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The Oxygen Effect

n Many chemical and pharmacologic agents can modify the 
biological effect of ionizing radiation

n Oxygen is a power radiation sensitizer 



The Oxygen Effect

n The oxygen effect was observed as early as 1912

n Work by Thomlinson and Gray in 1955 generated tremendous 
interest in role of oxygen in radiation therapy

Swartz noted that the skin reaction 
produced on his forearm by a 
radium applicator was reduced if 
the applicator was pressed hard 
onto the skin



The Oxygen Effect
Survival Curves ± O2

+O2

hypoxic

Note the broader shoulder 
and larger D0 for the 
hypoxic curve

D0
D0



Oxygen Enhancement Ratio (OER)

The degree of sensitization is expressed in 
terms of Oxygen Enhancement Ratio (OER)

+ O2 

- O2 
dose under hypoxic condition

OER = dose under aerobic condition

to produce the same biological effect

SF = 0.01
OER = 2000/800 = 2.5



OER as a Function of Cell Cycle

n OER = 2.5 – 3.5 for sparsely IR (X-ray, g-rays) 

n OER varies through the cell cycle, at least for fast-growing 
proliferating cells in vitro

n OER = 2.8-2.9 for S phase; OER = 2.3-2.4 for G2 phase; 
G1 falls in between

See chapter 4 (p63)
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the survival curve does not have an initial shoul-
der. In this case, survival estimates made in the 
presence or absence of oxygen fall along a com-
mon line; the OER is unity—in other words, 
there is no oxygen effect. For radiations of inter-
mediate ionizing density, such as neutrons, the 
survival curves have a much reduced shoulder. In 
this case, the oxygen effect is apparent, but it is 
much smaller than is the case for x-rays. In the 
 example shown in Figure 6.2, the OER for neu-
trons is about 1.6.

In summary, the oxygen effect is large and 
important in the case of sparsely ionizing radia-
tions, such as x-rays; is absent for densely ion-
izing radiations, such as !-particles; and has an 
intermediate value for fast neutrons.

■  THE TIME AT WHICH OXYGEN ACTS 
AND THE MECHANISM OF THE 
 OXYGEN EFFECT

For the oxygen effect to be observed, oxygen 
must be present during the radiation exposure 
or, to be precise, during or within microseconds 
after the radiation exposure. Sophisticated ex-
periments have been performed in which oxy-
gen, contained in a chamber at high pressure, 
was allowed to “explode” onto a single layer of 
bacteria (and later mammalian cells) at various 
times before or after irradiation with a 2-"s elec-
tron pulse from a linear accelerator. It was found 
that oxygen need not be present during the irra-
diation to sensitize but could be added afterward, 
provided the delay was not too long. Some sen-
sitization occurred with oxygen added as late as 
5 milliseconds after irradiation.

Experiments such as these shed some light 
on the mechanism of the oxygen effect. There is 
general agreement that oxygen acts at the level 
of the free radicals. The chain of events from the 
absorption of radiation to the fi nal expression of 
biologic damage has been summarized as follows: 
The absorption of radiation leads to the pro-
duction of fast-charged particles. The charged 
particles, in passing through the biologic mate-
rial, produce several ion pairs. These ion pairs 
have very short life spans (about 10!10 second) 
and produce free radicals, which are highly re-
active molecules because they have an unpaired 
valence electron. The free radicals are important 
because although their life spans are only about 

show in a tissue. There is some evidence also that 
for cells in culture, the survival curve has a com-
plex shape for doses less than 1 Gy. What effect, 
if any, this has on the OER is not yet clear.

Figure 6.2 illustrates the oxygen effect for 
other types of ionizing radiations. For a densely 
ionizing radiation, such as low-energy !-particles, 

FIGURE 6.1  Cells are much more sensitive to x-rays 
in the presence of molecular oxygen than in its absence 
(i.e., under hypoxia). The ratio of doses under hypoxic to 
aerated conditions necessary to produce the same level 
of cell killing is called the oxygen enhancement ratio 
(OER). It has a value close to 3.5 at high doses (A), but 
may have a lower value of about 2.5 at x-ray doses less 
than about 2 to 3 Gy (B). (Adapted from Palcic B, Skars-
gard LD. Reduced oxygen enhancement ratio at low 
doses of ionizing radiation. Radiat Res. 1984;100:328–
339, with permission.)
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der. In this case, survival estimates made in the 
presence or absence of oxygen fall along a com-
mon line; the OER is unity—in other words, 
there is no oxygen effect. For radiations of inter-
mediate ionizing density, such as neutrons, the 
survival curves have a much reduced shoulder. In 
this case, the oxygen effect is apparent, but it is 
much smaller than is the case for x-rays. In the 
 example shown in Figure 6.2, the OER for neu-
trons is about 1.6.

In summary, the oxygen effect is large and 
important in the case of sparsely ionizing radia-
tions, such as x-rays; is absent for densely ion-
izing radiations, such as !-particles; and has an 
intermediate value for fast neutrons.

■  THE TIME AT WHICH OXYGEN ACTS 
AND THE MECHANISM OF THE 
 OXYGEN EFFECT

For the oxygen effect to be observed, oxygen 
must be present during the radiation exposure 
or, to be precise, during or within microseconds 
after the radiation exposure. Sophisticated ex-
periments have been performed in which oxy-
gen, contained in a chamber at high pressure, 
was allowed to “explode” onto a single layer of 
bacteria (and later mammalian cells) at various 
times before or after irradiation with a 2-"s elec-
tron pulse from a linear accelerator. It was found 
that oxygen need not be present during the irra-
diation to sensitize but could be added afterward, 
provided the delay was not too long. Some sen-
sitization occurred with oxygen added as late as 
5 milliseconds after irradiation.

Experiments such as these shed some light 
on the mechanism of the oxygen effect. There is 
general agreement that oxygen acts at the level 
of the free radicals. The chain of events from the 
absorption of radiation to the fi nal expression of 
biologic damage has been summarized as follows: 
The absorption of radiation leads to the pro-
duction of fast-charged particles. The charged 
particles, in passing through the biologic mate-
rial, produce several ion pairs. These ion pairs 
have very short life spans (about 10!10 second) 
and produce free radicals, which are highly re-
active molecules because they have an unpaired 
valence electron. The free radicals are important 
because although their life spans are only about 

show in a tissue. There is some evidence also that 
for cells in culture, the survival curve has a com-
plex shape for doses less than 1 Gy. What effect, 
if any, this has on the OER is not yet clear.

Figure 6.2 illustrates the oxygen effect for 
other types of ionizing radiations. For a densely 
ionizing radiation, such as low-energy !-particles, 

FIGURE 6.1  Cells are much more sensitive to x-rays 
in the presence of molecular oxygen than in its absence 
(i.e., under hypoxia). The ratio of doses under hypoxic to 
aerated conditions necessary to produce the same level 
of cell killing is called the oxygen enhancement ratio 
(OER). It has a value close to 3.5 at high doses (A), but 
may have a lower value of about 2.5 at x-ray doses less 
than about 2 to 3 Gy (B). (Adapted from Palcic B, Skars-
gard LD. Reduced oxygen enhancement ratio at low 
doses of ionizing radiation. Radiat Res. 1984;100:328–
339, with permission.)
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OER as a Function of Dose (& Dose Rate)

For rapidly growing cells, OER at low doses (& dose rates) tends to be lower than the OER at 
high doses (& dose rates)

At high dose, cell killing is dominated by cells 
in radioresistant phase, therefore OER has a 
larger value (OER for S phase = 2.8-2.9)

At low dose, cell killing is dominated by cells 
in radiosensitive phase, therefore OER has a 
smaller value (OER for G2 phase = 2.3-2.4)

Little significance in clinical radiation therapy



OER as a Function of Radiation Quality

OER ¯ as LET ­

Summary

The oxygen effect is large and important for 
sparsely ionizing radiations, absent for densely 
ionizing radiations, and has an intermediate 
value for fast neutrons
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cannot take place in the absence of oxygen; since 
then, many of the ionized target molecules are 
able to repair themselves and recover the ability 
to function normally. In a sense, then, oxygen 
may be said to “fi x” or make permanent the ra-
diation lesion. This is known as the oxygen fi xation 
hypothesis. The process is illustrated in Figure 6.3.

■  THE CONCENTRATION OF 
OXYGEN REQUIRED

A question of obvious importance is the concen-
tration of oxygen required to potentiate the ef-
fect of radiation. Is the amount required small or 
large? Many investigations have been performed 
using bacteria, plants, yeast, and mammalian cells, 
and the similarities between them are striking.

10!5 second, that is appreciably longer than that 
of the ion pairs. To a large extent, it is these free 
radicals that break chemical bonds, produce 
chemical changes, and initiate the chain of events 
that result in the fi nal expression of biologic 
damage; however, it has been observed that the 
extent of the damage depends on the presence or 
absence of oxygen.

If molecular oxygen is present, DNA reacts 
with the free radicals (R·). The DNA radical 
can be chemically restored to its reduced form 
through reaction with a sulfhydryl (SH) group. 
However, the formation of RO2 ·, an organic 
peroxide, represents a nonrestorable form of 
the target material; that is, the reaction results 
in a change in the chemical composition of the 
material exposed to the radiation. This reaction 

FIGURE 6.2  The oxygen enhance-
ment ratio (OER) for various types of 
radiation. X-rays exhibit a larger OER 
of 2.5 (A). Neutrons (15-MeV d" → T) 
are between these extremes, with an 
OER of 1.6 (B). The OER for low-energy 
!-particles is unity (C). (Adapted from 
Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on im-
pairment of the proliferative capacity 
of human cells in culture by ionizing 
radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:
317–327, and Broerse JJ, Barendsen 
GW, van Kersen GR. Survival of cultured 
human cells after irradiation with fast 
neutrons of different energies in hy-
poxic and oxygenated conditions. Int 
J Radiat Biol Relat Stud Phys Chem Med. 
1968;13:559–572, with permission.)
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cannot take place in the absence of oxygen; since 
then, many of the ionized target molecules are 
able to repair themselves and recover the ability 
to function normally. In a sense, then, oxygen 
may be said to “fi x” or make permanent the ra-
diation lesion. This is known as the oxygen fi xation 
hypothesis. The process is illustrated in Figure 6.3.

■  THE CONCENTRATION OF 
OXYGEN REQUIRED

A question of obvious importance is the concen-
tration of oxygen required to potentiate the ef-
fect of radiation. Is the amount required small or 
large? Many investigations have been performed 
using bacteria, plants, yeast, and mammalian cells, 
and the similarities between them are striking.

10!5 second, that is appreciably longer than that 
of the ion pairs. To a large extent, it is these free 
radicals that break chemical bonds, produce 
chemical changes, and initiate the chain of events 
that result in the fi nal expression of biologic 
damage; however, it has been observed that the 
extent of the damage depends on the presence or 
absence of oxygen.

If molecular oxygen is present, DNA reacts 
with the free radicals (R·). The DNA radical 
can be chemically restored to its reduced form 
through reaction with a sulfhydryl (SH) group. 
However, the formation of RO2 ·, an organic 
peroxide, represents a nonrestorable form of 
the target material; that is, the reaction results 
in a change in the chemical composition of the 
material exposed to the radiation. This reaction 

FIGURE 6.2  The oxygen enhance-
ment ratio (OER) for various types of 
radiation. X-rays exhibit a larger OER 
of 2.5 (A). Neutrons (15-MeV d" → T) 
are between these extremes, with an 
OER of 1.6 (B). The OER for low-energy 
!-particles is unity (C). (Adapted from 
Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on im-
pairment of the proliferative capacity 
of human cells in culture by ionizing 
radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:
317–327, and Broerse JJ, Barendsen 
GW, van Kersen GR. Survival of cultured 
human cells after irradiation with fast 
neutrons of different energies in hy-
poxic and oxygenated conditions. Int 
J Radiat Biol Relat Stud Phys Chem Med. 
1968;13:559–572, with permission.)
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Do you expect OER for neutron and a-rays to be larger or smaller than that for X-ray? 



Mechanism of the Oxygen Effect
n Experiments have shown that O2 needs to be present either during 

or within a few microseconds after exposure in order to act as a 
sensitizer

n This is said to imply that O2 acts at the free radical levels

Recall the mechanism of indirect action

Radiation interacts first with other atoms or 
molecules in the cell (usually H2O) to 
produce free radicals, which in turn diffuse 
and damage DNA 
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of electrons, spins are paired; that is, for every 
electron spinning clockwise, there is another one 
spinning counterclockwise. This state is associ-
ated with a high degree of chemical stability. In 
an atom or molecule with an odd number of elec-
trons, there is one electron in the outer orbit for 
which there is no other electron with an opposing 
spin; this is an unpaired electron. This state is as-
sociated with a high degree of chemical reactivity.

For simplicity, we consider what happens if 
radiation interacts with a water molecule, be-
cause 80% of a cell is composed of water. As a 
result of the interaction with a photon of x- or 
!-rays or a charged particle, such as an electron 
or proton, the water molecule may become ion-
ized. This may be expressed as

H2O → H2O! ! e"

materials of high Z is one reason for the familiar 
appearance of the radiograph. For radiotherapy, 
however, high-energy photons in the megavolt-
age range are preferred because the Compton 
process is overwhelmingly important. As a con-
sequence, the absorbed dose is about the same in 
soft tissue, muscle, and bone, so that differential 
absorption in bone, which posed a problem in 
the early days when lower energy photons were 
used for therapy, is avoided.

Although the differences among the various 
absorption processes are of practical importance 
in radiology, the consequences for radiobiology 
are minimal. Whether the absorption process 
is the photoelectric or the Compton process, 
much of the energy of the absorbed photon is 
converted to the kinetic energy of a fast electron.

■  DIRECT AND INDIRECT ACTION 
OF RADIATION

The biologic effects of radiation result prin-
cipally from damage to deoxyribonucleic acid 
(DNA), which is the critical target, as described 
in Chapter 2.

If any form of radiation—x- or !-rays, charged 
or uncharged particles—is absorbed in biologic 
material, there is a possibility that it will inter-
act directly with the critical targets in the cells. 
The atoms of the target itself may be ionized or 
 excited, thus initiating the chain of events that 
leads to a biologic change. This is called direct 
action of radiation (Fig. 1.8); it is the dominant 
process if radiations with high linear energy 
transfer (LET), such as neutrons or "-particles, 
are considered.

Alternatively, the radiation may interact with 
other atoms or molecules in the cell (particularly 
water) to produce free radicals that are able to dif-
fuse far enough to reach and damage the critical 
targets. This is called indirect action of radia-
tion.* A free radical is an atom or molecule carry-
ing an unpaired orbital electron in the outer shell. 
An orbital electron not only revolves around the 
nucleus of an atom but also spins around its own 
axis. The spin may be clockwise or counterclock-
wise. In an atom or molecule with an even  number 

FIGURE 1.8  Direct and indirect actions of radiation. 
The structure of DNA is shown schematically. In direct 
 action, a secondary electron resulting from absorption 
of an x-ray photon interacts with the DNA to produce an 
effect. In indirect action, the secondary electron interacts 
with, for example, a water molecule to produce a hydroxyl 
radical (OH·), which in turn produces the damage to the 
DNA. The DNA helix has a diameter of about 20 Å (2 nm). 
It is estimated that free radicals produced in a  cylinder 
with a diameter double that of the DNA helix can affect 
the DNA. Indirect action is dominant for sparsely ion-
izing radiation, such as x-rays. S, sugar; P, phosphorus; A, 
 adenine; T, thymine; G, guanine; C, cytosine.
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*It is important to avoid confusion between directly and indi-
rectly ionizing radiation, on the one hand, and the direct and 
indirect actions of radiation on the other.
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Mechanism of the Oxygen Effect

n Apparently, when O2 is present, it reacts with a broken end (free 
radical) of a DNA strand, R•, to form the peroxide RO2 •

n This prevents chemical restitution of the DNA radical, and thus 
“fixes” the radiation lesion

n This is known as the “oxygen fixation hypothesis”

DNADNA

DNA-H

-SH
(Chemical Restitution)

•

DNA-OO DNA-OOH

O
2

(Damage Fixation)

Cell Death

•



The Oxygen Fixation Hypothesis

For densely ionizing radiation, 
direct action dominates, thus no 
appreciable oxygen effect

Free radicals have a t1/2 of 10-5 sec, 
therefore, O2 must be present during or 
shortly afterwards

For sparsely ionizing radiation, ~ 2/3 of the 
damage produced is mediated by which 
may be ‘fixed’ by oxygen
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sequence, the absorbed dose is about the same in 
soft tissue, muscle, and bone, so that differential 
absorption in bone, which posed a problem in 
the early days when lower energy photons were 
used for therapy, is avoided.

Although the differences among the various 
absorption processes are of practical importance 
in radiology, the consequences for radiobiology 
are minimal. Whether the absorption process 
is the photoelectric or the Compton process, 
much of the energy of the absorbed photon is 
converted to the kinetic energy of a fast electron.
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OF RADIATION

The biologic effects of radiation result prin-
cipally from damage to deoxyribonucleic acid 
(DNA), which is the critical target, as described 
in Chapter 2.

If any form of radiation—x- or !-rays, charged 
or uncharged particles—is absorbed in biologic 
material, there is a possibility that it will inter-
act directly with the critical targets in the cells. 
The atoms of the target itself may be ionized or 
 excited, thus initiating the chain of events that 
leads to a biologic change. This is called direct 
action of radiation (Fig. 1.8); it is the dominant 
process if radiations with high linear energy 
transfer (LET), such as neutrons or "-particles, 
are considered.

Alternatively, the radiation may interact with 
other atoms or molecules in the cell (particularly 
water) to produce free radicals that are able to dif-
fuse far enough to reach and damage the critical 
targets. This is called indirect action of radia-
tion.* A free radical is an atom or molecule carry-
ing an unpaired orbital electron in the outer shell. 
An orbital electron not only revolves around the 
nucleus of an atom but also spins around its own 
axis. The spin may be clockwise or counterclock-
wise. In an atom or molecule with an even  number 
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The structure of DNA is shown schematically. In direct 
 action, a secondary electron resulting from absorption 
of an x-ray photon interacts with the DNA to produce an 
effect. In indirect action, the secondary electron interacts 
with, for example, a water molecule to produce a hydroxyl 
radical (OH·), which in turn produces the damage to the 
DNA. The DNA helix has a diameter of about 20 Å (2 nm). 
It is estimated that free radicals produced in a  cylinder 
with a diameter double that of the DNA helix can affect 
the DNA. Indirect action is dominant for sparsely ion-
izing radiation, such as x-rays. S, sugar; P, phosphorus; A, 
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obtained under experimental conditions (10 ppm 
of oxygen in the gas phase). The introduction 
of a very small quantity of oxygen, 100 ppm, is 
readily noticeable in a change in the slope of the 
survival curve. A concentration of 2,200 ppm, 
which is about 0.22% oxygen, moves the survival 
curve about halfway toward the fully aerated 
condition.

Other experiments have shown that, gener-
ally, by the time a concentration of oxygen cor-
responding to 2% has been reached, the survival 
curve is virtually indistinguishable from that 
obtained under conditions of normal aeration. 
Furthermore, increasing the amount of oxygen 
present from that characteristic of air to 100% 
oxygen does not further affect the slope of the 
curve. This has led to the more usual “textbook 
representation” of the variation of radiosen-
sitivity with oxygen concentration as shown in 
Figure 6.5. The term used here to represent ra-
diosensitivity is proportional to the reciprocal of 
the D0 of the survival curve. It is arbitrarily as-
signed a value of unity for anoxic conditions. As 
the oxygen concentration increases, the biologic 
material becomes progressively more sensitive 
to radiation, until, in the presence of 100% oxy-
gen, it is about three times as sensitive as under 
complete anoxia. Note that the rapid change of 
radiosensitivity occurs as the partial pressure of 
oxygen is increased from zero to about 30 mm 
Hg (5% oxygen). A further increase in oxygen 
tension to an atmosphere of pure oxygen has 

The simple way to visualize the effect of oxy-
gen is by considering the change of slope of the 
mammalian cell survival curve. Figure 6.4 is a 
dramatic representation of what happens to the 
survival curve in the presence of various concen-
trations of oxygen. Curve A is characteristic of 
the response under conditions of equilibration 
with air. Curve B is a survival curve for irradia-
tion in as low a level of hypoxia as usually can be 

FIGURE 6.3  The oxygen fi xation hypothesis. About 
two-thirds of the biologic damage produced by x-rays 
is by indirect action mediated by free radicals. The dam-
age produced by free radicals in DNA can be repaired 
under hypoxia but may be “fi xed” (made permanent 
and irreparable) if molecular oxygen is available.

FIGURE 6.4  Survival curves for Chinese 
hamster cells exposed to x-rays in the pres-
ence of various oxygen concentrations. Open 
circles, air (A); closed circles, 2,200 ppm of 
oxygen or pO2 of 1.7 mm Hg; open squares, 
355 ppm of oxygen or pO2 of 0.25 mm Hg; 
closed squares, 100 ppm of oxygen or pO2 of 
0.075 mm Hg; open triangles, 10 ppm of oxy-
gen or pO2 of 0.0075 mm Hg (B), which cor-
responded to the lowest level of hypoxia that 
could usually be obtained under experimental 
conditions. (Adapted from Elkind MM, Swain 
RW, Alescio T, et al. Oxygen, nitrogen, recovery 
and radiation therapy. In: Cellular Radiation Bi-
ology. Baltimore, MD: Williams & Wilkins; 1965:
442–461, with permission.)
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Concentration of O2 Required

Air
160 mm Hg

Survival curve of CHO cells exposed to X-rays 
at various concentrations of O2

Hypoxia 
0.0075 mm Hg

0.075

0.25

1.7

O2 Concentration in dry air =
O2 tension pO2 =

Introduction of even a very small amount of O2 
leads to a dramatic increase in radiosensitivity

At pO2 of 1.7 mm Hg ( = 0.22%), the survival 
curve is ~ halfway toward the fully aerated 
condition 

21%
760 x 0.21 = 160 mm Hg (Torr) 
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■ CHRONIC AND ACUTE HYPOXIA

It is important to recognize that hypoxia in tu-
mors can result from two quite different mecha-
nisms. Chronic hypoxia results from the limited 
diffusion distance of oxygen through tissue that is 
respiring. The distance to which oxygen can dif-
fuse is largely limited by the rapid rate at which 
it is metabolized by respiring tumor cells. Many 
tumor cells may remain hypoxic for long peri-
ods. In contrast to chronic hypoxia, acute hypoxia 
is the result of the temporary closing of a tumor 
blood vessel owing to the malformed vasculature 
of the tumor, which lacks smooth muscle and 
often has an incomplete endothelial lining and 
basement membrane. Tumor cells are exposed to 
a continuum of oxygen concentrations, ranging 
from the highest in cells surrounding the capil-
laries to almost anoxic conditions in cells more 
distant from the capillaries. This is signifi cant 
because both chronic and acute hypoxia have 
been shown to drive malignant progression.

Chronic Hypoxia
As already mentioned, radiotherapists began to 
suspect that oxygen infl uences the radiosensitivity 
of tumors in the 1930s. It was, however, a paper 
by Thomlinson and Gray in 1955 that triggered 
the tremendous interest in oxygen as a factor in 
radiotherapy; they described the phenomenon 
of chronic hypoxia that they observed in their 
histologic study of fresh specimens of bronchial 
 carcinoma. Cells of the stratifi ed squamous epi-
thelium, normal or malignant, generally remain 
in contact with one another; the vascular stroma 
on which their nutrition depends lies in contact 
with the epithelium, but capillaries do not pen-
etrate between the cells. Tumors that arise in this 
type of tissue often grow in solid cords that, seen 
in section, appear to be circular areas surrounded 
by stroma. The centers of large tumor areas are 
necrotic and are surrounded by intact tumor cells, 
which consequently appear as rings. Figure 6.6A, 
reproduced from Thomlinson and Gray, shows a 
transverse section of a tumor cord and is typical 
of areas of a tumor in which necrosis is not far 
advanced. Figure 6.6B shows large areas of ne-
crosis separated from stroma by a narrow band of 
tumor cells about 100 !m wide.

By viewing a large number of these samples 
of human bronchial carcinomas, Thomlinson 
and Gray recognized that as the tumor cord 

little, if any, further effect. An oxygen concen-
tration of 0.5% (or about 3 mm Hg) results in 
a radiosensitivity halfway between the charac-
teristic of hypoxia and that of fully oxygenated 
conditions.

It is evident, then, that very small amounts of 
oxygen are necessary to produce the dramatic and 
important oxygen effect observed with x-rays. 
Although it is usually assumed that the oxygen 
tension of most normal tissues is similar to that 
of venous blood or lymph (20–40 mm Hg), in 
fact, oxygen probe measurements indicate that 
the oxygen tension may vary between different 
tissues over a wide range from 1 to 100 mm Hg. 
Many tissues are therefore borderline hypoxic 
and contain a small proportion of cells that are 
radiobiologically hypoxic. This is particularly 
true of, for example, the liver and skeletal mus-
cles. Even mouse skin has a small proportion of 
hypoxic cells that shows up as a change of slope 
if the survival curve is pushed to low survival 
levels.

FIGURE 6.5  An idealized representation of the de-
pendence of radiosensitivity on oxygen concentration. 
If the radiosensitivity under extremely anoxic condi-
tions is arbitrarily assigned a value of unity, the relative 
radiosensitivity is about 3 under well-oxygenated con-
ditions. Most of this change of sensitivity occurs as the 
oxygen tension increases from 0 to 30 mm Hg. A further 
increase of oxygen content to that characteristic of air 
or even pure oxygen at high pressure has little further 
effect. A relative radiosensitivity halfway between an-
oxia and full oxygenation occurs for a pO2 of about 
3 mm Hg, which corresponds to a concentration of 
about 0.5% oxygen. This illustration is idealized and 
does not represent any specifi c experimental data. 
 Experiments have been performed with yeast, bacteria, 
and mammalian cells in culture; the results conform to 
the general conclusions summarized here.
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Dependence of Radiosensitivity on O2 Concentration

Rapid change 
occurs between 0 
and 30 mm Hg

Further increase to 
air or pure O2 has 
little further effect

pO2 of 3 mm Hg 
(0.5% O2) ­ 
radiosensitivity ½ of 
the full effect
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What Happens in Tissue?
n It is usually assumed that the O2 

tension of most normal tissues is 
similar to that of venous blood 
(20-40 mm Hg)

n In reality, O2 tensions may vary 
from 1 to 100 mm Hg

n Thus, many tissues are 
borderline hypoxic and contain a 
small proportion of cells that are 
radiologically hypoxic (e.g., liver, 
skeletal muscle)



Chronic vs. Acute Hypoxia
n Hypoxia in tumors can result from 2 different mechanisms

n Chronic Hypoxia
¨ Due to limited diffusion distance of O2 through tissue
¨ Cells may remain hypoxic for extended periods

n Acute Hypoxia
¨ Due to temporary closing of a blood vessel



Chronic Hypoxia

Histologic sections of bronchial carcinoma 

(Thomlinson & Gray 1955)

necrosis

tumor cells

stroma

Observation – large areas of necrosis 
are separated from the stroma by a band 
of tumor cells of 100 µm wide

100 µm

100 µm

100 µm

Epithelium

Capillaries are in the stroma



Chronic Hypoxia

As tumors grows larger, the 
necrotic center also enlarges, so 
that the thickness of the sheath 
of viable tumor cells remains 
essentially constant at 100 – 
180 µm

Conclusion – tumor cells could proliferate and grow actively only if they 
were close to a supply of oxygen or nutrients from the vessel

Capillaries are in the stroma



O2 Diffusion Distance

As O2 diffuses through the 
tissue, it is rapidly metabolized 
by respiring tumor cells ® O2 
concentration decreases 
steadily over a distance

Using more appropriate values of 
O2 diffusion coefficients and 
consumption values, a better 
estimate of the distance of O2 
diffusion in respiring tissue ranges 
from 70 µm to 200 µm 

Hypoxic cells are radioresistant but fully viable and 
clonogenic 

150



Clinical Implications
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Acute Hypoxia
n Tumor vessels are malformed
n These vessels open and close, 

resulting in transient fluctuation of 
blood flow, hence O2 concentration 

n Different cells may become hypoxic 
intermittently during the course of 
the treatment

n Acutely hypoxic cells are more likely 
to be reoxygenated than chronically 
hypoxic cells

150



Difference in Vasculature in Normal vs. 
Malignant Tissues

Vasculature of the tumor lacks smooth muscle and often has an incomplete 
endothelial lining and basement membrane



Chronic vs. Acute Hypoxia

Hypoxic cells less likely to 
become re-oxygenated

Gradient

No gradient

Hypoxic cells more likely 
to become re-oxygenated
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First Demonstration of Hypoxic Cells in a Tumor
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oxygenated cells with varying proportions of hy-
poxic cells. At low doses, the survival curve for a 
mixed population closely follows that for the oxy-
genated population. At higher doses, the number 
of surviving oxygenated cells is negligible com-
pared with the number of anoxic cells, and conse-
quently, the curve representing the mixed popula-
tion is parallel to (i.e., has the same slope as) the 
curve for the hypoxic population. The fraction of 
hypoxic cells in the tumor determines the distance 
between the parallel terminal slopes of the dose-
response curves, as shown in Figure 6.11A. This 
fraction is identical to the ratio of the surviving 
cells from the partially hypoxic tumor to those 
from the entirely hypoxic tumor.

In practice, the procedure is as follows: 
 Survival measurements are made at several dose 
levels under two different conditions:

 1. The animal (e.g., a mouse) is asphyxiated sev-
eral minutes before irradiation by breathing 
nitrogen. Under these conditions, all of the 
tumor cells are hypoxic, and the data points 
obtained defi ne a line comparable to the 
upper curve in Figure 6.11A.

 2. The animal is alive and breathing air when 
irradiated, so that the proportion of hypoxic 
cells in the tumor is at its normal level. The 

this basis. If 99% of the cells are well oxygenated 
and 1% are hypoxic, the response to lower doses 
is dominated by the killing of the well-oxygen-
ated cells. For these doses, the hypoxic cells are 
depopulated to a negligibly small extent. Once 
a dose of about 9 Gy is exceeded, however, the 
oxygenated compartment of the tumor is depop-
ulated severely, and the response of the tumor is 
characteristic of the response of hypoxic cells. 
This biphasic survival curve was the fi rst un-
equivocal demonstration that a solid tumor could 
contain cells suffi ciently hypoxic to be protected 
from cell killing by x-rays but still clonogenic and 
capable of providing a focus for tumor regrowth.

■  PROPORTION OF HYPOXIC CELLS IN 
VARIOUS ANIMAL TUMORS

Over the years, many investigators have de-
termined the fraction of hypoxic cells in vari-
ous tumors in experimental animals. The most 
 satisfactory and most widely used method is to 
obtain paired survival curves (Fig. 6.11A). The 
steepest curve relates to a fully oxygenated popu-
lation of cells; the uppermost curve, to a popu-
lation made up entirely of hypoxic cells. The in-
termediate curves refer to mixed populations of 

FIGURE 6.10  Fraction of surviving cells as a 
function of dose for a solid subcutaneous lym-
phosarcoma in the mouse irradiated in vivo. The 
fi rst part of the curve has a slope D0 of 1.1 Gy; the 
second component of the curve has a shallower 
slope D0 of 2.6 Gy, indicating that these cells are 
hypoxic. (Adapted from Powers WE, Tolmach 
LJ. A multicomponent x-ray survival curve for 
mouse lymphosarcoma cells irradiated in vivo. 
Nature. 1963;197:710–711, with permission.)
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Subcutaneous lymphosarcoma 

Powers & Tolmach 1963 

X-ray
in vivo irradiation

D0 = 1.1 Gy

D0 = 2.6 Gy

Recall that OER for X-ray is 2.5 Biphasic 

Tumor consists of 2 separate group of cells, 
one oxygenated, and the other hypoxic

This is the first unequivocal 
demonstration that a solid tumor could 
contain cells sufficiently hypoxic to be 
protected from cell killing by x-rays but 
still clonogenic 
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oxygenated cells with varying proportions of hy-
poxic cells. At low doses, the survival curve for a 
mixed population closely follows that for the oxy-
genated population. At higher doses, the number 
of surviving oxygenated cells is negligible com-
pared with the number of anoxic cells, and conse-
quently, the curve representing the mixed popula-
tion is parallel to (i.e., has the same slope as) the 
curve for the hypoxic population. The fraction of 
hypoxic cells in the tumor determines the distance 
between the parallel terminal slopes of the dose-
response curves, as shown in Figure 6.11A. This 
fraction is identical to the ratio of the surviving 
cells from the partially hypoxic tumor to those 
from the entirely hypoxic tumor.

In practice, the procedure is as follows: 
 Survival measurements are made at several dose 
levels under two different conditions:

 1. The animal (e.g., a mouse) is asphyxiated sev-
eral minutes before irradiation by breathing 
nitrogen. Under these conditions, all of the 
tumor cells are hypoxic, and the data points 
obtained defi ne a line comparable to the 
upper curve in Figure 6.11A.

 2. The animal is alive and breathing air when 
irradiated, so that the proportion of hypoxic 
cells in the tumor is at its normal level. The 

this basis. If 99% of the cells are well oxygenated 
and 1% are hypoxic, the response to lower doses 
is dominated by the killing of the well-oxygen-
ated cells. For these doses, the hypoxic cells are 
depopulated to a negligibly small extent. Once 
a dose of about 9 Gy is exceeded, however, the 
oxygenated compartment of the tumor is depop-
ulated severely, and the response of the tumor is 
characteristic of the response of hypoxic cells. 
This biphasic survival curve was the fi rst un-
equivocal demonstration that a solid tumor could 
contain cells suffi ciently hypoxic to be protected 
from cell killing by x-rays but still clonogenic and 
capable of providing a focus for tumor regrowth.

■  PROPORTION OF HYPOXIC CELLS IN 
VARIOUS ANIMAL TUMORS

Over the years, many investigators have de-
termined the fraction of hypoxic cells in vari-
ous tumors in experimental animals. The most 
 satisfactory and most widely used method is to 
obtain paired survival curves (Fig. 6.11A). The 
steepest curve relates to a fully oxygenated popu-
lation of cells; the uppermost curve, to a popu-
lation made up entirely of hypoxic cells. The in-
termediate curves refer to mixed populations of 

FIGURE 6.10  Fraction of surviving cells as a 
function of dose for a solid subcutaneous lym-
phosarcoma in the mouse irradiated in vivo. The 
fi rst part of the curve has a slope D0 of 1.1 Gy; the 
second component of the curve has a shallower 
slope D0 of 2.6 Gy, indicating that these cells are 
hypoxic. (Adapted from Powers WE, Tolmach 
LJ. A multicomponent x-ray survival curve for 
mouse lymphosarcoma cells irradiated in vivo. 
Nature. 1963;197:710–711, with permission.)
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Biphasic Survival Curves
Lower dose – dominated by 
killing of well-oxygenated cells

High dose – response  
characteristic of hypoxic cells

1% hypoxic cells

Extrapolation of high dose region to the cell survival axis gives the fraction of cells that were 
hypoxic at the time of irradiation  (though this is not straightforward due to curvature of cell 
survival curves)

99% well oxygenated cells
1% hypoxic cells



Practical Measurement of the Hypoxic 
Fraction – Paired Survival Curves

Paired Curves – At high doses, the 
number of surviving oxgenated cells is 
negligible compare with the number of 
anoxic cells ® the curves for the mixed 
population is parallel to the curve for the 
hypoxic population 

Mixed 
population
w/ varying % of 
hypoxic cells

The hypoxic fraction is determined by the 
vertical separation of the cell survival 
curves, i.e., the ratio of survival of the 
completely and partially hypoxic 
populations

0.3

0.3/1 = 0.3 = 30%

Mice is asphyxiated 
for several minutes 
by breathing N2, 
then irradiated



Practical Measurement of the Hypoxic Fraction 
– Experimental Data

Mouse tumors

0.2

The vertical shift b/w the 
hypoxic and air lines on the 
surviving fraction axis is from 
1.0 down to ~ 0.2

The hypoxic fraction is ~ 20%

Obviously, such experiments cannot 
be done with human tumors!!!

Cells in tumor of 
mice breathing air 
contain a mixture 
of aerated and 
hypoxic cells



Summary of Experimental Evidence on 
Animal Tumors 
n A survey of all published studies on hypoxic fractions of 

transplantable tumors in animals 

n Of the 42 tumor types studied, 37 were found to contain 
hypoxic cells in at least one study 

n Hypoxic fractions range from 0% to 50%, with a tendency 
for many results to average about 15%

Moulder & Rockwell
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Evidence for Hypoxic Cells in Human 
Tumors
n Oxygen probe measurements correlate with local control
n Pretreatment Hgb levels correlate with local control
n Binding of radioactively-labeled nitroimidazoles (hypoxic-cell sensitizers) occurs
n Histological appearance suggests hypoxia
n Analogy with animal experiments

Hypoxia is a common feature of human solid tumors 

Malignant Progression Response to Therapy



Techniques to Measure Hypoxia in Human 
Tumors

     Techniques

n O2 Probe Measurement
n Exogenous Hypoxia Markers 

¨ Nitroimidazole
¨ EF5

n Endogenous Markers
¨ Hypoxia-inducible Factor (HIF-1a)
¨ Carbonic anhydrase IX (CA9)

n Comet Assay
n Noninvasive Hypoxia Imaging

Hypoxia is a common feature of 
human tumors

Hypoxia influences tumor 
aggressiveness and the response to 
therapy



Oxygen Probe Measurements

Eppendorf Probe

Electrodes implanted directed into tumors

O2 concentration measured by 
polarographic technique – measured 
current is proportional to local O2 
tension

Eppendorf probe has a very fast 
response time and can be moved 
quickly through a tumor to obtain large # 
of O2 measurements along multiple 
tracks



Median pO2 Values in H&N Cancer Patients

0.0
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0.2
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Median pO2 (mmHg)
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of 

Values

Median pO2 values for Tumor and Normal 

Tumor Median
= 11.8 mmHg

Normal Median
= 51.9 mmHg

Le et al,2005

Does not account 
for the 

heterogeneity of 
oxygen level in 

solid tumors



Fiber-Optic Oxygen Sensor

Oxygen is sensed by measuring 
the decrease in fluorescence 
intensity of a fluorophore bound 
to the tip of an optical fiber. 

The sensor responds to the 
partial pressure of oxygen in 
gases, liquids and even viscous 
samples.



2-Nitroimidazole Hypoxia Markers

2-nitroimidazoles (e.g., pimonidazole, 
EF5) are only metabolized to form 
adducts under hypoxic condition, 
therefore can be used as a hypoxia 
marker 

Blood vessels
Hypoxia

Side chain determines 
position 1



Endogenous Hypoxia Markers – Hypoxia-
Inducible Factor 1 a (HIF-1a)

HIF-1 is a transcription factor 
responsible for the expression of 
many hypoxia-inducible genes (e.g. 
VEGF) 

HIF-1 has 2 components
HIF-1a – level tightly regulated
HIF-1b – constitutively expressed 

Regulation of HIF-1a level

hydroxylated

Hydroxylation is O2-dependent

HIF-1a HIF-1b

VEGF

HIF-1a is a cellular marker 
for hypoxia



HIF1-a Staining in H&N Cancer

Blood vessels Necrosis

HIF-1a staining

Expression of endogenous marker, however, can be regulated by factors other than 
oxygen, thereby complicating their use in quantifying tumor hypoxia 



HIF1-a & Pimonidazole Staining

Cell culture. SiHa cervical cancer cells and WiDr human colon
carcinoma cells were obtained from American Type Culture Collection
(Manassas, VA) and grown as monolayers with twice weekly subcultivation
in MEM containing 10% fetal bovine serum (FBS). M006 human
astrocytoma cells were obtained from Dr. Alan Franko (Cross Cancer
Institute, Edmonton AB) and maintained similarly. Single-cell suspensions
were incubated at 2 ! 105 to 4 ! 105 cells/mL in glass spinner culture
flasks (Bellco, Vineland, NJ). For anoxic conditions, spinner flasks were
gassed continuously with 95% nitrogen 5% CO2 for 1 hour before
introducing cells and during incubation. For experiments using pimoni-
dazole hydrochloride, single cells were incubated with 2 to 50 Ag/mL
pimonidazole in complete medium. Tumor cubes were prepared from
SiHa xenografts 90 minutes after mice had received pimonidazole and
Hoechst 33342. Cubes were prepared as previously described (18) and
incubated under anoxic conditions in either serum- and glucose-free MEM
or in complete medium containing 2% FBS.

Immunoblotting. After incubation to determine time for HIF-1a
development under anoxia, cells were rapidly pipetted into buffer
containing 100 Amol/L cobalt chloride to inhibit HIF-1a degradation.
Cells were centrifuged and immediately lysed to limit exposure to cobalt
chloride to <5 minutes. Cobalt chloride was not used in experiments that
examined HIF-1a loss upon reoxygenation. Equal amounts of protein
were loaded onto a 10% polyacrylamide precast gel (Bio-Rad, Mis-
sissauga, ON, Canada) followed by electrophoresis and transfer to a
nitrocellulose membrane (Bio-Rad). The membrane was blocked using 5%
nonfat dry milk in TBS-T [25 mmol/L Tris-HCl (pH 7.04), NaCl, KCl,
0.05% Tween 20] for 1 hour at room temperature with shaking.
Membranes were next incubated in anti-mouse monoclonal HIF-1a
antibody (1:1,000 dilution; BD Transduction Laboratories, Lexington, VA)
overnight. After several washes in TBS-T, membranes were incubated in
horseradish peroxidase anti-mouse antibody (1:5,000 dilution; Sigma,
Oakville, ON, Canada) for 1 hour and developed using the ECL detection
kit (Amersham, Oakville, ON, Canada). Membranes were exposed under the
chemiluminescence imager (MultiImage Light Cabinet, Alpha Innotech
Corp., CA) for 4 to 10 minutes. Images were analyzed for relative intensity
using FluorChem software (v.3.04A, Alpha Innotech).

Analysis of pimonidazole and carbonic anhydrase IX binding by
flow cytometry. SiHa cells in glass spinner culture flasks were incubated
under anoxia for various times or returned to normoxic conditions after
incubation under anoxia. Approximately 5 ! 105 cells were fixed in 70%
ethanol in PBS. Cells were rehydrated in PST (PBS with 4% FBS and 0.1%
Triton X-100) for 15 minutes before incubation in antipimonidazole
antibody (Chemicon, 1:200 dilution) for 1 hour. Alternatively, cells
were incubated with anti-CAIX antibody (1:5,000 as previously described;
ref. 6) for 60 minutes followed by incubation in Alexa-488 anti-mouse
antibody (1:200; Molecular Probes, Eugene, OR) for 45 minutes with
shaking. Cells were again centrifuged, washed twice in PBS, and
incubated in 4V,6-diamidino-2-phenylindole dihydrochloride hydrate (1:50
dilution of 100 Ag/mL stock in distilled water) for nuclear staining.
Cells were then analyzed using a dual laser Epics Elite-ESP flow cyto-
meter (Coulter Corp., Hialeah, FL). Gates were set to discriminate against
debris on the basis of cell size and time of flight. List mode files
were collected and post processed to determine parameters of interest
using the WINLIST software package (Verity Software House, Inc.,
Topsham, ME).

Growth of xenograft tumors. Xenograft tumors were grown s.c. in the
flanks of female nonobese diabetic severe combined immunodeficient
mice that were bred and maintained in our facility in accordance with
guidelines from the Canadian Council on Animal Care. The Animal Care
Committee of the University of British Columbia approved protocols used
in this study. Tumors were used when they reached a size a 0.4 to 0.6 g
after f3 to 4 weeks.

Mice were injected i.p. with 100 mg/kg pimonidazole hydrochloride that
was metabolized and bound to hypoxic cells within the tumor (19). At
subsequent times after pimonidazole injection, mice were injected i.v. via
the tail vein with 0.1 mL Hoechst 33342 (4 mg/mL stock; Sigma) to label
nuclei of cells close to perfused tumor blood vessels. Ten minutes later, mice

Figure 1. Expression of HIF-1a and binding of pimonidazole in pretreatment
human cervical cancer biopsies. Patients were administered 0.5 g/m2

pimonidazole hydrochloride as a 20-minute i.v. infusion 18 to 20 hours before
tumor biopsy. Single-cell suspensions were prepared for analysis of
pimonidazole binding by flow cytometry (B). A and C, frozen sections were also
prepared and analyzed for the distributions of pimonidazole (green ), CD31
(blue ), and HIF-1a (red ). A, ‘‘N’’ indicates regions of necrosis, distinct from
perivascular unstained regions. C, analysis of pimonidazole and
HIF-1a–positive pixels from each tumor; columns, mean; bars, SD (n = 4).
The pimonidazole-positive fraction determined by flow cytometry in (B ) is shown
for comparison.
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Pts with cervical cancer were given pimonidazole IV ® cervical bx ® 
frozen section were analyzed for distribution of pimonidazole (green), HIF-
1a (red),  carbonic anhydrase IX (yellow)

necrosis

Pimonidzole

HIF-1a 

Blood vessels

Expression of HIF-1a was 
reduced in the most hypoxic 
regions that border necrosis 

Sobhanifar 2005; Cancer Res 65: (16) 7259

CA IX



CA IX & Pimonidazole Staining

these cells must be intact and metabolically active. Experiments
were, therefore, done with single cells in vitro and with xenograft
tumor in mice to confirm the lack of HIF-1a staining in
perinecrotic regions and attempt to undercover a mechanism.
Initial studies were done in vitro to examine the kinetics of

development of marker binding or expression under anoxia and
loss upon reoxygenation. SiHa cells incubated under anoxic
conditions developed HIF-1a rapidly, reaching a half-maximal level
within 2 hours. Loss half-time after return to normoxia was <2
minutes (Fig. 2A and B). CAIX developed much more slowly, and
loss half-time after return to normoxia was f2 days, consistent
with CAIX loss upon SiHa cell doubling. Detection of pimonidazole-
positive cells was possible after only a few minutes of exposure of
cells under anoxia; half-maximal expression was observed after an
hour. Loss rate of pimonidazole adducts from SiHa cells was also
slow. Table 1 lists the development and loss half-times for these
three hypoxia markers in SiHa cells.
SiHa cervical carcinoma xenografts were compared for patterns

of antibody labeling to CAIX, HIF-1a, and pimonidazole adducts
(Fig. 3). As expected based on the reported oxygen dependencies
of expression, the percentage of the tumor that stained for HIF-
1a or CAIX was significantly larger than the percentage that was
able to metabolize and bind pimonidazole. Again, HIF-1a was
significantly reduced in perinecrotic regions. Yet, in spite of the
lack of HIF-1a expression, CAIX , a target gene of HIF-1a, was
present in these regions distant from blood vessels. Note that few
cells in these xenografts were HIF-1a positive but CAIX negative,

confirming that CAIX expression is associated with HIF-1a
stabilization. The presence of CAIX in perinecrotic regions can
be explained by the long CAIX lifetime (Fig. 2B). Although no new
CAIX is produced in these regions in the absence of HIF-1a
expression, residual CAIX is still present. Few cells expressed
pimonidazole in the absence of CAIX. The greatest degree of
mismatch in marker binding was observed between CAIX and
HIF-1a.
The presence of pimonidazole-positive, HIF-1a–negative cells in

SiHa xenografts was confirmed in WiDr colon carcinoma
xenografts and M006 astrocytoma xenografts that have higher
and lower hypoxic fractions, respectively, compared with SiHa
xenografts (Fig. 4). Although more of the cells of WiDr xenografts
bound pimonidazole than SiHa or M006 xenografts, the fraction of
the tumor cells that expressed HIF-1a was not significantly
different for the three types of tumors. The average fraction of
pimonidazole-positive cells that did not express HIF-1a was 0.25
for the M006, 0.20 for SiHa, and 0.25 for WiDr xenografts. Although
most of the mismatch in staining could be attributed to the lack of
HIF-1a expression in perinecrotic regions, rare areas (<5% of the
images) contained regions positive for both pimonidazole and
Hoechst 33342. These areas are likely to represent transient
changes in perfusion that occurred between the time of
pimonidazole administration and Hoechst 33342 administration
90 minutes later.
To examine possible reasons for the lack of HIF-1a expression in

perinecrotic regions, HIF-1a expression was first examined as a

Figure 3. Comparison of patterns of binding
of three hypoxia markers and a perfusion marker
in SiHa xenograft tumors. Mice with SiHa
xenografts were injected i.p. with pimonidazole
90 minutes before injection of Hoechst 33342 to
label cells surrounding perfused blood vessels
(blue-stained areas ). Ten minutes later, tumors
were excised. Frozen sections were prepared
and analyzed for combinations of three
markers. Representative images show the
nuclear staining of Hoechst 33342 and HIF-1a,
the membranous staining of CAIX, and the whole
cell staining pattern of pimonidazole. N, regions
of necrosis; bar , 250 Am. A, HIF-1a (red),
pimonidazole (green ). B, HIF-1a (green ),
CAIX (red ). C, CAIX (red ), pimonidazole
(green ). Columns, means for z15 tumor
sections (!10 magnification) from three to five
tumors; bars, SD.
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CA-IX

Pimonidzole However, CA-IX was 
present in these perinecrotic 
cells, co-localizing with 
pimonidazole

Nutrient deprivation seems to be largely responsible for the lack of HIF-1a expression in 
perinecrotic regions (HIF-1a was degraded)
The half-life of CA-IX was sufficiently long

These results have implications for the use of HIF-1a as an indicator of tumor hypoxia and 
aggressiveness as well as development of hypoxia-directed antitumor therapies based on 
the expression of HIF-1a 



HIF1-a as a Hypoxia Biomarker

n The reduction in O2 concentration required to stabilize and activate 
HIF is much less than that necessary to induce radioresistance 

n Consequently, the fraction of cells expressing HIF or HIF-dependent 
genes in a tumor can be significantly greater than the fraction of 
radiation-resistant cells 

n This is an important consideration in clinical studies investigating 
“endogenous” hypoxia markers 

Using HIF as an indicator of radioresistance can be                            !



Outline

n The Oxygen Effect
n Chronic and Acute Hypoxia
n Experimental Evidence 
n Techniques to Measure Tumor Oxygenation
n Reoxygenation
n Hypoxia and Chemoresistance
n Hypoxia and Tumor Progression



Early Evidence

n Van Putten and Kallman (1968) studied the proportion of 
hypoxic cells in mouse sarcomas at various times during 
fractionated radiotherapy

n They found that the proportion of hypoxic cells remained 
constant even though it would be expected that it would 
increase sharply as well-oxygenated cells would be killed 
by the first few fractions

n They interpreted this as re-oxygenation



The Process of Re-oxygenation
Reoxygenation is the process by which 
cells that are hypoxic at the time of 
irradiation become oxygenated 
afterward

Clinical Implication

The presence of hypoxic cells does not 
greatly influence the response of the 
tumor as long as there is sufficient time 
for re-oxygenation between fractions 
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dominated by hypoxic cells. If suffi cient time is 
allowed before the next radiation dose, the pro-
cess of reoxygenation restores the proportion of 
hypoxic cells to about 15%. If this process is re-
peated many times, the tumor cell population is 
depleted, despite the intransigence to killing by 
x-rays of the cells defi cient in oxygen. In other 
words, if reoxygenation is effi cient between dose 
fractions, the presence of hypoxic cells does not 
have a signifi cant effect on the outcome of a mul-
tifraction regimen.

■ TIME SEQUENCE OF REOXYGENATION

In the particular tumor system used by van 
 Putten and Kallman, the proportion of hypoxic 
cells returned to its original pretreatment level 
by 24 hours after delivery of a fractionated dos-
age schedule. Kallman and Bleehen reported 
experiments in which the proportion of hypoxic 
cells in the same transplantable mouse sarcoma 

proportion of hypoxic cells in the tumor is 
about the same at the end of a fractionated ra-
diotherapy regimen as in the untreated tumor 
 demonstrates that during the course of the treat-
ment, some hypoxic cells become oxygenated. 
If this were not the case, then the proportion of 
hypoxic cells would increase during the course 
of the fractionated treatment because the radia-
tion depopulates the aerated cell compartment 
more than the hypoxic cell compartment. This 
phenomenon, by which hypoxic cells become 
oxygenated after a dose of radiation, is termed 
reoxygenation. The oxygen status of cells in a 
tumor is not static; it is dynamic and constantly 
changing.

The process of reoxygenation is illustrated in 
Figure 6.13. A modest dose of x-rays to a mixed 
population of aerated and hypoxic cells results in 
signifi cant killing of aerated cells but little kill-
ing of hypoxic cells. Consequently, the viable 
cell population immediately after irradiation is 

X-rays

Aerated
cells

Immediately
after irradiation

Mostly
hypoxic cells

Reoxygenation

Reoxygenation

15%
Hypoxic

cells

Reoxygenation

etc.

FIGURE 6.13  The process of reoxy-
genation. Tumors contain a mixture of 
aerated and hypoxic cells. A dose of x-rays 
kills a greater proportion of aerated cells 
than hypoxic cells because aerated cells 
are more radiosensitive. Therefore, imme-
diately after irradiation, most cells in the 
tumor are hypoxic. However, the preirra-
diation pattern tends to return because 
of reoxygenation. If the radiation is given 
in a series of fractions separated in time 
suffi cient for reoxygenation to occur, the 
presence of hypoxic cells does not greatly 
infl uence the response of the tumor.
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Time Sequence of Re-oxygenation 
Immediately after radiation, 
almost all viable cells are 
hypoxic, because oxygenated 
cells are preferentially killed

By 6 hours, the proportion of cells 
that are hypoxic has been restored 
to close to pre-irradiation level 

Mouse sarcoma

15%
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much lower than that characteristic of the unir-
radiated tumor. This point is reached 3 days after 
the delivery of a single large dose of radiation. 
The only one of the fi ve tumors that does not 
show any signifi cant rapid reoxygenation is the 
osteosarcoma studied by van Putten, also illus-
trated in Figure 6.15.

■ MECHANISM OF REOXYGENATION

In experimental animals, some tumors take sev-
eral days to reoxygenate; in others, the process 
appears to be complete within 1 hour or so. In 
a few tumors, both fast and slow components to 
reoxygenation are evident. The differences of 
timescale refl ect the different types of hypoxia 
that are being reversed, chronic versus acute. In 
the long term, a restructuring or a revascular-
ization of the tumor occurs as the cells killed 
by the radiation are broken down and removed 
from the population. As the tumor shrinks in 
size, surviving cells that previously were be-
yond the range of oxygen diffusion are closer 
to a blood supply and so reoxygenate. This slow 
component of reoxygenation, taking place over 
a period of days as the tumor shrinks, involves 
reoxygenation of cells that were chronically hy-
poxic. By contrast, the fast component of re-
oxygenation, which is complete within hours, 
is caused by the reoxygenation of acutely hy-
poxic cells; that is, those cells that were hypoxic 
at the time of irradiation because they were in 
regions in which a blood vessel was temporarily 
closed quickly reoxygenate when that vessel is 
reopened.

■  THE IMPORTANCE OF 
 REOXYGENATION IN RADIOTHERAPY

The process of reoxygenation has impor-
tant implications in practical radiotherapy. 
If human tumors do in fact reoxygenate as 
rapidly and effi ciently as most of the animal 
 tumors studied, then the use of a multifraction 
course of radiotherapy, extending over a long 
period, may well be all that is required to deal 
effectively with any hypoxic cells in human 
 tumors.

The reoxygenation studies with mouse 
mammary carcinoma, included in Figure 6.15, 
indicate that by 2 to 3 days after a dose of radia-
tion, the proportion of hypoxic cells is actually 

was determined at various times after delivery of 
a single dose of 10 Gy. Their results are shown in 
Figure 6.14; the shape of the curve indicates that 
in this particular tumor, the process of reoxygen-
ation is very rapid indeed.

Similar results subsequently have been re-
ported by several researchers using various tumor 
systems. The patterns of reoxygenation after ir-
radiation observed in several  different animal 
tumor systems are summarized in Figure 6.15. 
Four of the fi ve animal tumors show effi cient 
and rapid reoxygenation, with the proportion of 
hypoxic cells returning to or even  falling below 
the pretreatment level in a day or two. The time 
sequence, however, is not the same for the fi ve 
types of tumors. In particular, the mammary 
carcinoma investigated by Howes shows a mini-
mum proportion of hypoxic cells that is very 
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FIGURE 6.14  Percentage of hypoxic cells in a trans-
plantable mouse sarcoma as a function of time after a 
dose of 10 Gy of x-rays. Immediately after irradiation, 
essentially 100% of the viable cells are hypoxic because 
such a dose kills a large proportion of the aerated cells. 
In this tumor, the process of reoxygenation is very rapid. 
By 6 hours after irradiation, the percentage of hypoxic 
cells has fallen to a value close to the preirradiation 
level. (Adapted from Kallman RF, Bleehen NM. Postir-
radiation cyclic radiosensitivity changes in tumors and 
normal tissues. In: Brown DG, Cragle RG, Noonan JR, eds. 
Proceedings of the Symposium on Dose Rate in Mam-
malian Radiobiology. Oak Ridge, TN: 1968:20.1–20.23. 
USAEC Report CONF-680410. Springfi eld, VA: Technical 
Information Service; 1968, with permission.)
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Reoxygenation Variability

n Some cells reoxygenate readily

n Some hardly reoxygenate at all

n Others reoxygenate well but very 
slowly

Proportion of hypoxic cells as a function of time

5 different tumors

The differences of time scale 
reflect the different types of 
hypoxia being reversed 
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 radiotherapy clinics that many tumors are erad-
icated with doses on the order of 60 Gy given in 
30 treatments argues strongly in favor of reoxy-
genation because the presence of a very small 
proportion of hypoxic cells would make “cures” 
unlikely at these dose levels. It is an attractive 
hypothesis that some of the human tumors that 
do not respond to conventional radiotherapy 
are those that do not reoxygenate quickly and 
effi ciently.

■ HYPOXIA AND CHEMORESISTANCE

Hypoxia can also decrease the effi cacy of some 
chemotherapeutic agents owing to fl uctuat-
ing blood fl ow, drug diffusion distance, and 
decreased proliferation. In addition, some che-
motherapeutic agents that induce DNA dam-
age, such as doxorubicin and bleomycin, are less 

lower than in untreated tumors. Consequently, 
it was predicted that several large doses of  x-rays 
given at 48-hour intervals would virtually elimi-
nate the problem of hypoxic cells in this tumor. 
Fowler and his colleagues indeed showed that 
for the eradication of this tumor, the preferred 
x-ray schedule was fi ve large doses in 9 days. 
These results suggest that x-irradiation can 
be an extremely effective form of therapy, but 
 ideally requires a sharply  optimal choice of 
fractionation pattern. Making this choice, how-
ever, demands a detailed knowledge of the time 
course of reoxygenation in the particular tumor 
to be irradiated. Unfortunately, however, this 
information is available for only a few animal 
tumors and is impossible to obtain at present 
for human tumors. Indeed, in humans, it is not 
known with certainty whether any or all tu-
mors reoxygenate, although the evidence from 

FIGURE 6.15  The proportion of hypoxic cells as a function of 
time after irradiation with a large dose of x-rays for fi ve transplanted 
tumors in experimental animals. Open circles indicate mouse mam-
mary carcinoma that reoxygenates rapidly and well (data from 
Howes). Closed triangles indicate rat sarcoma that shows two waves 
of reoxygenation (data from Thomlinson). Open triangles show 
mouse osteosarcoma that does not reoxygenate at all for several 
days and then only slowly (data from van Putten). Closed circles 
indicate mouse fi brosarcoma that reoxygenates quickly but not 
as completely as the mammary carcinoma (data from Dorie and 
Kallman). Closed diamonds indicate mouse fi brosarcoma that re-
oxygenates quickly and well (data from Kummermehr, Preuss-Bayer, 
and Trott). The extent and rapidity of reoxygenation are extremely 
variable and impossible to predict. (Courtesy of Dr. Sara Rockwell.)
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Mechanism of Reoxygenation
Time 
frame

Mechanism

“Fast Component” Hours Reoxygenation of 
acutely hypoxic cells

Blood vessel reopening

“Slow Component” Days Re-oxygenation of 
chronically hypoxic 
cells

Re-structuring – as well 
oxygenated cells are killed, 
cells previously beyond the 
range of O2 diffusion find 
themselves closer to blood 
vessels

Revascularization



Clinical Implications
n If the reoxygenation is efficient between dose fractions, 

the presence of hypoxic cells does not have a significant 
impact on the outcome of a multifraction regimen

n The fact that 60 Gy given in 30 fractions eradicate many 
tumors argues strongly that reoxygenation does occur in 
human humors 

n Conversely, some tumors that do not respond to 
conventional radiation therapy may lack a timely and 
efficient reoxygenation process 



Individualized Fractionation 

Mouse Mammary Sarcoma

Based on the kinetics of reoxygenation, 
an ideal regimen would be several large 
doses given at 2-3 days interval

Indeed, Fowler showed that the preferred 
schedule for the eradication of this tumor 
would be 5 large doses in 9 days

In reality, it is impossible and impractical 
to obtain the time course of reoxygenation 
for individual human tumors 



Outline

n The Oxygen Effect
n Chronic and Acute Hypoxia
n Experimental Evidence 
n Techniques to Measure Tumor Oxygenation
n Reoxygenation
n Hypoxia and Chemoresistance
n Hypoxia and Tumor Progression
n Summary



Hypoxia and Chemoresistance

n Decreased proliferation (e.g., 5-
FU, methotrexate)

n Decreased free-radical 
generation (e.g. bleomycin, 
doxorubicin)

n Low pH 

More on this in Chapter 27

Capillary
O2 O2O2
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Hypoxia and Tumor Aggressiveness

n Hypoxia can limit radiocurability
n Evidence suggests that hypoxia itself, is a source 

of malignant progression
n This is separate from its role in reducing 

radiosensitivity



Cervical Cancer – Degree of Hypoxia 
Correlates with Survival

103 patients with locally advanced cervical 
cancer

50% of pts were found to have tumors with 
pO2 < 10 mm Hgb

Tumor Oxygenation was measured with 
polarographic oxygen probe

Observation – pts with hypoxic tumors 
have significantly worse survival 

Hoeckel et al. 1996



Cervical Cancer – Treated with Radiation

42 pts were treated with primary 
radiation therapy

Observation – pts with hypoxic 
tumors had significantly worse 
outcome 

Interpretation – hypoxia conferred 
radioresistance, therefore, less chance 
of tumor eradication



Cervical Cancer – Treated with Surgery
47 pts were treated with primary surgery

Observation 1 – hypoxic tumors had 
larger tumor extensions, more frequent 
parametrial spread, and lymph-vascular 
space involvement compared to the well-
oxygenated tumors

Observation 2 – pts with hypoxic tumors 
had worse outcomes 

Interpretation – hypoxia is a general 
indicator of tumor aggressiveness in 
these patients 



Soft Tissue Sarcoma – Hypoxia Correlates 
with Distant Spread

Brizel 1996

22 pts with high grade soft tissue sarcoma; 
pO2 was measured prior to treatment

Observation 1 – pts with hypoxic tumors are 
more likely to fail the treatment

Observation 2 – Median pO2 for those with 
distant recurrence was 7.5 mm Hg vs. 20 mm 
Hg for those without 

7/8 failures are 
distant metastases

Interpretation – hypoxic tumors have an 
increased risk of metastatic spread 



Hypoxia-Driven Biological Adaptation
n During evolution, organisms have developed a number of different pathways 

whose function is to allow adaptation to low oxygen availability
n Cancer cells utilize these same physiological response pathways to support  

the growth and spread of tumors

Front. Cell Dev. Biol., 29 January 2019



Tumor Microenvironment and Tumor Progression

Tumor microenvironment

= survival advantage

Induces gene amplification
Reduce expression of repair 
proteins

Many genes are induced by hypoxia (via HIF-1)
Overall, the expression of these genes lead to 
improved adaptation



Review Questions 



Question 1

What is the approximate maximum diffusion distance of 
oxygen from a normally-oxygenated capillary through a 
typical respiring tissue? 
A. 5 nm 
B. 15 μm 
C. 200 μm 
D. 900 μm 
E. 2.6 mm 



O2 Diffusion Distance

As O2 diffuses through the 
tissue, it is rapidly metabolized 
by respiring tumor cells ® O2 
concentration decreases 
steadily over a distance

Using more appropriate values of 
O2 diffusion coefficients and 
consumption values, a better 
estimate of the distance of O2 
diffusion in respiring tissue ranges 
from 70 µm to 200 µm 

Hypoxic cells are radioresistant but fully viable and 
clonogenic 

150



Question 2

The most dramatic change in radiation sensitivity occurs 
over which of the following ranges of oxygen tension (in 
units of mm Hg or Torr)? 
A. 0-30 
B. 30-60 
C. 60-100 
D. 100-250 
E. 250-500
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■ CHRONIC AND ACUTE HYPOXIA

It is important to recognize that hypoxia in tu-
mors can result from two quite different mecha-
nisms. Chronic hypoxia results from the limited 
diffusion distance of oxygen through tissue that is 
respiring. The distance to which oxygen can dif-
fuse is largely limited by the rapid rate at which 
it is metabolized by respiring tumor cells. Many 
tumor cells may remain hypoxic for long peri-
ods. In contrast to chronic hypoxia, acute hypoxia 
is the result of the temporary closing of a tumor 
blood vessel owing to the malformed vasculature 
of the tumor, which lacks smooth muscle and 
often has an incomplete endothelial lining and 
basement membrane. Tumor cells are exposed to 
a continuum of oxygen concentrations, ranging 
from the highest in cells surrounding the capil-
laries to almost anoxic conditions in cells more 
distant from the capillaries. This is signifi cant 
because both chronic and acute hypoxia have 
been shown to drive malignant progression.

Chronic Hypoxia
As already mentioned, radiotherapists began to 
suspect that oxygen infl uences the radiosensitivity 
of tumors in the 1930s. It was, however, a paper 
by Thomlinson and Gray in 1955 that triggered 
the tremendous interest in oxygen as a factor in 
radiotherapy; they described the phenomenon 
of chronic hypoxia that they observed in their 
histologic study of fresh specimens of bronchial 
 carcinoma. Cells of the stratifi ed squamous epi-
thelium, normal or malignant, generally remain 
in contact with one another; the vascular stroma 
on which their nutrition depends lies in contact 
with the epithelium, but capillaries do not pen-
etrate between the cells. Tumors that arise in this 
type of tissue often grow in solid cords that, seen 
in section, appear to be circular areas surrounded 
by stroma. The centers of large tumor areas are 
necrotic and are surrounded by intact tumor cells, 
which consequently appear as rings. Figure 6.6A, 
reproduced from Thomlinson and Gray, shows a 
transverse section of a tumor cord and is typical 
of areas of a tumor in which necrosis is not far 
advanced. Figure 6.6B shows large areas of ne-
crosis separated from stroma by a narrow band of 
tumor cells about 100 !m wide.

By viewing a large number of these samples 
of human bronchial carcinomas, Thomlinson 
and Gray recognized that as the tumor cord 

little, if any, further effect. An oxygen concen-
tration of 0.5% (or about 3 mm Hg) results in 
a radiosensitivity halfway between the charac-
teristic of hypoxia and that of fully oxygenated 
conditions.

It is evident, then, that very small amounts of 
oxygen are necessary to produce the dramatic and 
important oxygen effect observed with x-rays. 
Although it is usually assumed that the oxygen 
tension of most normal tissues is similar to that 
of venous blood or lymph (20–40 mm Hg), in 
fact, oxygen probe measurements indicate that 
the oxygen tension may vary between different 
tissues over a wide range from 1 to 100 mm Hg. 
Many tissues are therefore borderline hypoxic 
and contain a small proportion of cells that are 
radiobiologically hypoxic. This is particularly 
true of, for example, the liver and skeletal mus-
cles. Even mouse skin has a small proportion of 
hypoxic cells that shows up as a change of slope 
if the survival curve is pushed to low survival 
levels.

FIGURE 6.5  An idealized representation of the de-
pendence of radiosensitivity on oxygen concentration. 
If the radiosensitivity under extremely anoxic condi-
tions is arbitrarily assigned a value of unity, the relative 
radiosensitivity is about 3 under well-oxygenated con-
ditions. Most of this change of sensitivity occurs as the 
oxygen tension increases from 0 to 30 mm Hg. A further 
increase of oxygen content to that characteristic of air 
or even pure oxygen at high pressure has little further 
effect. A relative radiosensitivity halfway between an-
oxia and full oxygenation occurs for a pO2 of about 
3 mm Hg, which corresponds to a concentration of 
about 0.5% oxygen. This illustration is idealized and 
does not represent any specifi c experimental data. 
 Experiments have been performed with yeast, bacteria, 
and mammalian cells in culture; the results conform to 
the general conclusions summarized here.
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Dependence of Radiosensitivity on O2 Concentration

Rapid change occurs 
between 0 and 30 mm Hg

Further increase to 
air or pure O2 has 
little further effect

pO2 of 3 mm Hg 
(0.5% O2) ­ 
radiosensitivity ½ of 
the full effect



Question 3

Oxygen enhancement ratio (OER) changes depending 
on the type of radiation. Which of the following 
combination is FALSE? 
A. OER 3.0 for x-rays 
B. OER 1.6 for neutron 
C. OER 3.0 for proton 
D. OER 0.5 for energized ions 
E. OER 1.0 for alpha-particle 



Oxygen Enhancement Ratio (OER)

The degree of sensitization is expressed in 
terms of Oxygen Enhancement Ratio (OER)

+ O2 

- O2 
dose under hypoxic condition

OER = dose under aerobic condition

to produce the same biological effect

SF = 0.01
OER = 2000/800 = 2.5
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cannot take place in the absence of oxygen; since 
then, many of the ionized target molecules are 
able to repair themselves and recover the ability 
to function normally. In a sense, then, oxygen 
may be said to “fi x” or make permanent the ra-
diation lesion. This is known as the oxygen fi xation 
hypothesis. The process is illustrated in Figure 6.3.

■  THE CONCENTRATION OF 
OXYGEN REQUIRED

A question of obvious importance is the concen-
tration of oxygen required to potentiate the ef-
fect of radiation. Is the amount required small or 
large? Many investigations have been performed 
using bacteria, plants, yeast, and mammalian cells, 
and the similarities between them are striking.

10!5 second, that is appreciably longer than that 
of the ion pairs. To a large extent, it is these free 
radicals that break chemical bonds, produce 
chemical changes, and initiate the chain of events 
that result in the fi nal expression of biologic 
damage; however, it has been observed that the 
extent of the damage depends on the presence or 
absence of oxygen.

If molecular oxygen is present, DNA reacts 
with the free radicals (R·). The DNA radical 
can be chemically restored to its reduced form 
through reaction with a sulfhydryl (SH) group. 
However, the formation of RO2 ·, an organic 
peroxide, represents a nonrestorable form of 
the target material; that is, the reaction results 
in a change in the chemical composition of the 
material exposed to the radiation. This reaction 

FIGURE 6.2  The oxygen enhance-
ment ratio (OER) for various types of 
radiation. X-rays exhibit a larger OER 
of 2.5 (A). Neutrons (15-MeV d" → T) 
are between these extremes, with an 
OER of 1.6 (B). The OER for low-energy 
!-particles is unity (C). (Adapted from 
Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on im-
pairment of the proliferative capacity 
of human cells in culture by ionizing 
radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:
317–327, and Broerse JJ, Barendsen 
GW, van Kersen GR. Survival of cultured 
human cells after irradiation with fast 
neutrons of different energies in hy-
poxic and oxygenated conditions. Int 
J Radiat Biol Relat Stud Phys Chem Med. 
1968;13:559–572, with permission.)
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OER as a Function of Radiation Quality

OER ¯ as LET ­

Summary

The oxygen effect is large and 
important for sparsely ionizing 
radiations, absent for densely 
ionizing radiations, and has an 
intermediate value for fast 
neutrons
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cannot take place in the absence of oxygen; since 
then, many of the ionized target molecules are 
able to repair themselves and recover the ability 
to function normally. In a sense, then, oxygen 
may be said to “fi x” or make permanent the ra-
diation lesion. This is known as the oxygen fi xation 
hypothesis. The process is illustrated in Figure 6.3.

■  THE CONCENTRATION OF 
OXYGEN REQUIRED

A question of obvious importance is the concen-
tration of oxygen required to potentiate the ef-
fect of radiation. Is the amount required small or 
large? Many investigations have been performed 
using bacteria, plants, yeast, and mammalian cells, 
and the similarities between them are striking.

10!5 second, that is appreciably longer than that 
of the ion pairs. To a large extent, it is these free 
radicals that break chemical bonds, produce 
chemical changes, and initiate the chain of events 
that result in the fi nal expression of biologic 
damage; however, it has been observed that the 
extent of the damage depends on the presence or 
absence of oxygen.

If molecular oxygen is present, DNA reacts 
with the free radicals (R·). The DNA radical 
can be chemically restored to its reduced form 
through reaction with a sulfhydryl (SH) group. 
However, the formation of RO2 ·, an organic 
peroxide, represents a nonrestorable form of 
the target material; that is, the reaction results 
in a change in the chemical composition of the 
material exposed to the radiation. This reaction 

FIGURE 6.2  The oxygen enhance-
ment ratio (OER) for various types of 
radiation. X-rays exhibit a larger OER 
of 2.5 (A). Neutrons (15-MeV d" → T) 
are between these extremes, with an 
OER of 1.6 (B). The OER for low-energy 
!-particles is unity (C). (Adapted from 
Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on im-
pairment of the proliferative capacity 
of human cells in culture by ionizing 
radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:
317–327, and Broerse JJ, Barendsen 
GW, van Kersen GR. Survival of cultured 
human cells after irradiation with fast 
neutrons of different energies in hy-
poxic and oxygenated conditions. Int 
J Radiat Biol Relat Stud Phys Chem Med. 
1968;13:559–572, with permission.)
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OER can never fall below 1.0



Question 4

Reoxygenation
A. occurs in normal tissue cells nearest the tumor
B. makes some tumor tissues more resistant to 

neutrons
C. can occur as the result of fractionation of the 

radiation dose
D. makes cells more sensitive to alpha particles



Chronic vs. Acute Hypoxia

Hypoxic cells less likely to 
become re-oxygenated

Gradient

No gradient

Hypoxic cells more likely 
to become re-oxygenated



The Process of Re-oxygenation
Reoxygenation is the process by which 
cells that are hypoxic at the time of 
irradiation become oxygenated 
afterward

Clinical Implication

The presence of hypoxic cells does not 
greatly influence the response of the 
tumor as long as there is sufficient time 
for re-oxygenation between fractions 
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dominated by hypoxic cells. If suffi cient time is 
allowed before the next radiation dose, the pro-
cess of reoxygenation restores the proportion of 
hypoxic cells to about 15%. If this process is re-
peated many times, the tumor cell population is 
depleted, despite the intransigence to killing by 
x-rays of the cells defi cient in oxygen. In other 
words, if reoxygenation is effi cient between dose 
fractions, the presence of hypoxic cells does not 
have a signifi cant effect on the outcome of a mul-
tifraction regimen.

■ TIME SEQUENCE OF REOXYGENATION

In the particular tumor system used by van 
 Putten and Kallman, the proportion of hypoxic 
cells returned to its original pretreatment level 
by 24 hours after delivery of a fractionated dos-
age schedule. Kallman and Bleehen reported 
experiments in which the proportion of hypoxic 
cells in the same transplantable mouse sarcoma 

proportion of hypoxic cells in the tumor is 
about the same at the end of a fractionated ra-
diotherapy regimen as in the untreated tumor 
 demonstrates that during the course of the treat-
ment, some hypoxic cells become oxygenated. 
If this were not the case, then the proportion of 
hypoxic cells would increase during the course 
of the fractionated treatment because the radia-
tion depopulates the aerated cell compartment 
more than the hypoxic cell compartment. This 
phenomenon, by which hypoxic cells become 
oxygenated after a dose of radiation, is termed 
reoxygenation. The oxygen status of cells in a 
tumor is not static; it is dynamic and constantly 
changing.

The process of reoxygenation is illustrated in 
Figure 6.13. A modest dose of x-rays to a mixed 
population of aerated and hypoxic cells results in 
signifi cant killing of aerated cells but little kill-
ing of hypoxic cells. Consequently, the viable 
cell population immediately after irradiation is 

X-rays

Aerated
cells

Immediately
after irradiation

Mostly
hypoxic cells

Reoxygenation

Reoxygenation

15%
Hypoxic

cells

Reoxygenation

etc.

FIGURE 6.13  The process of reoxy-
genation. Tumors contain a mixture of 
aerated and hypoxic cells. A dose of x-rays 
kills a greater proportion of aerated cells 
than hypoxic cells because aerated cells 
are more radiosensitive. Therefore, imme-
diately after irradiation, most cells in the 
tumor are hypoxic. However, the preirra-
diation pattern tends to return because 
of reoxygenation. If the radiation is given 
in a series of fractions separated in time 
suffi cient for reoxygenation to occur, the 
presence of hypoxic cells does not greatly 
infl uence the response of the tumor.
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Question 5
Which one of the following statements regarding radiation and 
hypoxia is TRUE? 
A. Irradiation under hypoxic conditions yields more DNA 

strand breaks than under aerated conditions
B. Irradiation under aerated conditions leads to less overall 

cellular damage than irradiation under hypoxic conditions
C. The presence of oxygen reduces radiation toxicity
D. Oxygen must be present either during or within 

microseconds following irradiation to act as a 
radiosensitizer 



The Oxygen Fixation Hypothesis

Free radicals have a t1/2 of 10-5 sec, 
therefore, O2 must be present during or 
shortly afterwards

For sparsely ionizing radiation, ~ 2/3 of the 
damage produced is mediated by which 
may be ‘fixed’ by oxygen

For densely ionizing radiation, 
direct action dominates, thus no 
appreciable oxygen effect
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of electrons, spins are paired; that is, for every 
electron spinning clockwise, there is another one 
spinning counterclockwise. This state is associ-
ated with a high degree of chemical stability. In 
an atom or molecule with an odd number of elec-
trons, there is one electron in the outer orbit for 
which there is no other electron with an opposing 
spin; this is an unpaired electron. This state is as-
sociated with a high degree of chemical reactivity.

For simplicity, we consider what happens if 
radiation interacts with a water molecule, be-
cause 80% of a cell is composed of water. As a 
result of the interaction with a photon of x- or 
!-rays or a charged particle, such as an electron 
or proton, the water molecule may become ion-
ized. This may be expressed as

H2O → H2O! ! e"

materials of high Z is one reason for the familiar 
appearance of the radiograph. For radiotherapy, 
however, high-energy photons in the megavolt-
age range are preferred because the Compton 
process is overwhelmingly important. As a con-
sequence, the absorbed dose is about the same in 
soft tissue, muscle, and bone, so that differential 
absorption in bone, which posed a problem in 
the early days when lower energy photons were 
used for therapy, is avoided.

Although the differences among the various 
absorption processes are of practical importance 
in radiology, the consequences for radiobiology 
are minimal. Whether the absorption process 
is the photoelectric or the Compton process, 
much of the energy of the absorbed photon is 
converted to the kinetic energy of a fast electron.

■  DIRECT AND INDIRECT ACTION 
OF RADIATION

The biologic effects of radiation result prin-
cipally from damage to deoxyribonucleic acid 
(DNA), which is the critical target, as described 
in Chapter 2.

If any form of radiation—x- or !-rays, charged 
or uncharged particles—is absorbed in biologic 
material, there is a possibility that it will inter-
act directly with the critical targets in the cells. 
The atoms of the target itself may be ionized or 
 excited, thus initiating the chain of events that 
leads to a biologic change. This is called direct 
action of radiation (Fig. 1.8); it is the dominant 
process if radiations with high linear energy 
transfer (LET), such as neutrons or "-particles, 
are considered.

Alternatively, the radiation may interact with 
other atoms or molecules in the cell (particularly 
water) to produce free radicals that are able to dif-
fuse far enough to reach and damage the critical 
targets. This is called indirect action of radia-
tion.* A free radical is an atom or molecule carry-
ing an unpaired orbital electron in the outer shell. 
An orbital electron not only revolves around the 
nucleus of an atom but also spins around its own 
axis. The spin may be clockwise or counterclock-
wise. In an atom or molecule with an even  number 

FIGURE 1.8  Direct and indirect actions of radiation. 
The structure of DNA is shown schematically. In direct 
 action, a secondary electron resulting from absorption 
of an x-ray photon interacts with the DNA to produce an 
effect. In indirect action, the secondary electron interacts 
with, for example, a water molecule to produce a hydroxyl 
radical (OH·), which in turn produces the damage to the 
DNA. The DNA helix has a diameter of about 20 Å (2 nm). 
It is estimated that free radicals produced in a  cylinder 
with a diameter double that of the DNA helix can affect 
the DNA. Indirect action is dominant for sparsely ion-
izing radiation, such as x-rays. S, sugar; P, phosphorus; A, 
 adenine; T, thymine; G, guanine; C, cytosine.
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*It is important to avoid confusion between directly and indi-
rectly ionizing radiation, on the one hand, and the direct and 
indirect actions of radiation on the other.
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Question 6

The average radiobiological hypoxic fraction in 
experimental rodent tumors is approximately: 
A. 1% 
B. 4% 
C. 15% 
D. 50% 
E. 90% 



Summary of Experimental Evidence on 
Animal Tumors 
n A survey of all published studies on hypoxic fractions of 

transplantable tumors in animals 

n Of the 42 tumor types studied, 37 were found to contain 
hypoxic cells in at least one study 

n Hypoxic fractions range from 0% to 50%, with a tendency 
for many results to average about 15%

Moulder & Rockwell


