onvolledig herstel te verkrijgen). Met behulp van <13 gegevens
verkregen uit deze twee series experimenten konden door middel van com-
puterprogramma's waarden voor a/ß en T1/2 worden berekend.

Het effect van de behandeling is op verschillende manieren bepaald. Bij die-
ren welke op de long zijn bestraald, is regelmatig de ademhalingssnelheid geme-
ten. Deze neemt toe naarmate stralingsschade tot uitdrukking komt in de vorm
van longontsteking en bindweefselvorming. Sterfte ten gevolge van long-
ontsteking werd ook als een criterium gebruikt. In dieren welke herstelden
waren vervolgens tot meer dan een jaar na bestraling geen effecten meetbaar.
Daama traden heel langzaam veranderingen op ten gevolge van bindweefselvor-
ming. Aan het einde van het experiment, 18 maanden na bestraling, is daarom
biochemisch en histologisch de door de besiraling veroorzaakte toename van de
hoeveelheid bindweefsel bepaald.

Bij op de nier bestraalde dieren zijn regelmatig drie parameters bepaald
welke een maat zijn voor de nierfunctie: 1) het ureumgehalte in het bloed neemt
toe naarmate de nier slechter functioneert: de nier haait normaliter vrijwel alle
ureum, een afvalproduct van eiwitten, uit het bloed; 2) het totale per 24 uur
geproduceerde volume aan urine neemt toe en 3) de concentratie van in de urine
opgeloste zouten neemt af met verslechterende nierfunctie, de nier mist dan het
vermogen om geconcentreerde urine te produceren en om het verlies aan vocht
en voor het lichaam belangrijke zouten zoveel mogelijke te beperken.

Na bestraling van de nier duurt het minstens drie maanden voordat de
eerste veranderingen in nierfunctie meetbaar zijn. De ontwikkeling van
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nierschade is een continu, zeer langzaam verlopend proces waarin niet, zoals bij
de long, duidelijk verschillende fasen kunnen worden onderscheiden. Ook bij de
nier is na afloop van het experiment, ongeveer 18 maanden na bestraling,
biochemisch en histologisch de hoeveelheid bindweefsel bepaald.

De resultaten van het onderzoek wijzen er op dat er voor de long
verschillen zijn in a/ß waarden voor vroege en late effecten. De a/ß waarde
voor vroege effecten is hoger: 3,5 Gy, dan die voor late effecten: 2,3 Gy. De
Tj/2 verschilt ook, maar minder: 1,0 uur voor vroege en 1,1 uur voor late effec-
ten.

De nierexperimenten resulteerden in gelijke a/ß waarden voor vroege en
late effecten: respectievelijk 1,7 en 1,8 Gy. De Tj/2 verschilt echter. Voor vroe-
ge effecten is een waarde van 1,6 uur gevonden en voor late effecten 2,1 uur.

De lage a/ß waarden voor beide weefsels zijn goed in overeenstemming met
de op basis van literatuur gegevens verwachtte grootte van deze parameters.

Er is ook onderzocht of de grootte van de fractiedosis van invloed is op de
a/ß en/of Tj/2 waarden, omdat er aanwijzingen waren dat bij de lage fractiedoses
in bestralingsschema's met meerdere fracties per dag beide parameters zouden
veranderen. Voor de long zijn dergelijke effecten niet gevonden. In de nier
waren er alleen tussen 20 en 40 weken na bestraling verschillen, na deze periode
verdwenen de verschillen weer. Het is mogelijk dat dit, tezamen met de
gevonden verschillen in T1/2 voor vroege en lage effecten, duidt op de
aanwezigheid van twee verschillende typen stamcellen. Meer onderzoek is echter
nodig om dit met zekerheid te kunnen stellen.

Voor de kliniek duiden de resultaten van dit onderzoek er op dat bij
radiotherapie van tumoren waarbij longen of nieren in het bestralingsveld zijn
gelegen, een schema waarin een groot aantal kleine fracties wordt gegeven, een
therapeutisch voordeel zou kunnen opleveren ten opzichte van een
standaardbehandeling. Gezien de lage a/ß waarde welke voor de nier is
gevonden, geldt dit voor dit orgaan zelfs nog in sterkere mate dan voor de long.
Echter, wanneer meerdere fracties per dag worden gegeven, zal voor de nier
rekening moeten worden gehouden met een langere hersteltijd dan voor de long.
Om minimaal 95 procent van het mogelijke herstel te doen plaatsvinden, is voor
de long, uitgaande van een T ^ waarde van één uur, een tijdsinterval van 4,3
uur tussen opeenvolgende fracties voldoende, terwijl voor de nier bij een
gemiddelde T ^ van twee uur minimaal 8,6 uur moet worden aangehouden.
Onderzoek in de kliniek zal uit moeten wijzen of deze gegevens ook naar de
menselijke organen geëxtrapoleerd mogen worden.
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STELLINGEN

1. De waarneming van enkele auteurs dat bij bestralingen met doses per
fraktie kleiner dan circa 1 Gy de effektiviteit hoger is dan op grond van
het LQ-model verwacht wordt, kan niet voldoende worden verklaard door
onvolledig herstel van subletale schade tussen op dezelfde dag gegeven
frakties.
(Thames et al., Int. J. Radiat. Biol. 54, 13-19, 1988)

2. De correctiefaktor voor de lineaire component uit het LQ-model welke
door Joiner en Johns wordt voorgesteld ter verklaring van de hoger dan
verwachte effectiviteit van fraktiedoses kleiner dan circa 1 Gy, leidt bij
afname van de grootte van de fraktiedosis tot negatieve a/ß-waarden, en
kan derhalve niet correct zijn.
(Joiner and Johns, Radiat. Res. 114, 385-398, 1988)

3. De bepaling van het hydroxyproline gehalte in de long geeft bij de rat geen
juiste indicatie van de hoeveelheid bindweefsel in dit orgaan.
(Dit proefschrift)

4. Er is geen duidelijke relatie tussen de grootte van de ct/ß- en T^-waarden
in normale weefsels.
(Dit proefschrift)

5. Wanneer het effect van de grootte van de fraktiedosis op de a/ß- en Tj/2-
waarden wordt onderzocht, is het niet correct om gegevens van
bestralingen met een grote eenmalige dosis in de berekeningen te
betrekken bij het bepalen van de grootte van beide parameters voor kleine
fraktie doses.
(Travis et al, Int. J. Radiat. Biol. 52, 903-919, 1987) ,;

6. De toename van de ademhalingsfrequentie in de W AG/Rij rat een jaar na |
bestraling van de longen wordt niet veroorzaakt door accumulatie van f
pleuraal vocht. ''•
(Down et al., Int. J. Radiat. Biol. 55, 473-478, 1989; Parkins, Int. J.
Radiat. Biol. 55, 479-481, 1989)

7. De toepassing van "high dose-rate (HDR) afterloading" technieken in de
radiotherapie is bij uitstek geschikt voor het toedienen van meerdere ;
frakties per dag.



8. Bij bestraling van normale weefsels worden vroege effekten soms
beschouwd als nog niet volledig ontwikkelde late effekten en late effekten
als slechts uitgestelde vroege effekten.

9. Het bepalen van het totale aantal enkel- of dubbelstrengsbreuken in DNA
van zoogdiercellen heeft geen waarde voor het voorspellen van de
stralingsgevoeligheid.
(Prise et al, Int. J. Radiat. Biol. 52, 893-902, 1987; Koval and Kazmar,
Radiat. Res. 113, 268-277, 1988).

10. Ter bescherming van fietsers en joggers zou op smalle polderwegen een
maximum snelheid van 50 km per uur ingevoerd moeten worden.

11. Het beleggen van grote bedragen in schilderijen van beroemde meesters
door particulieren resulteert in een verarming van het openbaar kunstbezit
en verhoogt het risico op diefstal van in musea tentoongestelde werken.

12. Uit oogpunt van de bescherming van de natuur in Midden-Delfland en de
oplossing van file-problemen rond Rotterdam verdient de aanleg van een
tweede Benelux tunnel verre de voorkeur boven de aanleg van het
geplande gedeelte van rijksweg A4 tussen Vlaardingen en Rijswijk.

Stellingen behorend bij het proefschrift "The influence of fractionation and
repair kinetics on radiation tolerance. Studies on rat lung and kidney".

Eric van Rongen, 8 juni 1989.



ERRATUM

Please note that in the paragraph on the computational Tucker test on p.51 ihe
accent-circonflexes have erroneously been omitted. The correct text of this
paragraph is:

In the second, more rigorous test, the computational method, the error en =
Dn - Dn is calculated for each n-fraction estimate. D n and Dn are the expected and
observed EDso's, respectively. The sum S of the squared normalized errors is
given by:

The dose per fraction dn can be derived from this equation:

Values for the parameters a/p and E/a were determined that minimize S in
equation (2). The expected EDso's (Dn) were calculated with these values and the
errors en were determined. The LQ model was considered to be a reliable
description of the experimental data if for every observed Dn the corresponding En
was either smaller than the SEM calculated for Dn , or less than 5% of the
magnitude of Dn, whichever value was larger.
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