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One interesting development, in current day radiotherapy, is the
utilization of high LET radiation in the form of fast neutrons for the treat-
ment of deep-seated tumors.{e.g., ref, 1). The principle radiobislogical
factor arguing in favor of neutron therapy is the reduced oxygen enhancement
ratio observed, mainly with single-cell systems, when cell killing with high
LET radiation is compared to that with low LET radiation. The evidence
seems now generglly accepted that significant fractions of at least most
solid tumors are hypoxic but still viable (2) and in accord with this,
treatment of experimenzél tumors under condi;ions yhich should reduce the
proportion of hypoxic cells (e.g., hyperbaric oxygen) usually leads to
reduced doses for tumor sterilization (3). In c&ncept, therefore, the low
OER associated with high LET radiation could serve to improve the therapeutic

ratio by enhancing the degrée of damage in tumors compafed to.normal tissues

since the latter are thought to be well oxygenated.



In recent years, several groups of investigators have reported
on the state of oxygenation of solid tumors during the course of fraétIOnated
irradiation, With some e#ceptions (4,5), the authors of most of these reports
conclude that significant.if not complete reoxygenation Eets in fairly soon
afier a moderate dose fraction (6-9). Further, it is reported that many
solid tumors have anoxic cell fractions which are initially high, i.e., from
10 to 20% (3,10-13). These*es;imates come.from radiobiological observations
and are, therefore, indirect, Nonetheless, if in the natural course of
events, appreciable ambunts of reoxygenafion occur between fractions two
implications of considerable importance follow. The fifgt is tha; Teoxygena-
tion should counteract the dose sparing effect that repair of sublethal
dam;ge between fractions introduces (14) and thus tend to justify--on purely
cell killing grounds-;the use of fractionation even when low LET radiations
like conventional x rays are used, And, accordingly, the second implication
is that the justification for high LET or neutron therapy would be

considerably yeakened,



In view of these considerations--and the fact that in several
instances currently available data in the medical literature do not sugpest
an appreciable effect due to teoxygen;tion (l4)--it {s worthwhile to analyze
the experiments dealing with reoxygenation startiﬁg from f£irst principles,
The objectives of the analysis will be: 1) to delineate the cell biology;

2) to specify criteria which have to be met and, therefore, measurements
which should be made iq ordeé‘%ﬁgt reoxyéenation daté may be interpreted

with confidence; 3) to compare animal data on reoxygenation due to fractiona-
tion with results on the fractionation treatment of human tumors to see if the
latter are consistent with predictions of the former; and 4) to specify the-
1qformation needed to be able to assess the relevance of radiobiological
principles to tumor therapy. Lastly, based'upon this analysis, I will
propose some clinical trials aimed at determining whether the efficacy of
fractionation therapy can be improved by enhanc?ng the reoxygenation in
opposition to sublethal damage repair, .

-

Estimatine the Hvpoxic Fraction

Radiobiolegically, the procedure used for estimating the proportioﬁ
of cells in a tumor which is hypoxic may be describeq with the aid of Text
Figure 1, In this, and the fiéures to follow, to facilitate tha analysis ~—
. reasonable values for the parameters involved are assumed, Specifically, in‘
Text Figure 1 these are: aerobic survival parameters n = 4, :ﬁo = 75 rads; an
oxygen enhancement ratio of 3; strict dosé modification is assumed for the
influence of oxypgen so Fhat: the hypoxic survival parameters are 3 - & 'ﬁo -

225 rads; and finally a 10% proportion of hypoxic cells,



The survival curve for a population mixed insofar as its oxygen

status 1s concerned can be arrived at as follows. To the aerobic curve
plotted from surviving fract{pn 0,9 1is added the thoxic curve plotted from
surviving fraction 0.1, The result is the curve ma:rked Mair l;reathing"
which, by way of its inflection, shows that it is composed from at least
two curves, The terminal portion of this curve has aﬁ hypoxic-like E;i

the initial portion of the cd:¥é~indicates that, at least, a moiety with a
~ o

- -

smaller 'ﬁo is also involved,
.



Experimentally, the procedure often used for estimating the hypoxic

fraction is illustrated by the "N, breathing” and Yair breathing" curves and

2
is based upon the assay techniques introduced by Hewitt and Wilsen (13,}5).

In one or more donors, tumors are irradiated.with graded doses, These animals
are glive and breathing air at the time, After exposure, survival 1s assayed
by determining the number of irradiated tumor cells required to give rise to

a similar tumor at the site oﬁqimPlantatioA in an appropriate tecipient,
Oxrdinarily, an interpolative method is used to obtain the number required for
.501 takes (i.e., the TDSO)’ The ratio of the number required when uﬁirradiated
tumors are used to that required after irradiation 1s taken as the surviving
fraction after the particular dose involved, Certain te;hnical guestions of
importance may come in here--such as the proportion of contrel cells assayable
by this method, differential cell stresses imposed by the manipulations involved
in the assay, possible irmunological effects, and so on--which in a given
instance may minimize the usefulness of the data because, for example, they

may not be sufficiently representaiive of the properties of all the cells of

the tumor. I will ignore such technical points and consider only the iarger
issues which concern essential radiobiological principles, Thus, the curve
marked Mair breathing"’is a result typical of a tumor mixed in.respecc to .

state of oxygenation,



The curve 1; Text Figure 1 marked "N2 breathing” represents the
result wheﬁ all the cells in the tumor are rendered hypoxic., Omreway of doing
this is first to kill the donors which may be done by nitrogen asphyxiation.
Hypox{ia sets in as the oxygen locally available at the time of death is
depleted, TFrequently,.the terminal portions of the air ﬁnd Nz curves appear
parallel and from their relative displacement; the hypoxic fraction ip estim-

ated, . —

Text Figure 1, Schematic representation of the survival of tumor
cells when irradiated in a donor under normal conditiods.of oxygenation, "air

breathing," and in killed donors, "N, breathing." , The latter condition is

2
expected to render all cells hypoxics The terminal portions of both curves

are displaced by a factor of 10 which presumaﬁly reflects the fact that 107

of the cells are hypoxic under normal conditions, Survival parameters are;

i

n, extrapolation number; EL, the dose to reduce survival by 0.368 along the

—

exp.nential portion of a curve; and OER = 3, The shoulder width, gq = :ﬁo 1n 1.

In Text Figure 1, the measured displacement is indicated by the
"air/Nz” ratio, By those who apply this method, the "air/Nz“ ratio is assumed

to be the hypoxic fraction, i.e., the hypoxic/aerobic ratio, I will distinguish

- the two by designating the latter by "hyp/aer," Briefly stated, the purpose.
of this analysis is to define the conditions under which the measured ratio
gir Nz) and the actual ratio (hyp/aer) are equal when the standard test

outflined in Text Figure 1 is applied.

. . ’,
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Estimating the Depree of Reoxypenation

The procedure for detecting and estimating the extent of reoxygena-
tion is outlined in Text Figure 2, Here the compound "air breathing" curve
from Text Figure 1 {s also sﬂown aﬁd starts from zero dose and surviving
fraction 1.0, Immediately after a dose of say 400 rads, the survival curve
of those cells which survive is exponential with.a.EL'- 225 rads and at this
time, no change in this curve {cwcupected from renderiﬁg the cells hypoxic,

At some later time, when tumors still ?n donor.animals are given graded second
doses, experimentally it is often found that the "air bregthing" and'N2 breath-
ing" curves become once again displaced ag shown in Text Figure 2, for example,
The data defining the terminal portions of these curves frequently may be
fitted by parallel lines and the g;giﬂz ratio {s taken once again to be equal

- to the hyp/aer ratio (10). Usually it is then concluded that in the interval
between the conditioning dose and the graded second doses, those cells surviv-
ing the conditioning ﬁose were reoxygenated presumably because oxygen that
woul& have been consumed by the initially aerobic cells became avajlable to
diffuse to the initially hypoxic cells. For example, from the second dose

curves shown in Text Figure 2, since air/Nz = 0,1 it would be concluded that

complete reoxygenation had occurred, | ) -

Text Figure 2, Schematic representation of the effect of tumor re-
~pxygenation assayed at some time’after a conditioning dose of 400 rads, Thelcon-
diti%ning aose is large enough to.kill off essentiall} all'oxygenated cells,
The qisplacement in the Mair breathing"” vs. "N2 breathing” curves which devcl@ps
in time is taken to represent reox?éenation of the hypoxic cells which survived

the conditioning dose, (See Text Figure 1 for survival curve parameters,)

I




In passing, I note that as drawn the "NZ breathing" curve has a
shoulder which implies repair of sublethal damage in at least those cells

which become oxygenated, This and other points which qualify the preceding

interpretation are considered presently.

Conditions for airIN2 = hypfaer _

With the foregoing background, I inﬁuire ;uw: What are the con-
ditions under which curve displacezents as in Text Figures 1 and 2 can be
expected accgfately to measure initial or reestablished hypoxic fractions?
To develop answers to this éuestion, 1 consider first the variations in

survivabiiity that cells experience as they traverse their growth cycles.



Schematically, in Text Figure 3 are shown age-response functions for
three well-known, cultured cell lineg. As a fupction of position in the growt!
cycle--here‘specified by the customary designations of the phases of the
cycle relagive to DNA syntﬂesis (Gl' s, Gz, and M)~--are shown the variations
in survival observed following & fixed dose of low LET radiation like x rays,
Broadly speaking, these three qellhlines typify three different age-dependent
survival characteristigs.unkfter'a‘fixed dose; in the case of Chinese hamster
cells survival varies mainly because of variation in extrapolation numberfﬁ
or in shoulder width (ft). For Hela cel}s, survival fluctuates mainly because
of final slope variations (17). And in the case of mouse I;'cells', T and '_1:3_'0
vary inversely through the cycle (18)., While these patterns apply to cells
cultured in vitro, they show nevertheless that first, survival varies through
the ¢ycle and second, that the basis for this variation might depend on the
cell type and presumably therefore on the tumor type. One factor, however,
which i'.‘sl important in cell survive%]r and which current evidence suggest applies
in a predictable way from cell—liné to cell-line is the dose modifying property
¢f hypoxia. In instances where careful measurements have been performed,
survival curves for 6xygenated cells are related to those of hﬁpoxic cells
by a constant dqse fac;or which 4s consistent with a constant dose modifying

. OER through the cell cycle,



Text Figure 3, Age-response functions of three cell lines, In each’
case, the parameter(s) are indicated which are mainly responsible for the
survival variation with age following a fixed dose., An n-type age-response
function ﬁeans that the terminal portions of the survival curves are parallel
at different ages and -this, in turn, that the shoulder widthigq varies through
the cycle, A 'ﬁo-type pattern means that :ﬁo is the mai;n variable through the
cyc_le with E bei-ng fairlyyﬁstant. In this case, _gq is proportional to §o

(see legend to Text Figure 1),

To analyze the relevance of age-dependent ;urvival variations on the
questions at hand, consider the schématics in Text Figure 4, Her;, 1 show
several situations relative to cell distributions and, for simpliecity, I
assume that the age-response properties that apply in the example to follow
are similar to those of Chinese hamster cells. Howevér, the conclusions which

these examples will make clear are general and not cell-line specific.,

Text Figure 4, échematic dréwinga'of age-density and age-response
patterns, the latter based upon Chinese hamster cells. The survival scales
for hypoxic vs.-éxygenated cells are approximate, Cell numb;r distributions
for hypoxic cellé only are shown and the number of the lattef-are assumed to
be 10% of the total population, For simplieity, it is assumed that oxygenated
cells are uniformly distributeé through the cycle, Panel A: hypoxic cells
unfformly distributed; panel B, hypoxig cells are mainly in S; and in panel C,

hy%oxic cells are mainly in G1.

!
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In Text Figure 4, each panel contains schema of single-dose survival
variations S(i) and cell number variations u(i) as a function of age or
position in the c&cle designated by i. No proportionality 1is integded by the
s;rvival scsles and the cell mumber distributions for hypoxic cells only
are shown, With respect to the latter, it is assumed that the are;s under
the curves are the same in each panel and that this corresponds to an hypoxie
fraction of 10%. The ;xygenated_cells are further gssumed, for simplicity,
to be uniformly disttibute&’:;rough the c¢ycle. Three characteristic cases
are shown in panels A, "B, and C which I will discuss in that order., |

Panel A in Text Figure 4 sh&ws the situaf@on we would expect if the
hyp;xic cells as well as the aerobic cells are uniformly éiscributed through
the cycle, This is perhaps the simplest case as suggested by thé fact that
tﬂe shapes of the survival patterns for both s?ate; of oxygenation are the
same, Aside from the fact that I am assuming in this instance a specific
relation of hypoxic to oxic cells (i.,e., 1 to 9), the sketches in panel A
represent what the tissue culturisf-imagines when he renders his cells hypoxic
for an experiment. If his aerobiﬁ population was uniformly spread through
the cycle, after gassing with nitrogen he would expect his hypoxic cells to be

similarly spread, The reason for this is simply that generally in vitre a

. state of hypoxia can be effected quickly or at least in a period of time,

physiologically speaking, short compared to the cycle time of the cells,
As a result, cells remain essentially in the same age pattern after gassing

that they were in beforehand,
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Relative to survival--and what we ébnsider as our standard ra;io-
biological assay of the hypoxic fraction (see Text Figure 1)--the age-density
Qistribution in panel A, Text Figure 4 leads to.the result showvn Iin Text
figure 5. Since we have assumed the same relative distribution of hypoxic
and aerobic cells,‘the two curves first, must be parallel in their exponential
portions and sacon&, their relative displacement must éome about because of
the relative sensitivity of the serobic cells in the "air breathing" case.
Thus, we have the situa;ion where the measured ratio "air/Nz“ is exactly
equal to the actual ratio “h;p/aer" which in this is 0.1 as per my starting
assumptions.

While panel 4, Te*t Figure 4 is an example where our standard test
gives us exactly the right answer, there are other situations where essentially
the right answer would be obtained. Firse, I.should éoint out that for the
standard test to work, the essential requirement relative to population com-
position is that the distribution:of cells throﬁéh the cycle be the same for

both the hypoxic and oxic fractions., When this is the case, the "N, breathing"

2

condition creates for the whole population the same age-density aistribution
that the hypoxic fraction has and as a result, the terminal portions of the

-survival curves are parallel and displaced by the right amount (e.g., Text |

N

Figure 5), Note that it is not required that the age-density distributions be

uniform through the cycle (as we assumed in Text Figure 5) but only that

they be the same for the hyp0xic and oxic fractions.

4
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2
breathing test corresponding to the situation in panel A, Text Fipure 4.

Text Figure 5, Survival curves resulting from a standard N -air

When this more general criterion is recognized, modifications of it
can be identified which permit our standard test to give essentially, if not—
breciseiy, the right answer. One of these also can be seen with reference to
Text Figure 5 and consists of modifications of the hypoxic cell age distribu-
tion in which the percentage of cells in the resistant age interval (shown
ghaded in Text Figure 5 and panel A, Text Figure 4) remains fixed. Even if
the remainder of cells which comprise the 107 hypoxic moiety are distributed
differently than sh&wn, the "ajir breathing" curve will be essentially
unaffected and hence, it will remain that air/N, >~ hypfaer =~ 0,1. It is also
true, however, that the "air breathing" curve would be largely unaffected if
ghe cells in the unshaded age intervals in panel A, Text Figure 4 were removed
from the hypoxic moiety. In this cifcumstgnce Qﬁile the ratio giz[gz remains

. about 0.1, it would be larger than the ratio hyp/aer.



* Examples Wheve: air?Nz # hypfaer

While, as I have just shown, the population requirements for the
Nz-air breathing test to.give a reasonably accurate answer are not absolutely
- rigid, they are nEVertheless_fQirly unique, I {llustrate this now with the
aid of panels B and C, Text Figure 4 and Text Figures 6 and 7., Panel B is
intended to illustrate the case, still involving 107 hypoxic cells, where
all of the latter are essentially confined to the most ¥esistaﬁt age interval
which, in the case of Chirdse hamster cells, happens to be the § phase. Now
essentially the entire\hypoxic cell distribution is shaded and the N2 fixed
-dose survival variation is much more peaked than in panel A, As shown in
Téxt Figure 6, the terminal portion of the."air breathing" curve is displaced
upward from where it was in Text Figure 5. In a given case, the degree-of
the latter displacement would depend on the added proportion of resistant

cells which, for illustrative purposes, in Text Figure 6 is shown to have a

net effect of a factor of 2. Clearly, the effect of such a distribution of

célls is to maké air}N2 > hypl/aer even thoﬁgh the latter ratio is still 0.1.
A second exanple of a lack of equivalence between éhe observed and

actual ratios is sketched in panel C, Text Figure 4 and in Text Figure 7.

Once again a 107 hypoxic moiety is assumed but here these cells are mainly .

confined to a sensitive age interval shown as Gl in Text Figure 4, As a

result, the "air breathing" curve has a terminal portion which is displaced

downward from where it should be for our standard test to work and a&s a result

air/N2 <Aﬁyp/aer even though the latter is kept at O.i.




Text Figure 6, Survival curves resulting from & standard Nz-air
breathing test corresponding to the situation described in panel B, Text
Figure 4, Here the hypoxie fraction is still 0.1 but the shift in the

hypoxic moiety age distribution results in a ratio air[Nz = 0,2,

Text Figure 7, Survival curves resﬁlting f;om a standard Nz-air
breathing test correspond{:;.to the situation in panel C, Text Figure 4, In
this case, the ratio hypfaer is still 0.1 but the distribution of hypoxic

cells leads to air[Nz = 0,033,
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Finally, for completeness, I show an example of fajlure of the Nz-
air breathing technique which should be immediately evident from the survival
curves themselves, To begin with, the inset in Text Figure 8 shows: a) an
age-densiqy distribution for hypoxic cells (still 10% of the population) con-

fined largely to the §-G, region; b) 2 survival variation curve for oxic cells

2
(presumed to be uniformly distributed In age) similar to that observed after a
fairly large dose with mouée L cells (Text Figure 3);'and ¢) a survival varia-
tion curve for irradi#cigp’;nder nitrogen weighted by the corresponding age-
density distribution, My reason for,settiné up this example is to illustrate
the effect of a :ﬁ'o age\variation in contrast to the T only variation more
characteristic of Chinese hamster cells, The STGZIrggién oé the.age cycle of
mouse L cells has a small '_I'io and large E value (18) and as a resuit, for the
air breathing case, the terminal slope will di5p1;y this minimume; because

the hypoxic cells are in tﬁe S-G2 region, In contrast, for Nz breathing, the
sensitiye S-G2 cells will have little affect on- the overall survival curve

and hence, the termminal slope will be smaller and:§° iarger. The resulct is
shown in Text Figure 8 and illusfégtes that the data would not yield a constant
335132 ratio, This fact by itself indicates that essentially two different
populations ére effective and therefore that the standard test cannot be used
with any relian;; at all to estimate the hypoxic fraction. As we indicated

in connection with Text Figure-ﬁ, there are departures from the requirement

of identity of population coméositions which may by chance yield gigigz rétios
e&ual to hyp/aer ratios but in general these departures'will not work when
sgnsitive moieties constitute most of the hypoxic fraction, Further, when

slope changes are involved, inadequacy of the test should be readily evident,

&
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Text Figure 8. An example where the standard Nz—aif breathing test
already indicates that the hypoxie fraction cannot be estimated because a
slope change is involved. The inset, based upon the age-fe5ponse pattern

of mouse L cells, is explained further in the text,

Reoxygenation: Conditions for air/N2 = hyp/aer

Anzlogous to Text Figure 1, Text Figure 2/shows the standard test
used for a radiobiological determination of-che hypoxic fraction at some time
after one or more conllitioning doses (4,5,10).J The presumptions are: first,
that at the terminatio; of the conditi;ning dose sequence, essentiallf only
hypoxic cells survive; second, that the reduced ox§gen cénsumftion‘of killed
cells plus possibly shrinkage of the tumor due to cell ly;is in time leads to
reoxygenation of the surviving cells; and third, a‘standard Nz-air breathing
test then measures the propb}tionlof hypoxic cells which requires that gi;[ﬂz
hyp/aer, I now show that as with the determinations of the hypoxic fractions

initially present (Text Figure 1), the standard test for estimating reoxygena-

tion may frequently yield an erroneous resuit.
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Consider first Text Figure 9 where I show schematically apge distribu-
tion pattcrns to illustrate a case where the standard test works. In panel
A, an age-survival pattern is shown--the shape of which is independent of
the state of oxygenation aslI noted earlier--as well as the cell number
distribution for tﬁe t?tal population‘y_tot and for the hypoxice moiety.gnz.
Both of the latter have béen assumed to be uniform for simplicity. After
an acute exposure denoted by "X", the agé-density distribution of surviving
cells becomes that sho;n in panel B. (The vertical scale in this panel and
in panel C has been inoreaséd relative to that in panel A for clarity,)
Becuase ;f the very considefable sensitivity conferred by oxygén, the dis-
tribution of surviving cells in panel B is made up almost entirely of hypoxic
cells, And further, because of the synchronizing effect of acute exposures
‘which are large enough to surmount, more or iess, the”sﬁoulder:of a survival
curve of asynchronous cells, almost all the surv;vors are in the resistant
ége interval in the cycle (5 for Chinese hamstef éélls).

Panel C shows the effeqt-of reox?genation by the fact.that now the
£ypoxic cell age-density distribution is appreciably lower than that for the
entire population, However, to illustrate first a case where the standard
test works, I have assumed that reoxygenation resulted in only one change;

namely, a drop in the proportion of hypoxic cells which are in the resistant

age interval,



The sequence shown in Text Figure 9 is illustr;ted in terms of the
peftinent sufvival curves in Text Figure 10, I have assumed that a conditioning
dose of 400 rads produces the population shift from panel A to B, Text Figure
9 fnsofar as viable cells are concerned, The effect on survival corres-
ponding to the reoxygenation is indicated in the "air breathing" curve.in
Text Figure 10, This'cur;e is parallel in its exponential part to the
corresponding portion of the single-dose curve as it shoﬁld be since the
terminal regioﬁs of both curves result from cells of the same age interval
and responsiveness (Text Tigsure 9), The "air breathing" curve is drawn to
yield a ratio gizlﬂz = 0,33 on the assumption that in Fhe interval between
the conditioning dose and ;he standard test, reoxygenation resulted in two-thirds
of the cells becoming oxic. Thus, the lower two curves in Text Figure 10

.

f1lustrate the conditions for an accurate radiobiological estimate of the

hypoxic fraction,

Text Figure 9, Schemat{c drawings of age-density and age-response
patterns to illustrate the application of the ﬁz-air breathing test to reoxy-
genation estimates, In panel A, S stands for survival after a fixed dose and
the shape of this curve is assumed to be oxygen independent, The age-density _
distributions are Moo for the whole population and ENz for the hypoxic cells
which are assumed initially to comprise 10% of the cells., Relative to sur-
viving cells, panel B shows the result of an acute x-ray dose, The ordinate
is enlarged arbitrarily for clarity (also in panel C), In panel C, the effect

of reoxygenation is represented by a reduction in the shaded area compared to

panel B,




Text Figure 10. Application of the Nz-nir breathing test to the

situation in panel C, Text Figure 9, The change in the ratio air[Nz,

depending on repair of sublethal damage, is also shown;

To the foregoing conclusion, unfortunately further qualifications
are required, If in time after the 400 rad conditioning dose; those cells
surviving did not repair sublethal damage (see Chap, 6, ref., 19) and did not
become oxygenated (ignoring for the moment division a; well), their survival
curve would remﬁin the expoﬁential curve through the‘second erigin in Text

aaman——
Figure 10, Although there is evidence that mammalian cells can repair sublethal

b
damage even when only traces of oxygen are availab{e (14,20) it is conceivable
that in a tumor this might not be true or at least the rate would be reduced,
If the survivors after 400 rads became oxic with no repair the "air breathing"
c;rve would be the lowermost curve as shown even if those cells which became
oxygenated then fully repaired sublethal damage. The reason is that sublethal
damage broadens the shoulder on a survival curvé whereas oxygen reduces the
jéo’ As the dose 1is increased, thg latter change dominates and hence, the
terminal portion of the survival curve remains unaffected, But while oxygen-
dependent sublethal damage repair does not affect the terminal slope of the

N L1
lowermost curve, it would affect the uppermost curve since now all the surviving

et

cells have the same final slope. As shown in Text Figure 10, under these con-

" ditions although it might still be true that hyp/aer = 0,33, the observed

air/NZ ratio would be smaller; perhaps, as small as 0,1 4f sublethal damage
repair shifts the extrapolation number from 1 to 4.5, for example, The net
effect would be that the reoxygenation of 677 of the surviving cells after 400

rads would appear to be reoxygenation of 50% of the cells,
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A final qualification of the situation in Text Figure 10 is required,
1f sublethal damage repair is independent of oxygen concentration, then it
would be possible that the uppermost and lowermost curves could result

from the standard test, and theref-ore that air/fiz = hypfaer = 0,1, when other

condftions remain as assumed, This is because now once again the air and
nitrogen breathing populations are the seme in all respects, However, in
addition to a knowledge of the composition of the sufviving population
(panel C, Text Figure ;), now it is also required to know whether sublethal

damage repair is~rndepéndent of oxygen tension.



Reoxygenation: Conditions where air/N2 ¢ hyp/aer

The age-density distributions in panel C, Text Figure 9 are-somewhat
artificial since they imply tacitlythat no aging of cells occurs during
reoxygenation, ‘Except for the fairly unlikely situation.fhat as a result of
agihg and division the situation sketched in panel C is reestablished, an
age-density distributi;n Bﬁmewhat more like the insetiiq Text Figure 11 might
be expeéted. Here, I suggest that while those survivors after 400 rads
which remain hypoxic remain in the resistant age interval, those which becomg
oxygenated proceed to Jge and perhaps divide so that more sensitive age
intervals also becqpe populated with viable cells (e.g., Gl’ Gz, and M in .
the igz;e of Chinese hamster cells). With respect to the air breathing data,
no_significant change in the survival eurve occurs and hence, in Text Figures
10 and 11 the lowermost curves are the same, But now since the nitrogen
bréathing case increases the EL of cells which are in sensitive instead of
resistant age intervals, the upward shift accompaﬁying complete hypoxia
would not be as large as in Text Eiﬁure 10, Accordingly, the observed ratio

air[NZ might be less than the actual hypoxic fraction.

Text Figure 1l. An extension of the case described in Text Figure
10, Here it is aséumed that although the fraction of hypoxic.cella is the
| same, the aerobic cells have moved to more sensitive age intervals and as a
result they make only 2 minorcontribution to an upward shift in the survival

curve for the N,-breathing case.

2




-23-

A final example of an incorrect conciusion based upon a standard

N,-air breathing test is summarized in Text Figures 12 and 13, Here I start

2
'wi:h a condition relative to the hypoxic fraction which I would expect to be
more likely than those schematized in Text Figures 4 and 9, When tumor cells
outgrow there blood supply, one evidence of this is their inability to be
labeled with 3H-t£ymidine (21)., Wwhile it is possible that this results from
some form of coordinated control of metabélism which may or may not be
causally related to hypoxia, i£ is also quite possible that a lack of DNA
synthesis reflects the“accumulation of cells in phases other than S; For
example, it seems possible that cells might accumulate in G, as shown in
panel A, Text Figure 12 and even though this is a sensihive phase in the age-

\{:sponse pattern chosen, the sensitivity conferred by oxygen on the rest of

the cells could easily leave behind most of the G, cells which were hypoxic

1
at the time of the conditioning dose, Diagrammetically, this is shown by
the transition from panel A to B with therheight ofvthe surviving moiety
increased in the latter for clarity, In time, some reoxygenation of these G1
survivors may occur and concomitantly a portio; of these cells might progress
into S, This leads to & small reduction of the proportion of cells in G1

and still hypoxic; however, this does not have much of an effect, as indicated
by the "air breathing” curve in Text Figure 13, even though S is a resistant
phase, Once again, this is because of the sensitizing effect of oxygen.

But when the population is rendered hypoxic, an upwafd shift in survival could

result becausec now the relative resistance of S cells is expressed, Therefore,



2~

as indicated in Text Figure 13 a small degree of reoxygenation could lead
to an gigiﬁz ratio considerably larger than the actual hypoxic fraction; in
Text Figure 13, we show.Eigigz = 0,1 even though perhaps,only one-third
of the cells might have been reoxygenated.

This case illustrates that even if questions relative to a possible
oxygen dependence of sublethal damage repair are not implicated, an oxygen~
dependent progression into a resistant age infervallcould lead to an

appreciable overestimation of the degree of reoxygenation.

-

Text Figure 12. Age-density and age-reéponse patterns similar to
those in Text Figure 9 except that it is assumed that initially the hypoxic

cells are mainly in G The ordinates in panels.Biand C are increased for

1.
clarity. Panel C shows that a small fraction of the surviving'cells which

were essentia11§ all hypoxic have become oxic and have concomitantly progressed

) B " *
into a resistant age interval, -

Text Figure 13, Application of the standard N, -air breathing test

2
to the situation in panel C, Text Figure 12, Because those cells which have
become oxic are also more resistant an overestimate of the hypoxic fraction

is obtained,




Requirements for Accurate Hypoxic Fraction Assessments

The preceding examples can be of help in analyzing what in general
are the conditions for-an accurate assessment of the oxygen status of a
tumor either before or during a fractionation series. As will ?e clear from
the following,-unfortunately these conditions are not easy to satisfy,

| * % % % %

Condition l--The magnitude of the OER‘for-the particular cells in
question must be known as well as whether it is independent of age or position
in the growth cycle as ‘current in vitro data suggest. The need to know about
any age-dependent effects follows from the fact that different population
mixtures may be involved. The magnitude of the OER is needed to insure that
for the doses (or dose sequences) used, the influence of oxic cells is
negligible, When doses of the order of 400 rads or less are used, so that
survivals might be in the shaulder region of a curve, 1£ might be necessary
to know also the shoulder widths since these will bea? on the degree toﬁwhich
oxic cells influence the air breatﬁing data,

Condition 2--The age-response pattern(s) must be known, In the examples
presented, I assumed that OER was independent of state of oxygenation, This
implies that the shape éf the age-response pattern is independent of oxygen. -
. But can we be sure that when cells 'grow into hypoxia'" as a tumor grows the age-
response pattern they assume is related to that of oxygenated cells as would
probably be the.case when oxic cells are gapidly rendered hypoxic (e.g., as in
cell culture experiments)? We need to know therefore whether in general, or at
least relative to specifié tumors, age-response is & function of degree of
hypoxia and therefore, perhaps, theiage and/or size of the tumor, The cell

biology needed to answer this question is as yet not available.



Condition 3--A requirement related to Condition 2 is whether hypoxic
cells grow, If they do, but more slowly, to what extent do their growth
phases maintain the same relative-lengths that they have when cells are well
oxygenated, I1f they do not gr;wth when hypoxic (or grow quite slowly) are
they confined to a particular age interval; for example, are they in Go?

These questions amount to the requirement that we need to know the age-density
distribution of particularly hypoxic cells at the time when the Nz-air
breathing test is applied. ' |

Condition 4--We need to know whether or not sublethal damage repair
is cell age dependent and at an age where oxic cells do repair damage; we
need to know if repair depends on the degree of hypoxia or at least if its
rate 1s influenced by hypoxia. Concerning repair under well oxygenated
~ conditiens, current evidence indicates that as long as ceils have a capacity
for sublethal damage, this damage can be repaired although it is conceivable
that in some situations, it may be hard to distinguish sublethal damage
vepair from the assumption of resistance concomitant with progression. But
relative to repair vs. oxygen tension, some pelieve that at least the rate
is reduced and as illustrated in Text Figures % and 10, differential repair
could be responsible for &n erroneous estiqate of degree of reoxygenation.

* %k &k % %



In summary, I can state that the conditions which must be met
enabling an accurate assessment of the hypoxic fraction lead to the following
criteria; a) in géneral, the age-density distribution of hypoxic and aerobic
cells must be the same; b) in.general, the OER must be independent of age;
c)-in the case of estimates of reoxygenation, the conditloning dose(s) wust
be large enough to render quite small the proportion of initially oxygenated
cells still surviving; and d} also relative to reoxygenation, the degree of
sublethal damage repair must be the same for the hypoxic and oxic fractions
at the time of the Nz-air breathing cést; While these criteria are neecded

for accurate estimates of the ratio hxgkaer, I noté that N, -air breathing

2
survival curves displaced from each other as in Text Figures 1 and 2 for
example, indicate at least that the population is mixed with respect to

oxygen status and this'by itself is biologically important,

“my .



T

Human Tumor Treatment and Reoxypenation

To appreciate the consequences of reoxygenation, particularly
complete reoxygenation (10), relative to tumors, I proceed now to outline the
consequences, By complete rgsxygenation, ordinarily one means that if, for
example, a tumor initially consists of 107 hypoxic viable cells (as in
Text Figure 1), between dose fractions this percentage is reestablished
insofar as concerns those cells which survived the prior irradiation, In
Text Figure 14, I show a series of survival curves (from ref, 14) which
compares the effect of ‘reoxygenation Qith that of no reoxygenation while for
both situations, full repair of sublethal damage is assumed, In this figure,
the ratio aer/hyp is given (instead of the reciprocal as in earlier figures)
and by the symbolism aser/hyp = 9= 0, I mean that no reoxygenation between
doses occurs while ser/hyp = 9,9,,..9 stands for complete reoxygenation
between fractions.

- If after successive fr§ction of size D, no reoxygenation occurs,
fext Figure 14 shows that the successive survi§a1 curves lie above the single
dose curve (the think, continuous line)., Thus, repair without reoxygenation
;equires a greater total dose to reach a given level of survival than would
be required by a single dose., On the other hand, the dashed curves below Ehe
single dose curve show the effect of complete reoxygenation with repair, Now,
after each fraction, the initial curve is replotted from each new origin ;o
that the net effect is that survival dropé off more rapidly. Therefore, a
given survival ievel requires a smaller total dose than would be required

when a single exposure is used even though I have assumed complete repair of

sublethal damage between fractions.



Text Figure 14, Schematic drawing of the effect of repair of sub-
lethal damage: {1) when reoxygenation is negligible, cutrves lying above the
thick curve (aer/hyp = 9 ~ 0).; and (2) when re?xygenation returns the mixing
ratio to its initial value between each fraction, curveg Iying below the thick
curve (aer/hyp = 9,9,...9). For simplicity, the single fraction dose D was
assumed large enough to reach the survival region controlled initially by
hypoxic cells. In contrast to earlier figures, here the ratio aer/hyp is used

instead of hyp/aer, 4

Since results with human tumors usually become available as isotreat-
ment plots (14); the predictions of the trends in Text Figure 14 are shown as
isosurvival plots in Text Figure 15, Tbe nomenclature here is similar to that
in Text Figure 14 and the ;urvival parameters are the same as those in Text

Figure 1. As has already been explained iﬁ detail (14), the thin sets of

lines show the predictions for 100% aerobic cells (lower pair) and 90% aercbic
[ J

cells with no reoxygenation (upper pair starting from ~4900 rads), No repair

(plus no division) between fractions leads to horizontal plots while complete
repair for both sets of conéitions leads to ascending lines asllong as
reoxygenation is at most only minorly involved. The thick line which refers
te full reoxygenation shows that as the number of fractions is increased,

the curve drops to ; minimum and then rises, If cells do not repair, this

curve drops more rapidly but always lies above the ascending aerobic curve (14).
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Text Figure 15, Isosurvival curve for 1 x 10-1
tion, an initial and repeating mixing ratio of 9, full repalr of sublethal
danage, and the survival curve‘parameters used in Text Figure 1. In contrast

to earlier figures, here the ratio aer/hyp is used instead of hyp/aer.

Thus, Text Figure 15 shows diagrammatically the opposite trends
relative to isosurvival.when the extreme situations just outlined are
considered. These opposite trends may be characterilzed &s follows, When no
reoxygenation occurs, an ascending isogurvival plot is prédicted if there is
repair of sublethal damage. To a2 first approximation, the initial steepness
of this curve-depends upon the OER and the shoulder width of the single-cell
survival curve, In contrast, when the amount of rebair is moderate and/or
the degree of reoxygenation is relatively large, the character ;f the
isosurvival plot changes in that a minimum is evident, Clearly, a family of
enrves between these extremes is to be expected from various combinations of
repair of sublethal damage and rediygenation but when reoxygenation without

repair is involved, a minimum is always predicted,
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Several sets of data relative to human tumors show ascending iso~
effeét trends (14). These include human skin cancers (22-24), carcinoma of
the cervix (25), recurrent breast nodules (26), and breast cancer (Primaries,
recurzences, and metastases, 27); plots of all of these déta are contalned in
reference 14, In each instance, the importance of sublethal damage seems
clear--baecause the curves are clearly ascending--but in each instance some
contribution from reoxygenat{on cannot be ruled out. Although the data are
not extensive enough to establish clear trends, the results of Scott and
Brizel 628) in Text Figure 16 for Hodékin's disease suggest that the initial
portion of the {sosurvival plot does not go up and may be flat, This could
represent a range of numbers of treatments in which teoxygenation is just
balanced by repair of sublethal damage before the latter effect, accompanied
perhaps by some amount of repopulation between fractions, causes the total
dose to increase, It is also possible that thencapacity for sublethal damage
of these cells, and therefore their ability to repair sublethal damage, 15

small (29).



The examples from the clinical literature (22-28) illustrate that
in general reoxygenation made evident by an early minimum in the isotreatment
curve is not found, althougﬁ Howes and Field (30) believe that a small dip
at two fractions ig evidgnt in the data og recurrent bre#st nodules cited
above (26)., But a lack of a minimum may be likely for these reasons, In
the region of say 1 to 10 fractions, each fraction is fairly large. As a
Aconsequence, cells (survivors apd nonsurviédrs) can be expected to age slowly,
because they are retarded by the large doses, although general metabolism
and attendant oxygen cdnsumption ca be ekpecfed to continue, Tumor éhrinkage
accompanied by the sparing of oxygen due to the breakdown of killed cells may
take days to set in and as a result the effects of reoxyéenation may be small
when the numbers of fractions are relatively few. (I note that frequently
after the onset of the treatment of solid tumors, tumor size increases for
some number of treatments before it starts to decrease; e.g., see ref, 31),
It seems likely to me, thergfore, that at the beginning of an isotreatﬁent
curve where in terms of the shape of the curve the effect of reoxygenation
would be expected to be most evident, the time needéd for reoxygenation to

have a noticeable effect is inadequate when daily fractions aré.used. This

could be true, I feel; even thougthz-air breathing tests indicate (presumably .

erroneously) that full reoxygenation can set in within 24 hours,
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At the opposite extreme, where the dose slze'is small and many
fractions are used first, cells are delayed less after each fraction so that
they may start to expreés their damaée by attempting the replication process
sooner, In addition, theré is more time for cell breakdown and the effects
of oxygen sparing éo set in and furthér, the magnitude of sublethal damage
repair may be expected'to ﬁe 1es§ ;ecause each dose is not as effective in
surmounting the shoglder of the single-cell survival curve as is the case
- dn the high dose regi;;. The net result is a much slower rate of increase
of the total dose withsnumber of fractions because in effect, the initial
state of oxygenation of the surviving cells {s maintained and fprther,-
they are treated with small dose fractions, <

Thus, for many types of tumors, if ;he treatments are close to
daily, in general I would not expect reoxyge;ation to be effecfive when the
number of fractions is smail (large doses) even’though it is in this region
where the effect of reoxygenation might be most‘noticeable. The reason is
simply that with a slow growing tumor the.growfh of which isldelayed further
by the radiation, enough time is not available for oxygen sparing to set in.
And when the number of fractions is large, reoxygenation whiie important, is

not easy to detect in an isotreatment plot because its main effect is to

contribute to a lessening of the rate of rise of the curve,
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Two qualifica;ious to the foregoing are in oid;r. 1%, because of
pafticular'cell and tumor properties, tumor shrinkagé sets in rapidly even
after large doses and/or the magnitude of repair of sublethal damage is small,
a flat fegion or a minimum high; be observed in an isotreatment plot (e.g.,
Text Figure 16). On the other hand, 1f‘tumor'shrinkage and the expected
6xygen sparing does noé happen.soonwenough in time &hen daily fractions are
used, it is conceivable that the isoeffect curve might nét flatten off as
‘rapidly as otherwise expected'evenbwhen a large number of fractions is used.
.The effect in practive“of the latter situation could be to fail to achieve
cures because the differential advantage that reoxygenation might efford in
counteracting sublethal damage repair and/or repopulation does not set in

soon enough,

Text Figure 16, A 1inear plot of the data of Scott and Brizel (28)

relative to Hodgkin's disease, Treatments were' 5 days per week,




pData Needed to Assess Tumor Fractionation

‘Recognizing that in tumor therapy a principal objective is to achieve
a maximal differential response between malignant and normal tissue, it remains
nevertheless important to éssegs to what extent the radiobiology of cells is
applicable, Therefore, I undertake to briefiy describe first, the main cell
properties of a tumor{;hat should ﬁe measured and s;cond, the main tumor

properties which should be determined for a.reasonably definitive assessment,

- 8ince the data I will call for are hard to get, I will also indicate some

 limited obsérvations which miéht be obtainable in the clinic and which night

still permit inferences of value. 1In doing thi;, I will not attempt an
evaluation of feasibility., While maﬁy of the observations may not be possible,
ways of measuring of.inférring others may be Qorked out in time if at least

we know what is required..

Cell Properties

1, Starting perhaps with biopsy specimens, it would be desirabie
to know if histology can be used to predict survival properties but in any
event, for a gi@en tumor wé need to know: a) the aerobic survival curve;

b) the OER; and c) whether either a) or b) stroﬁgly depend upon the region
of the tumor sampled., Presumably, cell culture techniques would be used for
these measurements since in principle, they ought to work, In the limit,

we would want to know the age-response properties of the oxic and hypoxic
regions of the tumor as well as the age-dénsity distributions but hopefully,

the’need for data as extensive as this could be avoided,.
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. 2. Using cell culture methods and asynchtonaué cells, we would

need to know: a) what is the fractionation response relative to repairiof
sublethal damage; b) whether this is ‘significantly affgcted by hypoxia; .
and ¢) whether a) and b) depend on the region of the tuﬁor sampled,

3. We wéuld need to know the dose and oxygen dependence of popu-
lation growth (for single and fractionated doses) and particularly whén cell
breakdown starts, It would be desirable to know if and td what extent
oxygen consumption is ﬁaintained and the relation betwe;n changes in this and
the onset of cell breakdown., 1If the cells in question can grow fairly
actively under hypoxic con#itions, we may find at most a wegk dependence of

sublethal damage repair on state of oxygeﬁation. .

Jumor Properties

We would want to know:

l. What proportion of the tumor mass consists of viable tumor cells
and how they are distribufed with respect to th; availability of oxygen.

2. Are hypoxic, viable cells in cycle,

3. After one or more éose fractions what are the growtﬂ kinetics
of the tumor and hos is this dependent upon the interval betgeeﬂ fractions,

4. How and when does the distribution of oxygen in the tumor change
during fractionation,

5. To what extent a%é ﬁost-tumqr interactions involved like immuno-

logical reactions of the host against small residual fractions of viable cells

ané to what extent, if at all, is this mediated by tumor shrinkage.



Clinical Data
. While animalltumor systems can, and in part are, being useé t§

develop insights concerning the foregoing properties, it {s desirable to gain

information relative to given types of human tumors where possible, For

this purpose, it séems justifiéd to limit the scope of an‘experimentél

1nqu;;y in order to effect a reasonable compromise with ptacticaﬁility.

The question I put, therefore, is: To what extent does reoxygenation play

a4 role in the treatment of tumors and how might this role be made more

effective? . ) . .

While the body of data available for analysis on the fractionation
response of human tumors is limited (e.g.; refs, 22-28), when plotted on '
coordinates essentially the same as in Text Figurg iS, ascending curves are
obtained., This means, to begin with;.tbét repair of sublethal damage {is
effective since the univefsality of this process is established~(é.g., ref, 19),
and a reasonable explanation of such results on other grounds is not avail-
able. In some instances, perhaps, it is Eossible that essentially only oxic
cells populated the tumors (e.g., the results of Friedman and Pearlman on
recurrent breast noduies, 26), but in general it seems hard to believe that
significant fractions of viable hypoxic cells were not involved, Thus, it
appears that either all or at least an appfeciable part of the cells which have
hypoxic cell sensitivities do repair sublethal damage at least rapidly enough

to lead to ascending isoeffect curves when daily treatments are involved.

‘.



<

As a guide to clinical studies, therefore, 1 propose the thesis that
tumors can be treated differentially more effectively if contributions to cell

killing from reoxygenation can be increased simply by affording more time

" between fractions for cell lysis and tumor shrinkage to set in. To illustrate

this, consider two.extreme situation§ aimed at testing this thesis,
; * % Kk %

Case I. A tumor type is selected known to shrinﬁ relatively rapidly
after modest doses delivered, £6r example, daily. Since, radiabiological
reasoning indicates that the effect of reoxygenation might be most effecfive
when about 10 or fewer treatments are involved (Text Figure 15),.the experi-
ment could be séarted by selecting say 6 (e.g., Monday through Saturday) and
a total dose in agreemént with current practive., A comparison would then be
made between daily treatment, treatment every second day, every third day,
and so on., At the same timé, a careful record should be kept of tumor size
in order to correlaté tumor growth and shrinkaéé with the presence or absence
of enhanced effectiveness and é.larger number of cures with increasing frac-
tionation interval., The preéiction from my thesis is that the ﬁet benefit
would be small from increasing the interval between fractions in this case.

- Case I1. A tumor type is se;ected which is iédioresistant in that
its growth rate is usually observed to be only slowly altered after the onset

of daily treatment. Once again, 10 or fewer fractions are chosen and using an

.accepted total dose, controlled series of treatments are initiated with the

ﬁ incipal variable being the interval between doses,



. To facilitate the choice of treatment times, some preliminary
observations of tumor growth after irradiation should be made (if not .
already available) in order that intervals can be selected for the study
which straddles the time for the onset of tumor shrinkage. Further, if
possible, biopsy specimens as a function of time after irradiation should be
sought iq order to confirm the onset of cell degeneration and to seek evidence
for reoxygenation, For the latter purﬁoses, the scoring of pycnotic cells
in relation to capillaries could be used as an indication of cell degenera-
tion. Observations of “the spatial distribution of cells that can incorporate
'3H-thymidine may yield information of the extent to which cells initially
out of cyclé (presumably hypoxic) are brought back into cycle as oxygen
becomes available.

In the foregoing protocols, constant treatment intervals are implied,
"~ In addition to varying the number of treatments and the tofal dose, considera-
tion should be given to using an interval sequence which might be changed as
treatment progresses, For example, if if fakes about 5 days for the onset
of tumor shrinkage after a given dose, an initial interval of about this
time would be reasonable to use but thereafter depending on the rate of
shrinkage and/or the indications from biopsy measurements, the interval
- might be decreased, ' . g B . | :.;T. a ) ;

[
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Recapitulation

In the foregoing clinical trials, I have kept the proposals relatively

simple in an effort to effect a reasonable compromise with practicality.

To test the applicability of'radiobiological principles and isosurvival
theory, it is easy to propose approaches considerably more complex and for
such pu:§oses, more complgte measurements of cell as ﬁell as tumor properties
could be made along the lines 1 suggested. However, current evidence leads
me to believe that two opposing radiobiological factors control to a large

. . s .
extent the response of many solid tumors, These are repair of sublethal

damage and the oxygen effect, Having as they do essentially opposing effects
relative to tumor sterilization, what I have proposed in essence is a simple
way, at a clinical 1e§e1, of increasing the influence of the sensitizing
effect of oxygen in order to shift the balanee in the direction of a smaller
??tal dose for a given effect, The procedures I have outlined depend upon
host mediated reoxygenation although, as I have pointed out, the evidence
for this from animal tumor systems is good in é qualitative sense but might
be quite pbor quantitatively, Once tumor shrinkage has set in, hyperbaric

oxygen could also add an additional benefit,
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An underlying assumption in pitting the oxygen effect in opposition
to sublethal damage repair is that normal tissﬁe is well oxygenated and that
any success in increasing tumor cell killin with the same or a smaller total
dose than otherwise used wou}d constitute an improved differential effect.
Certainly this would be expected to apply to normal cell renewal systems,
which are also known to repair sublethal damage, but it could also apply |
to essential normal tissues whose function does not involve cell division
and which may not be able to refair sublethal effects, It is also noteworthy
that a reduced OER for;high LET radia;ion might still be worth taking ‘
advantage but its usefulness would decrease as methods for enhancing reoxy-
genation improve. . o

Finally, I should note that effecting a greater measure of reoxygena-
tion between doses does not mean that the survival enhancing effects resulting
from a gfeater degree of sublethal damage repair would work against the
‘greater killing éxpected from reoxygenation. E;en if it is true that cells
suffering extreme conditions of hypoxia repair damage only after they become
oxygenated, when large dose fracgions are involved there wguld be little if
any net survival increése; fhe reason is that oxygenation #isb means a
decrease in:ﬁo by 2 to 3 times and as a result; the effect of repair relative

to shoulder width would very likely be overshadowed by the sensitization due

to oxygen.
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