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mechanism and importance are still under inves-
tigation. One additional point to consider is that 
ionizing radiation also induces a form of senes-
cence or permanent growth arrest in which cells 
are still metabolically active, but reproductively 
inhibited. This is best exemplifi ed by fi broblasts 
that when irradiated in cell culture, stay attached 
to plates for weeks but never divide. However, 
they are able to secrete growth factors and mi-
togens that promote the growth of tumor cells. 
Senescence has been largely studied in cell cul-
ture in the laboratory, and only recently has evi-
dence been accumulating that it occurs in tissues. 
Senescence is also discussed in more detail in 
Chapter 18.

Most cell lines cultured in vitro die a mitotic 
death after irradiation; that is, they die attempt-
ing to divide. This does not necessarily occur 
at the fi rst postirradiation mitosis; the cell may 
struggle through one, two, or more mitoses be-
fore the damaged chromosomes cause it to die, 
attempting the complex task of cell division. 
Time-lapse fi lms of irradiated cells cultured in 
vitro clearly show this process of mitotic death, 
which is the dominant cause of death if repro-
ductive integrity is assessed in vitro as described 
in Chapter 3.

It is not, however, the only form of cell death. 
Programmed cell death, or apoptosis, occurs in 
normal tissues and neoplasms, in mammals and 
amphibians, in the embryo, and the adult. It is 
implicated, for example, in tissue involution such 
as the regression of the tadpole tail during meta-
morphosis. It is the programmed cell death that is 
common during embryonic development. It also 
can occur after irradiation. Apoptosis, like mitosis, 
comes from the Greek word meaning “falling 
off,” as of petals from fl owers or leaves from trees.

■  TYPES OF CELL DEATH: HOW AND 
WHY CELLS DIE

Mammalian cells exposed to ionizing radiation 
can die through various mechanisms: mitotic-
linked cell death, necrotic cell death, apoptotic 
cell death, autophagic cell death, and bystander 
induced cell death. The underlying mechanisms 
and importance of each of these forms of cell 
death have been described in Chapters 3, 4, and 
18 in detail and will only be briefl y reviewed 
here. Regarding normal tissues that are exposed 
to ionizing radiation, mitotic-linked cell death 
and apoptotic cell death have been studied the 
most and are responsible for most cell killing by 
ionizing radiation. The other forms of cell death 
may also contribute to cell killing, but their 
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FIGURE 19.1  The dose–response relationship is 
sigmoid in shape for both tumor control and normal 
tissue damage. That for normal tissue damage may be 
steeper than for tumor control. The therapeutic ratio 
(or index) is the percent of tumor control that can be 
achieved for a given level of normal tissue damage. In 
this hypothetical example, about 30% tumor control can 
be achieved for a 5% incidence of normal tissue damage.
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FIGURE 19.2  Illustrating how the addition of 
a drug, a chemotherapy agent, or a radiosensitizer 
may improve the therapeutic ratio (therapeutic 
index). With radiation alone, a given level (A) of 
tumor control is possible for a maximum tolerable 
level of normal tissue damage (C). The addition of 
the drug moves the dose-response curve for both 
tumor and normal tissue to the left. If the addition 
of the drug has a greater effect on tumor control 
than on normal tissue morbidity (i.e., it moves the 
curve further to the left), then a higher local tumor 
control (B) is possible for the same level of normal 
tissue injury (C).
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Dose-Response Relationship

Objective

To study the relationship between a given 
dose and the consequent biologic 
response

1) Tumor control

2) Normal tissue damage

The biologic endpoints of 
interest are
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mechanism and importance are still under inves-
tigation. One additional point to consider is that 
ionizing radiation also induces a form of senes-
cence or permanent growth arrest in which cells 
are still metabolically active, but reproductively 
inhibited. This is best exemplifi ed by fi broblasts 
that when irradiated in cell culture, stay attached 
to plates for weeks but never divide. However, 
they are able to secrete growth factors and mi-
togens that promote the growth of tumor cells. 
Senescence has been largely studied in cell cul-
ture in the laboratory, and only recently has evi-
dence been accumulating that it occurs in tissues. 
Senescence is also discussed in more detail in 
Chapter 18.

Most cell lines cultured in vitro die a mitotic 
death after irradiation; that is, they die attempt-
ing to divide. This does not necessarily occur 
at the fi rst postirradiation mitosis; the cell may 
struggle through one, two, or more mitoses be-
fore the damaged chromosomes cause it to die, 
attempting the complex task of cell division. 
Time-lapse fi lms of irradiated cells cultured in 
vitro clearly show this process of mitotic death, 
which is the dominant cause of death if repro-
ductive integrity is assessed in vitro as described 
in Chapter 3.

It is not, however, the only form of cell death. 
Programmed cell death, or apoptosis, occurs in 
normal tissues and neoplasms, in mammals and 
amphibians, in the embryo, and the adult. It is 
implicated, for example, in tissue involution such 
as the regression of the tadpole tail during meta-
morphosis. It is the programmed cell death that is 
common during embryonic development. It also 
can occur after irradiation. Apoptosis, like mitosis, 
comes from the Greek word meaning “falling 
off,” as of petals from fl owers or leaves from trees.

■  TYPES OF CELL DEATH: HOW AND 
WHY CELLS DIE

Mammalian cells exposed to ionizing radiation 
can die through various mechanisms: mitotic-
linked cell death, necrotic cell death, apoptotic 
cell death, autophagic cell death, and bystander 
induced cell death. The underlying mechanisms 
and importance of each of these forms of cell 
death have been described in Chapters 3, 4, and 
18 in detail and will only be briefl y reviewed 
here. Regarding normal tissues that are exposed 
to ionizing radiation, mitotic-linked cell death 
and apoptotic cell death have been studied the 
most and are responsible for most cell killing by 
ionizing radiation. The other forms of cell death 
may also contribute to cell killing, but their 
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(or index) is the percent of tumor control that can be 
achieved for a given level of normal tissue damage. In 
this hypothetical example, about 30% tumor control can 
be achieved for a 5% incidence of normal tissue damage.
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FIGURE 19.2  Illustrating how the addition of 
a drug, a chemotherapy agent, or a radiosensitizer 
may improve the therapeutic ratio (therapeutic 
index). With radiation alone, a given level (A) of 
tumor control is possible for a maximum tolerable 
level of normal tissue damage (C). The addition of 
the drug moves the dose-response curve for both 
tumor and normal tissue to the left. If the addition 
of the drug has a greater effect on tumor control 
than on normal tissue morbidity (i.e., it moves the 
curve further to the left), then a higher local tumor 
control (B) is possible for the same level of normal 
tissue injury (C).
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Dose-Response Relationship

The dose-response curves 
typically have a sigmoidal 
(S) shape for both tumor 
control and normal-tissue 
complications

Incidence tending to zero at low doses

Incidence tending to 100% at large doses
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mechanism and importance are still under inves-
tigation. One additional point to consider is that 
ionizing radiation also induces a form of senes-
cence or permanent growth arrest in which cells 
are still metabolically active, but reproductively 
inhibited. This is best exemplifi ed by fi broblasts 
that when irradiated in cell culture, stay attached 
to plates for weeks but never divide. However, 
they are able to secrete growth factors and mi-
togens that promote the growth of tumor cells. 
Senescence has been largely studied in cell cul-
ture in the laboratory, and only recently has evi-
dence been accumulating that it occurs in tissues. 
Senescence is also discussed in more detail in 
Chapter 18.

Most cell lines cultured in vitro die a mitotic 
death after irradiation; that is, they die attempt-
ing to divide. This does not necessarily occur 
at the fi rst postirradiation mitosis; the cell may 
struggle through one, two, or more mitoses be-
fore the damaged chromosomes cause it to die, 
attempting the complex task of cell division. 
Time-lapse fi lms of irradiated cells cultured in 
vitro clearly show this process of mitotic death, 
which is the dominant cause of death if repro-
ductive integrity is assessed in vitro as described 
in Chapter 3.

It is not, however, the only form of cell death. 
Programmed cell death, or apoptosis, occurs in 
normal tissues and neoplasms, in mammals and 
amphibians, in the embryo, and the adult. It is 
implicated, for example, in tissue involution such 
as the regression of the tadpole tail during meta-
morphosis. It is the programmed cell death that is 
common during embryonic development. It also 
can occur after irradiation. Apoptosis, like mitosis, 
comes from the Greek word meaning “falling 
off,” as of petals from fl owers or leaves from trees.

■  TYPES OF CELL DEATH: HOW AND 
WHY CELLS DIE

Mammalian cells exposed to ionizing radiation 
can die through various mechanisms: mitotic-
linked cell death, necrotic cell death, apoptotic 
cell death, autophagic cell death, and bystander 
induced cell death. The underlying mechanisms 
and importance of each of these forms of cell 
death have been described in Chapters 3, 4, and 
18 in detail and will only be briefl y reviewed 
here. Regarding normal tissues that are exposed 
to ionizing radiation, mitotic-linked cell death 
and apoptotic cell death have been studied the 
most and are responsible for most cell killing by 
ionizing radiation. The other forms of cell death 
may also contribute to cell killing, but their 
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FIGURE 19.1  The dose–response relationship is 
sigmoid in shape for both tumor control and normal 
tissue damage. That for normal tissue damage may be 
steeper than for tumor control. The therapeutic ratio 
(or index) is the percent of tumor control that can be 
achieved for a given level of normal tissue damage. In 
this hypothetical example, about 30% tumor control can 
be achieved for a 5% incidence of normal tissue damage.
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FIGURE 19.2  Illustrating how the addition of 
a drug, a chemotherapy agent, or a radiosensitizer 
may improve the therapeutic ratio (therapeutic 
index). With radiation alone, a given level (A) of 
tumor control is possible for a maximum tolerable 
level of normal tissue damage (C). The addition of 
the drug moves the dose-response curve for both 
tumor and normal tissue to the left. If the addition 
of the drug has a greater effect on tumor control 
than on normal tissue morbidity (i.e., it moves the 
curve further to the left), then a higher local tumor 
control (B) is possible for the same level of normal 
tissue injury (C).
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Therapeutic Ratio (Index)

Therapeutic ratio

§ The ratio of the tumor response 
for a fixed level of normal tissue 
damage (text)

§ The % of tumor control that can 
be achieved for a given level of 
normal tissue of damage (fig 
legend)

§ The ratio of tumor response to 
normal tissue damage (summary)

For a 5% incidence of normal-
tissue damage, a 30% tumor 
control can be achieved.

5%

30%

D
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mechanism and importance are still under inves-
tigation. One additional point to consider is that 
ionizing radiation also induces a form of senes-
cence or permanent growth arrest in which cells 
are still metabolically active, but reproductively 
inhibited. This is best exemplifi ed by fi broblasts 
that when irradiated in cell culture, stay attached 
to plates for weeks but never divide. However, 
they are able to secrete growth factors and mi-
togens that promote the growth of tumor cells. 
Senescence has been largely studied in cell cul-
ture in the laboratory, and only recently has evi-
dence been accumulating that it occurs in tissues. 
Senescence is also discussed in more detail in 
Chapter 18.

Most cell lines cultured in vitro die a mitotic 
death after irradiation; that is, they die attempt-
ing to divide. This does not necessarily occur 
at the fi rst postirradiation mitosis; the cell may 
struggle through one, two, or more mitoses be-
fore the damaged chromosomes cause it to die, 
attempting the complex task of cell division. 
Time-lapse fi lms of irradiated cells cultured in 
vitro clearly show this process of mitotic death, 
which is the dominant cause of death if repro-
ductive integrity is assessed in vitro as described 
in Chapter 3.

It is not, however, the only form of cell death. 
Programmed cell death, or apoptosis, occurs in 
normal tissues and neoplasms, in mammals and 
amphibians, in the embryo, and the adult. It is 
implicated, for example, in tissue involution such 
as the regression of the tadpole tail during meta-
morphosis. It is the programmed cell death that is 
common during embryonic development. It also 
can occur after irradiation. Apoptosis, like mitosis, 
comes from the Greek word meaning “falling 
off,” as of petals from fl owers or leaves from trees.

■  TYPES OF CELL DEATH: HOW AND 
WHY CELLS DIE

Mammalian cells exposed to ionizing radiation 
can die through various mechanisms: mitotic-
linked cell death, necrotic cell death, apoptotic 
cell death, autophagic cell death, and bystander 
induced cell death. The underlying mechanisms 
and importance of each of these forms of cell 
death have been described in Chapters 3, 4, and 
18 in detail and will only be briefl y reviewed 
here. Regarding normal tissues that are exposed 
to ionizing radiation, mitotic-linked cell death 
and apoptotic cell death have been studied the 
most and are responsible for most cell killing by 
ionizing radiation. The other forms of cell death 
may also contribute to cell killing, but their 
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FIGURE 19.1  The dose–response relationship is 
sigmoid in shape for both tumor control and normal 
tissue damage. That for normal tissue damage may be 
steeper than for tumor control. The therapeutic ratio 
(or index) is the percent of tumor control that can be 
achieved for a given level of normal tissue damage. In 
this hypothetical example, about 30% tumor control can 
be achieved for a 5% incidence of normal tissue damage.

Tumor –
radiation + drug

Tumor –
radiation alone

Normal tissue –
radiation alone

Normal tissue –
radiation + drug

B

A

C

Lo
ca

l t
um

or
 c

on
tr

ol

N
or

m
al

-ti
ss

ue
 d

am
ag

e

Radiation dose

FIGURE 19.2  Illustrating how the addition of 
a drug, a chemotherapy agent, or a radiosensitizer 
may improve the therapeutic ratio (therapeutic 
index). With radiation alone, a given level (A) of 
tumor control is possible for a maximum tolerable 
level of normal tissue damage (C). The addition of 
the drug moves the dose-response curve for both 
tumor and normal tissue to the left. If the addition 
of the drug has a greater effect on tumor control 
than on normal tissue morbidity (i.e., it moves the 
curve further to the left), then a higher local tumor 
control (B) is possible for the same level of normal 
tissue injury (C).
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Improving Therapeutic Ratio

Effect of Radiation Sensitizer

The addition of the drug moves both 
curves to the left (= potentiation)

For the same level of normal tissue 
damage (C), a higher probability of 
tumor control is achieved (B) 
compared to without the drug (A)

As long as the drug increases tumor control to a greater extent than it increases 
normal tissue, damage, it will result in a therapeutic gain   
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Types of Cell Death in Normal Tissues

Mitotic-linked cell death and apoptotic cell 
death are responsible for most cell killing by 
ionizing radiation

IR also induces a form of 
senescence in which cells are still 
metabolically active
§ e.g. fibroblasts are able to secrete 

growth factors and mitogens that 
promote the growth of tumor cells 
despite being growth arrested

Abscopal effect may also exist for 
normal tissues 
§ e.g., lymphopenia found after 

radiotherapy to nonlymphoid 
organs

Implications for Radiation Therapy
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Radiation Response in Normal Tissues

Early Responding
• Skin, intestines, epithelium, bone marrow, lymphoid tissues

• Respond early to the effects of radiation

• Rapidly dividing self-renewal tissues

Late Responding
• Spinal cord, lungs, kidney

• Expression of radiation damage occur at a later time point



Mechanism of Radiation Damage
Mechanism 

Radiation damage is a result of depletion of the critical parenchymal cells

Timing of Damage Expression (Latency)

The difference in time at which early- and late-responding tissues express 
radiation damage is a function of different cell turn over rates

This has taken over the old model which ascribe the response of late-responding 
tissues entirely to vascular damage rather than depletion of parenchymal cells



Cytokines and Late Effects – Paradigm 
Shift

It is more sensible to consider symptoms to result from a 
dysregulated healing response, the manifestations of which 
may change with time after RT and involve all cellular 
compartments

In the past (classical target theory) there was considerable discussion 
as to whether parenchymal cell loss or vascular damage was the main 
reason for late effects

More on this in Chapter 20



Assays for Dose-Response Relationship

Clonogenic Assay

End Point – reproductive integrity of individual cells (analogous to 
cell survival in vitro)

In some systems, the survival is observed in situ (e.g., regrowth of skin 
colonies, regenerating crypts in the jejunum)

In other systems, irradiated donor cells are transplanted into a 
recipient (e.g., spleen colony assay)

In its original 
place



Assays for Dose-Response Relationship

Functional Assay

End Point – functions of tissue or organ  

Examples –  skin reaction in rodents or pigs (erythema and desquamation); 
pneumonitis or fibrosis of lung (breathing rate); myelopathy of the spinal cord 
(paralysis of hind limb) 

The end points observed tend to reflect the minimum number of functional 
cells remaining in a tissue or organ, rather than the fraction of cells retaining 
reproductive integrity



Assays for Dose-Response Relationship

a/b Ratio Inferred from Multifractional Experiments

Developed by Douglas and Fowler

Linear-quadratic relationship is assumed, and a series of multifraction 
experiments performed

Used widely to infer values for a and b in the dose-response relationship 
for normal tissues in which the parameters cannot be measured directly
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Clonogenic End Points

n Clones Regrowing in Situ
¨ Skin Colonies
¨ Crypt Cells of the Mouse Jejunum
¨ Testes Stem Cells
¨ Kidney Tubule

n Cells Transplanted to Another Site
¨ Bone Marrow Stem Cell
¨ Mammary Cells
¨ Thyroid Cells

Withers et al.

Till & McCulloch

Clifton & Gould



Skin Colonies

Pb

Hair was plucked 

An annulus of skin 
treated to 30 Gy to 
produce a “moat” of 
dead cells 

Protected intact skin 
cells in the center were 
treated with a test 
dose

Each nodule regrows from a 
surviving stem cell

A range of dose is necessary to construct a dose response curve
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FIGURE 19.4  Photograph of nodules 
of mouse skin regrowing from a single sur-
viving cell in the treated area. (Courtesy of 
Dr. H.R. Withers.)

FIGURE 19.5  Single-dose and two-dose survival curves for epithelial 
cells of mouse skin exposed to 29 kVp x-rays. The 37% dose slope (D0) is 
1.35 Gy. The ordinate is not the surviving fraction, as in the survival curves 
for cells cultured in vitro, but is the number of surviving cells per square 
centimeter of skin. In the two-dose survival curve, the interval between 
dose fractions was always 24 hours. The curves are parallel, their horizontal 
separation being equal to about 3.5 Gy; this corresponds to Dq. From a 
knowledge of Dq and the slope of the survival curve, D0 , the extrapola-
tion number, n, may be calculated. (Adapted from Withers HR. Recovery and 
repopulation in vivo by mouse skin epithelial cells during fractionated ir-
radiation. Radiat Res. 1967;32:227–239; and Withers HR. The dose–survival 
relationship for irradiation of epithelial cells of mouse skin. Br J Radiol. 
1967;40:187–194, with permission.)
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Skin Colonies

D0

D0 = 1.35 Gy

Note that this is very similar to D0 of 
mammalian cells irradiated in vitro

Limitation of the Assay

For single-dose survival curve data is available 
from 8-25 Gy

At too low a dose, it is impossible to count 
individual skin survival colony
At too high a dose, a very large area needs to 
be radiated 
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Skin Colonies

Dq = 3.5 Gy

If the dose is split into 2 equal fractions 
separated by 24 hours, the shoulder is 
repeated 

The separation of the 2 curves is a 
measure of the width of the shoulder, 
or Dq (quasi-threshold dose)

Dq
2



Crypt Cells of the Mouse Jejunum

Scanning EM 
of jejunal villi

Villi 

crypt Like skin cells, the lining of the jejunum is a classic 
example of self-renewal system

Stem cells differentiate from the +4 position upward to the villi
Transit time 4 days for small intestine and 5 days for large 
intestine



Crypt Cell Survival Assay

Kills a significant 
proportion of stem 
cells in crypts

Surviving crypt cells 
begin to regenerate

Individual regenerating crypts 
can be identified and counted

Groups of animals are 
exposed to a range of dose to 
obtain survival curve



Crypt Cells of the Mouse Jejunum

Unirradiated jejunum Regenerating crypts seen at 3.5 
days following irradiation

The number of regenerating crypts per circumference of the sectioned 
jejunum as a measure of radiation damage



Crypt Cells of the Mouse Jejunum

D0 = 1.3 Gy

Dq = 4 - 4.5 Gy

Indicates substantial repair

Caveat – a dose of 10 Gy or above is necessary to cause sufficient damage so that 
individual regenerating crypts can be identified

How to obtain dose-response curve at dose-response at low dose region?

Note this 
is not SF
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FIGURE 19.8  Survival curves for crypt cells in the mouse jejunum 
exposed to single or multiple doses of !-rays (1–20 fractions). The 
score of radiation damage is the number of surviving cells per circum-
ference (i.e., the number of regenerating crypts per circumference of 
the sectioned jejunum) counted from sections such as those shown in 
 Figure 19.7. This quantity is plotted on a logarithmic scale against ra-
diation dose on a linear scale. The D0 for the single-dose survival curve 
is about 1.3 Gy. The shoulder of the survival curve is very large. The 
separation between the single-dose survival and two-dose survival 
curves indicates that the Dq is 4 to 4.5 Gy. (Adapted from Withers HR, 
Mason K, Reid BO, et al. Response of mouse intestine to neutrons and 
gamma rays in relation to dose fractionation and division cycle. Cancer. 
1974;34:39–47, with permission.)

crypts are just beginning to regenerate and it 
is relatively simple to identify them. Figure 
19.7B shows several regenerating crypts at 
a higher magnifi cation. These pictures also 
show the shortened villi and the greatly re-
duced density of cells lining the surface. The 
score of radiation damage is the number of re-
generating crypts per circumference of the sec-
tioned jejunum. This quantity is plotted as a 
function of dose and yields a survival curve as 
shown in Figure 19.8. The single-dose survival 
curve has a D0 (for !-rays) of about 1.3 Gy. 
Also shown in Figure 19.8 are survival curves 
for radiation delivered in multiple fractions, 
from 2 to 20. The separation between the sin-
gle- and two-dose survival curves gives a mea-
sure of Dq, which has the very large value of 
between 4 and 4.5 Gy.

This technique has two limitations. First, 
the quantity plotted on the ordinate is the 
number of surviving crypts per circumference, 
not the surviving fraction. Second, experiments 
can be done only at doses of about 10 Gy or 
more, at which there is a suffi cient level of bio-
logic damage for individual  regenerating crypts 

to be identifi ed. The doses can be  delivered, 
 however, in several smaller fractions, as long as 
the total results in suffi cient biologic damage 
to be scored. The shape of the entire survival 
curve, then, can be reconstructed from the 
multifraction data if it is assumed that in a frac-
tionated regimen each dose produces the same 
amount of cell killing and if an estimate is made 
of the number of clonogens at risk per crypt. 
This has been done by Withers and his col-
leagues; the resultant survival curve is shown 
in Figure 19.9.

Testes Stem Cells

A technique to measure the radiation response 
of testicular cells capable of sustaining sper-
matogenesis (i.e., the stem cells) was devised 
by Withers and his colleagues. About 6 weeks 
after irradiation, mouse testes are sectioned 
and examined histologically. Sections of nor-
mal and irradiated testes are shown in Figure 
19.10. The proportion of tubules containing 
spermatogenic epithelium is counted and plot-
ted as a function of dose in Figure 19.11. As in 
many in vivo assays, relatively high single doses 
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FIGURE 19.8  Survival curves for crypt cells in the mouse jejunum 
exposed to single or multiple doses of !-rays (1–20 fractions). The 
score of radiation damage is the number of surviving cells per circum-
ference (i.e., the number of regenerating crypts per circumference of 
the sectioned jejunum) counted from sections such as those shown in 
 Figure 19.7. This quantity is plotted on a logarithmic scale against ra-
diation dose on a linear scale. The D0 for the single-dose survival curve 
is about 1.3 Gy. The shoulder of the survival curve is very large. The 
separation between the single-dose survival and two-dose survival 
curves indicates that the Dq is 4 to 4.5 Gy. (Adapted from Withers HR, 
Mason K, Reid BO, et al. Response of mouse intestine to neutrons and 
gamma rays in relation to dose fractionation and division cycle. Cancer. 
1974;34:39–47, with permission.)
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a higher magnifi cation. These pictures also 
show the shortened villi and the greatly re-
duced density of cells lining the surface. The 
score of radiation damage is the number of re-
generating crypts per circumference of the sec-
tioned jejunum. This quantity is plotted as a 
function of dose and yields a survival curve as 
shown in Figure 19.8. The single-dose survival 
curve has a D0 (for !-rays) of about 1.3 Gy. 
Also shown in Figure 19.8 are survival curves 
for radiation delivered in multiple fractions, 
from 2 to 20. The separation between the sin-
gle- and two-dose survival curves gives a mea-
sure of Dq, which has the very large value of 
between 4 and 4.5 Gy.

This technique has two limitations. First, 
the quantity plotted on the ordinate is the 
number of surviving crypts per circumference, 
not the surviving fraction. Second, experiments 
can be done only at doses of about 10 Gy or 
more, at which there is a suffi cient level of bio-
logic damage for individual  regenerating crypts 

to be identifi ed. The doses can be  delivered, 
 however, in several smaller fractions, as long as 
the total results in suffi cient biologic damage 
to be scored. The shape of the entire survival 
curve, then, can be reconstructed from the 
multifraction data if it is assumed that in a frac-
tionated regimen each dose produces the same 
amount of cell killing and if an estimate is made 
of the number of clonogens at risk per crypt. 
This has been done by Withers and his col-
leagues; the resultant survival curve is shown 
in Figure 19.9.

Testes Stem Cells

A technique to measure the radiation response 
of testicular cells capable of sustaining sper-
matogenesis (i.e., the stem cells) was devised 
by Withers and his colleagues. About 6 weeks 
after irradiation, mouse testes are sectioned 
and examined histologically. Sections of nor-
mal and irradiated testes are shown in Figure 
19.10. The proportion of tubules containing 
spermatogenic epithelium is counted and plot-
ted as a function of dose in Figure 19.11. As in 
many in vivo assays, relatively high single doses 

25858_Hall_CH19.indd   31025858_Hall_CH19.indd   310 3/11/11   4:32 AM3/11/11   4:32 AM

Crypt Cells of the Mouse Jejunum

Deliver dose in multiple 
fractions, and assume that in a 
fractionated regimen each dose 
produces the same amount of 
cell killing

The shape of the entire survival 
curve can be reconstructed3 Gy x 10 = 30 Gy

2 Gy x 20  = 40 Gy



Crypt Cells of the Mouse Jejunum

Effective single-dose survival curve 
reconstructed from multifraction experiments

The numbers on the curve refer to 
the number of fractions used to 
reconstruct the curve

Note that the data are equally well fitted by 
the linear quadratic equation
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FIGURE 19.9  Effective single-dose 
survival curve reconstructed from multi-
fraction experiments for clonogenic cells 
of the jejunal crypts of mice. The num-
bers on the curve refer to the number of 
fractions used to reconstruct that part of 
the curve. The initial and fi nal slopes are 
about 3.57 and 1.43 Gy, respectively. The 
quasi-threshold dose is 4.3 Gy. The data are 
equally well fi tted by the linear-quadratic 
formulation. (Adapted from Thames HD, 
Withers HR, Mason K, et al. Dose survival 
characteristics of mouse jejunal crypt cells. 
Int J Radiat Oncol Biol Phys. 1981;7:1591–
1597, with permission.)

FIGURE 19.10  A: Histology of normal testis. B: Histology of testis 35 days after 
a dose of 9 Gy of !-radiation. Some tubules are completely devoid of spermatogenic 
 epithelium and some are not. (Sertoli’s cells persist in the tubules sterilized of sper-
matogenic cells.) Foci of spermatogenesis can be derived from single surviving stem 
cells. (Magnifi cation ! 200.) (From Withers HR, Hunter N, Barkley HT Jr, et al. Radiation 
survival and regeneration characteristics of spermatogenic stem cells of mouse testis. 
Radiat Res. 1974;57:88–103, with permission.)
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Dq = 4.3 Gy



Testes Stem Cells
Irradiate mice 

Section testes  

Count # tubules containing 
spermatogenic epithelium  

6 wks

Normal testis 35 days after 9 Gy
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of 8 to 16 Gy are  necessary so that the level of 
 damage is  suffi cient to be scored. In this dose 
range, D0 is about 1.68 Gy. If the split-dose 
technique is used, the Dq is about 2.7 Gy. It is 
possible to estimate the effect of small doses 

and  reconstruct a complete survival curve by 
giving large doses in multiple small fractions 
and assuming that the response to each fraction 
is the same. The result of this reconstruction is 
shown in Figure 19.12.
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FIGURE 19.12  Survival curve for 
testis stem cells reconstructed from 
multifraction experiments, assuming 
that each fraction produces the same 
biologic effect. The numbers on the 
curve refer to the number of fractions 
used to reconstruct that portion of the 
curve. The D0 is about 1.6 Gy, and the Dq 
is about 3.92 Gy. (Adapted from Thames 
HD, Withers HR. Test of equal effect per 
fraction and estimation of initial clono-
gen number in microcolony assays of 
survival after fractionated irradiation. Br 
J Radiol. 1980;53:1071–1077, with per-
mission.)
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FIGURE 19.11  Single- and split-
dose survival curves for spermatogenic 
stem cells of the mouse testis. The D0 
is about 1.68 Gy. The Dq, assessed from 
the horizontal separation of the single- 
and split-dose curves, is about 2.7 Gy. 
(Adapted from Withers HR, Hunter N, 
Barkley HT Jr, et al. Radiation survival 
and regeneration characteristics of 
spermatogenic stem cells of mouse 
testis. Radiat Res. 1974;57:88–103, with 
permission.)
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Testes Stem Cells

D0 = 1.68 Gy

Dq = 2.7 Gy

Note that a relatively high single 
dose of 8-16 Gy are necessary 
to score individual surviving 
colonies



Testes Stem Cells

Effective survival curve reconstructed from 
multifraction experiments

D0 = 1.6 Gy

Dq = 3.92 Gy
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possible to estimate the effect of small doses 
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and assuming that the response to each fraction 
is the same. The result of this reconstruction is 
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FIGURE 19.11  Single- and split-
dose survival curves for spermatogenic 
stem cells of the mouse testis. The D0 
is about 1.68 Gy. The Dq, assessed from 
the horizontal separation of the single- 
and split-dose curves, is about 2.7 Gy. 
(Adapted from Withers HR, Hunter N, 
Barkley HT Jr, et al. Radiation survival 
and regeneration characteristics of 
spermatogenic stem cells of mouse 
testis. Radiat Res. 1974;57:88–103, with 
permission.)
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Kidney Tubules
Irradiate one kidney of each mouse 

Section kidney 

Count # of regenerating tubules  

60 wks

This is the first clonal assay for a late-responding tissue!!!

Normal kidney tubules

60 weeks after 13 Gy 
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Kidney Tubules

A technique using kidney tubules, again devel-
oped by Withers and his colleagues, is the fi rst 
clonal assay for a late-responding tissue. One kid-
ney per mouse is irradiated with a small fi eld and 

removed for histologic examination, 60 weeks 
later. Figure 19.13 shows sections of normal and 
irradiated kidneys. For ease of scoring, only those 
tubules touching the renal capsule are scored, and 
a tubule is considered fully regenerated only if it 

A

B
FIGURE 19.13  Photomicrographs of mouse kidney. A: Normal, showing 
proximal tubules in contact with the capsule. (Hematoxylin–eosin stain, magnifi ca-
tion ! 400.) B: Sixty weeks after irradiation with 13 Gy. Note normal proximal tubules 
and glomeruli amid ghosts of de-epithelialized tubules. One  epithelialized  tubule 
is in contact with the capsule. (Hematoxylin–eosin stain, magnifi cation ! 200.) 
(From Withers HR, Mason K, Thames HD. Late radiation response of kidney assayed by 
 tubule cell survival. Br J Radiol. 1986;59:587–595, with permission.)
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FIGURE 19.14  Dose-survival curve for 
tubule-regenerating cells. The D0 is 1.53 Gy. 
(Adapted from Withers HR, Mason K, Thames HD 
Jr. Late radiation response of kidney assayed by 
 tubule cell survival. Br J Radiol. 1986;59:587–595.)

Donor mouse

Suspension of
bone-marrow cells

9 or 10 days
Splenic colonies

Recipient mouse

9 Gy
total body

FIGURE 19.15  Till and McCulloch’s tech-
nique. From the donor mouse, a cell suspen-
sion is made of nucleated isologous bone 
marrow. A known number of cells are injected 
into recipient mice previously irradiated with 
a 9-Gy total body dose. The spleen is removed 
from each recipient mouse 9 or 10 days later, 
and the number of nodules are counted. 
(Adapted from Till JE, McCulloch EA. In: Cam-
eron IL, Padilla GM, Zimmerman AM, eds. De-
velopmental Aspects of the Cell Cycle. New York, 
NY: Academic Press; 1971:297–313, with per-
mission.)

is lined with well-differentiated cuboidal or co-
lumnar cells with a large amount of eosinophilic 
cytoplasm. By 60 weeks, tubules either have no 
surviving epithelial cells or are lined completely 
with epithelium that has regenerated from a small 
number of surviving cells, usually one. The num-
ber of tubules regenerating in several arbitrary 
sections counted is plotted as a function of radia-
tion dose. The result is shown in Figure 19.14; D0 
is about 1.53 Gy.

The radiosensitivity of the cells of this late-
responding tissue is not very different from that 
of early-responding tissues such as the skin or 

intestinal epithelium. The rate of response, how-
ever, is quite different. The time required for 
depletion of the epithelium after a single dose 
of 14 Gy is about 3 days in the jejunum, 12 to 
24 days in the skin, and 30 days in the seminif-
erous tubules of the testes, but 300 days in the 
kidney tubules. These results argue strongly 
that radiation injury in the kidney results from 
depletion of parenchymal cells and that the slow 
expression of injury merely refl ects the slow 
turnover of this cell population. Vascular injury 
is unlikely to be the mechanism underlying the 
destruction of renal tubules.
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Kidney Tubules

D0 = 1.53 Gy

Note that the radiosensitivity  (D0) of the 
late responding tissue is not very different 
from that of early responding tissue

The rate of response, however is very 
different
This is a function of turnover of the cell 
population 

Jejunum 3 days
Skin 12-14 days

Testes tubules 30 days

Kidney tubules 300 days

Time required for depletion of 
epithelium after 14 Gy



Clonogenic End Points

n Clones Regrowing in Situ
¨ Skin Colonies
¨ Crypt Cells of the Mouse Jejunum
¨ Testes Stem Cells
¨ Kidney Tubule

n Cells Transplanted to Another Site
¨ Bone Marrow Stem Cell
¨ Mammary Cells
¨ Thyroid Cells

Withers et al.

Till & McCulloch

Clifton & Gould
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FIGURE 19.14  Dose-survival curve for 
tubule-regenerating cells. The D0 is 1.53 Gy. 
(Adapted from Withers HR, Mason K, Thames HD 
Jr. Late radiation response of kidney assayed by 
 tubule cell survival. Br J Radiol. 1986;59:587–595.)
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sion is made of nucleated isologous bone 
marrow. A known number of cells are injected 
into recipient mice previously irradiated with 
a 9-Gy total body dose. The spleen is removed 
from each recipient mouse 9 or 10 days later, 
and the number of nodules are counted. 
(Adapted from Till JE, McCulloch EA. In: Cam-
eron IL, Padilla GM, Zimmerman AM, eds. De-
velopmental Aspects of the Cell Cycle. New York, 
NY: Academic Press; 1971:297–313, with per-
mission.)

is lined with well-differentiated cuboidal or co-
lumnar cells with a large amount of eosinophilic 
cytoplasm. By 60 weeks, tubules either have no 
surviving epithelial cells or are lined completely 
with epithelium that has regenerated from a small 
number of surviving cells, usually one. The num-
ber of tubules regenerating in several arbitrary 
sections counted is plotted as a function of radia-
tion dose. The result is shown in Figure 19.14; D0 
is about 1.53 Gy.

The radiosensitivity of the cells of this late-
responding tissue is not very different from that 
of early-responding tissues such as the skin or 

intestinal epithelium. The rate of response, how-
ever, is quite different. The time required for 
depletion of the epithelium after a single dose 
of 14 Gy is about 3 days in the jejunum, 12 to 
24 days in the skin, and 30 days in the seminif-
erous tubules of the testes, but 300 days in the 
kidney tubules. These results argue strongly 
that radiation injury in the kidney results from 
depletion of parenchymal cells and that the slow 
expression of injury merely refl ects the slow 
turnover of this cell population. Vascular injury 
is unlikely to be the mechanism underlying the 
destruction of renal tubules.
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Bone Marrow Stem Cells

Spleen cells sterilized 

Irradiated with to some test 
dose

Contain a small proportion 
of stem cells

Count the # of colonies

Till & McCulloch’s Spleen Colony Assay



Bone Marrow Stem Cells

About 104 must be injected into a 
recipient to produce 1 spleen 
colony, thus need to correct for 
plating efficiency

Surviving Fraction =
Colonies counted 

Cells inoculated x PE 

Spleen Colonies



Bone Marrow Stem Cells

D0 = 0.95 Gy

Note that there is almost no shoulder

FIGURE 19.16  Photograph of a mouse’s spleen. The mouse was irradiated supralethally to steril-
ize all the cells of the spleen. The nodules of regrowth originate from intravenously injected bone 
marrow cells from another animal. (Courtesy of Dr. A. Carsten, Brookhaven National Laboratory.)

FIGURE 19.17  !-ray survival curve for the colony-
forming ability of mouse bone marrow cells. The cells 
are irradiated in vivo in the donor animal and grow 
into colonies in the spleens of supralethally irradiated 
recipient animals. (Adapted from McCulloch EA, Till JE. 
The sensitivity of cells from normal mouse bone mar-
row to gamma radiation in vitro and in vivo. Radiat Res. 
1962;16:822–832, with permission.)

Cells Transplanted to Another Site
Bone Marrow Stem Cells

Till and McCulloch developed a system to deter-
mine a survival curve for colony-forming bone 
marrow cells (Fig. 19.15). Recipient animals fi rst 
are irradiated supralethally with a dose of 9 to 
10 Gy, which sterilizes their spleens. Nucleated 
isologous bone marrow cells taken from another 
animal are then injected intravenously into the 
recipient animals. Some of these cells lodge in 
the spleen, where they form nodules or colonies 
10 to 11 days later, because the spleen cells of the 
recipient animals have been sterilized previously 
by the large dose of radiation. At this time, the 
spleens are removed and the colonies counted. 
Figure 19.16 is a photograph of a spleen showing 
the colonies to be counted.

About 104 cells must be injected into a recipi-
ent animal to produce one spleen colony because 
most of the cells in the nucleated isologous bone 
marrow are fully differentiated cells and would 
never be capable of forming a colony. To obtain 
a surviving fraction   bone marrow cells, a donor 
animal is irradiated to some test dose, and the 
suspension of cells from the bone marrow is in-
oculated into groups of recipient animals that 
previously had been irradiated supralethally. 
By counting the colonies in the spleens of the 
recipient animals, and with a knowledge of the 
number of cells required to produce a colony in 
an unirradiated animal (plating effi ciency), the 
surviving fraction may be calculated as follows:

Surviving fraction for a dose D !

  colonies counted   ____   
cells inoculated " plating effi ciency

  

This procedure is repeated for a range of 
doses, and a survival curve is obtained (Fig. 19.17). 
These bone marrow stem cells are very sensitive 
with a D0 of about 0.95 Gy and little or no shoul-
der to the survival curve.
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Mammary and Thyroid Cells

Clifton and Gould and their colleagues devel-
oped very useful clonogen transplant assays for 
epithelial cells of the mammary and thyroid 
glands. They have been used largely for cell sur-
vival studies, which are described later, but the 
initial motivation for their development was to 
study carcinogenesis in a quantitative system. 
Most in vitro transformation assays involve fi -
broblasts, and the bulk of human cancers arise 
in epithelial cells—hence, the importance and 
interest in these two systems.

The techniques for these two systems are much 
the same. To generate a survival curve for mam-
mary or thyroid gland cells in the rat, cells may 
be irradiated in vivo before the gland is removed 
from donor animals and treated with enzymes to 
obtain a monodispersed cell suspension. Known 
numbers of cells are injected into the inguinal or 
interscapular white fat pads of recipient animals.

Under appropriate host conditions and 
grafted cell numbers, the injection of mammary 
cells gives rise to mammary structures that are 
morphologically and functionally normal. One 
such mammary structure may develop from a 
single cell. By 3.5 weeks after the injection of 
mammary cells, positive growth is indicated by 
alveolar units. An example of a milk-fi lled alveo-
lar unit is shown as an inset in Figure 19.18. If 
thyroid cells are injected, thyroid follicular units 
develop (Fig. 19.19).

With either type of cell, a larger number must 
be injected to produce a growing unit, if the cells 

FIGURE 19.18  Dose–response rela-
tionship for rat mammary cells assayed by 
transplantation into the fat pads of recipient 
animals. (Adapted from Gould MN, Clifton KH. 
Evidence for a unique in situ component of 
the repair of radiation damage. Radiat Res. 
1979;77:149–155, with permission.) Inset: A 
milk-fi lled spherical alveolar unit developed 
from a transplanted cell. (From Gould MN, 
Biel WF, Clifton KH. Morphological and quan-
titative studies of gland formation from inoc-
ula of monodispersed rat mammary cells. Exp 
Cell Res. 1977;107:405–416, with permission.)
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FIGURE 19.19  Dose–response relationship for 
rat thyroid cells assayed by transplantation into the 
fat pads of recipient animals. (Graph – Adapted from 
Mulcahy RT, Gould MN, Clifton KH. The survival of thy-
roid cells: in vivo  irradiation and in situ repair. Radiat 
Res. 1980;84:523–528, with permission.) Inset: A single 
thyroid follicle that developed 4 weeks after the in-
oculation of thyroid cells into the fat pads of recipient 
animals. (From  Clifton KH, Gould MN, Potten CS, et al., 
eds. Cell Clones. New York, NY: Churchill Livingstone; 
1985:128–138, with permission.)

25858_Hall_CH19.indd   31625858_Hall_CH19.indd   316 3/11/11   4:32 AM3/11/11   4:32 AM

Mammary Cells
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The initial motivation is to study carcinogenesis in epithelial cells in a quantitative manner 

Does this reflect 
SLD Repair or 
PLD repair?
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Mammary and Thyroid Cells

Clifton and Gould and their colleagues devel-
oped very useful clonogen transplant assays for 
epithelial cells of the mammary and thyroid 
glands. They have been used largely for cell sur-
vival studies, which are described later, but the 
initial motivation for their development was to 
study carcinogenesis in a quantitative system. 
Most in vitro transformation assays involve fi -
broblasts, and the bulk of human cancers arise 
in epithelial cells—hence, the importance and 
interest in these two systems.

The techniques for these two systems are much 
the same. To generate a survival curve for mam-
mary or thyroid gland cells in the rat, cells may 
be irradiated in vivo before the gland is removed 
from donor animals and treated with enzymes to 
obtain a monodispersed cell suspension. Known 
numbers of cells are injected into the inguinal or 
interscapular white fat pads of recipient animals.

Under appropriate host conditions and 
grafted cell numbers, the injection of mammary 
cells gives rise to mammary structures that are 
morphologically and functionally normal. One 
such mammary structure may develop from a 
single cell. By 3.5 weeks after the injection of 
mammary cells, positive growth is indicated by 
alveolar units. An example of a milk-fi lled alveo-
lar unit is shown as an inset in Figure 19.18. If 
thyroid cells are injected, thyroid follicular units 
develop (Fig. 19.19).

With either type of cell, a larger number must 
be injected to produce a growing unit, if the cells 

FIGURE 19.18  Dose–response rela-
tionship for rat mammary cells assayed by 
transplantation into the fat pads of recipient 
animals. (Adapted from Gould MN, Clifton KH. 
Evidence for a unique in situ component of 
the repair of radiation damage. Radiat Res. 
1979;77:149–155, with permission.) Inset: A 
milk-fi lled spherical alveolar unit developed 
from a transplanted cell. (From Gould MN, 
Biel WF, Clifton KH. Morphological and quan-
titative studies of gland formation from inoc-
ula of monodispersed rat mammary cells. Exp 
Cell Res. 1977;107:405–416, with permission.)
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FIGURE 19.19  Dose–response relationship for 
rat thyroid cells assayed by transplantation into the 
fat pads of recipient animals. (Graph – Adapted from 
Mulcahy RT, Gould MN, Clifton KH. The survival of thy-
roid cells: in vivo  irradiation and in situ repair. Radiat 
Res. 1980;84:523–528, with permission.) Inset: A single 
thyroid follicle that developed 4 weeks after the in-
oculation of thyroid cells into the fat pads of recipient 
animals. (From  Clifton KH, Gould MN, Potten CS, et al., 
eds. Cell Clones. New York, NY: Churchill Livingstone; 
1985:128–138, with permission.)
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Thyroid Gland Cells
Irradiate donor mice

Remove thyroid cells and 
disperse into single cells  

Implant into the fat pads of 
recipient animals  

Count # of follicle structures  
A thyroid follicle developed from a 

single surviving transplanted thyroid cell 

4 wks



Summary of Dose-Response Curves for 
Clonogenic Assays 

Variation in radiation sensitivity is 
primarily due to difference in width 
of the shoulders 
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An interesting use of these clonogen trans-
plant assays is that the physiologic states of ei-
ther donor or recipient animals can be manipu-
lated hormonally. For the mammary cell assay, 
cells may be taken from inactive, slowly dividing 
glands of virgin rats, from rapidly dividing glands 
of rats in midpregnancy, or from milk-producing 
glands of lactating rats. For the thyroid cell assay, 
the physiologic states of both donor and recipi-
ent can be manipulated by control of the diet or 
by partial  thyroidectomy.

■  SUMMARY OF DOSE–RESPONSE 
CURVES FOR CLONOGENIC ASSAYS 
IN NORMAL TISSUES

The survival curves for all of the clonogenic as-
says in normal tissues are plotted together in 
Figure 19.20. There is a substantial range of ra-
diosensitivities, with shoulder width being the 
principal variable. In vitro curves for cells from 
patients with ataxia telangiectasia (AT) also are 
shown because these are probably the most ra-
diosensitive mammalian cells.

are irradiated fi rst to a given dose. In practice, 
some fancy statistics are involved, a discussion of 
which is beyond the scope of this chapter; in es-
sence, the ratio of the number of irradiated to un-
irradiated cells required to produce one  growing 
unit (thyroid follicular unit or alveolar unit) is a 
measure of the cell-surviving fraction correspond-
ing to the dose. This procedure must be repeated 
for a range of graded doses to generate a survival 
curve. The resultant survival curve for mammary 
cells is shown in Figure 19.18. The characteris-
tics of the curve are unremarkable: D0 is about 
1.27 Gy, and the extrapolation number is about 5, 
quite typical of rodent cells cultured in vitro. The 
corresponding survival curve for thyroid cells is 
shown in Figure 19.19. D0 is a little larger than 
for mammary glands assayed in a similar way, 
implying that the cells are a little more resistant. 
F igures 19.18 and 19.19 also show data for cells 
left in situ for 24 hours after irradiation, before 
being removed and assayed. If this is done, the 
shoulder of the survival curve is larger because 
of the repair of potentially lethal damage. This is 
discussed in more detail in Chapter 5.
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FIGURE 19.20  Summary of sur-
vival curves for clonogenic assays of 
cells from normal tissues. The human 
AT cells are included because they are 
the most sensitive mammalian cells. 
The bone marrow colony- forming 
units, together with the mammary 
and thyroid cells, represent systems 
in which cells are irradiated and as-
sayed by transplantation into a dif-
ferent tissue in recipient animals. The 
jejunal crypt and testis stem cells are 
examples of systems in which cells 
are assayed for regrowth in situ after 
irradiation.
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Notably, these are all in vivo 
assays obtained by irradiation of 
whole animals (as opposed to cells 
in culture) 
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essentially the same radiosensitivity. The im-
plication of this is that if the chromosomes are 
condensed during mitosis, all cell lines have the 
same radiosensitivity governed simply by DNA 
content; but in interphase, the radiosensitiv-
ity differs because of different conformations 
of the DNA. Another interesting observation 
comes from a comparison of the survival curves 
in Figure 3.8A with the DNA laddering in 
 Figure 3.8B.

mouse tumor cells (EMT6) as well as for six cell 
lines derived from human tumors.

Asynchronous EMT6 cells are the most ra-
dioresistant, followed closely by glioblastoma 
cells of human origin; thereafter, radiosensitiv-
ity increases, with two neuroblastoma cell lines 
being the most sensitive. Although asynchro-
nous cells show this wide range of sensitivi-
ties to radiation, it is a remarkable fi nding that 
mitotic cells from all of these cell lines have 

FIGURE 3.8  A: Compilation of sur-
vival curves for asynchronous cultures 
of several cell lines of human and ro-
dent origin. Note the wide range of ra-
diosensitivity (most notably the size of 
the shoulder) between mouse EMT6 
cells, the most resistant, and two neu-
roblastoma cell lines of human origin 
(the most sensitive). The cell survival 
curve for mitotic cells is very steep, and 
there is little difference in radiosensitiv-
ity for cell lines that are very different in 
asynchronous culture. (Data compiled 
by Dr. J.D. Chapman, Fox Chase Cancer 
Center, Philadelphia.) B: DNA purifi ed 
from various cell lines (survival curves 
shown in Fig. 3.8A) 18 hours after irra-
diation with 10 Gy and electrophoresed 
for 90 minutes at 6 V/cm. Note the broad 
variation in the amount of “laddering”—
which is characteristic of an apoptotic 
death. In this form of death, DSBs occur 
in the linker regions between nucleo-
somes, producing DNA fragments that 
are multiples of about 185 base pairs. 
Note that cell lines that show prominent 
laddering are radiosensitive. (Gel pre-
pared by Drs. S. Biade and J.D. Chapman, 
Fox Chase Cancer Center, Philadelphia.)
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Functional Assays

n Not a direct measure of cell survival, but direct 
relevance to clinical side effects

n Examples include
¨Pig Skin 
¨Rodent Skin
¨Early and Late Response of the Lung
¨Spinal Cord Myelopathy

Fowler

Travis

van der Kogel



Pig Skin
Pig skin shares many common features 
with human skin – color, hair follicles, 
sweat glands, a layer of subcutaneous fat

Response of pig skin to radiation resembles 
that of human skin, both qualitatively and 
quantitatively 

X-ray 

Arbitrary Score Reaction
0 No visible reaction
1 Faint erythema
2 Erythema 
3 Marked erythema 
4 Moist desquamation of < ½ the irradiated area
5 Moist desquamation of > ½ the irradiated area

Skin reactions were scored daily 
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TABLE 19.1 Radiation Reactions in 
Pig Skin

Arbitrary
Score Reaction

 0 No visible reaction
 1 Faint erythema
 2 Erythema
 3 Marked erythema
 4 Moist desquamation of less
   than half the irradiated area
 5 Moist desquamation of more
   than half the irradiated area
From Fowler JR, Morgan RL, Silvester JA,  Bewley 
DK, Turner BA. Experiments with fractionated 
x-ray treatment of the skin of pigs: 1. Fractionation 
up to 28 days. Br J Radiol. 1963;36:188–196, with 
 permission.

■  DOSE–RESPONSE RELATIONSHIPS 
FOR FUNCTIONAL END POINTS

Pig Skin
Pig skin has been used widely in radiobiologic 
studies because it has many features in common 
with human skin such as color, hair follicles, 
sweat glands, and a layer of subcutaneous fat. In 
view of these structural similarities, it is not sur-
prising that the response of pig skin to radiation 
closely resembles that of human skin, both quali-
tatively and quantitatively.

Fowler and his colleagues pioneered the use 
of pig skin as a radiobiologic test system. Sev-
eral small rectangular fi elds on the pig’s fl ank 
were irradiated with graded doses of x-rays, and 
the reactions were scored daily using the arbi-
trary scale shown in Table 19.1. After a single 
dose of radiation, the reaction becomes appar-
ent after about 15 days and develops as shown 
in Figure 19.21.

FIGURE 19.21  Development of skin reac-
tions in the pig after graded doses of x-rays, de-
livered as a single exposure (A) or as multiple 
fractions spaced over time (B). (Adapted from 
Fowler JF, Morgan RL, Silvester JA, et al. Experi-
ments with fractionated x-ray treatment of the 
skin of pigs: 1. Fractionation up to 28 days. Br J 
Radiol. 1963;36:188–196, with permission.)
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Pig Skin

Early wave of erythema 
occurred at 10-40 days, 
representing “acute” 
reaction

A 2nd broad wave of moderately 
severe reaction took place at 
50-85 days, which correlate 
well with late skin damage (up 
to 2 years) and with 
subcutaneous damage

Late effects may also be studied 
by measuring the contraction 
that results from fibrosis a year 
or more after irradiation
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Effects of Fractionation
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Average skin reaction as a function of total dose 

Note the skin sparing effect 
with fractionation

This is the subject of 
Chapter 23
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Two phases of the reaction can be distin-
guished. First, an early wave of erythema oc-
curred (at 10–40 days), which was variable from 
one animal to another. This represents the un-
comfortable “acute” reaction sometimes seen 
in patients on radiotherapy at about the end of 
a course of treatment. Second, a more gradual 
increase to a second broad wave of moderately 
severe reactions took place (at 50–100 days), 
representing a more permanent kind of damage. 
This second wave shows the tolerance of skin to 
a more serious type of long-term damage and is 
a more repeatable and consistent index of radia-
tion damage. It was subsequently found to corre-
late well with longer term damage (up to 2 years) 
and with subcutaneous damage.

The “score” of radiation damage is taken to 
be the average skin reaction occurring between 
certain time limits that encompass the medium-
term reactions. After a single dose, this might be 
a 35-day period between 50 and 85 days after ir-
radiation. For a protracted fractionated regimen, 
this period of reaction may come later, between 
days 65 and 100. The average skin reaction in 
the chosen time period then is plotted as a func-
tion of dose; examples of dose–response curves 
obtained this way are shown in Figure 19.22 for 
single and fractionated doses.

Late effects also have been studied in pig skin 
by measuring the contraction that results from fi -
brosis a year or more after irradiation. A square is 
tattooed on the skin of the animal in the irradiated 
fi eld, and the dimensions of this square are recorded 
as a function of dose as the contraction occurs. This 
is a primitive but effective measure of late effects.
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FIGURE 19.22  Average skin reaction 
as a function of total dose for medium-
term skin reactions in pigs exposed to a 
single dose of x-rays or to fractionated 
doses given over 28 days. (Adapted from 
Fowler JF, Morgan RL, Silvester JA, et al. Ex-
periments with fractionated x-ray treat-
ment of the skin of pigs: 1. Fractionation 
up to 28 days. Br J Radiol. 1963;36:188–
196, with permission.)

Many of the important early studies on the 
fractionation effects of x-rays and the compari-
son of x-rays with fast neutrons were performed 
with this biologic system. One overwhelming 
advantage is that data obtained this way can be 
extrapolated to the human with a high degree of 
confi dence. The disadvantage is that the animals 
are large and awkward to work with, and their 
maintenance involves a considerable expense.

Rodent Skin
Because of the inconvenience and expense of 
using pigs, the skin of the mouse leg and foot is 
commonly used instead. One hind leg of each 
animal is irradiated; the other serves as a control. 
The skin response is observed each day after ir-
radiation and is scored according to the arbitrary 
scale shown in Table 19.2. Various doses are 
used. The progressive development of the reac-
tion after ten doses of 6 Gy each is illustrated in 
Figure 19.23; each point represents the mean of 
several animals. Reactions appear by about the 
10th day, peak by 20 to 25 days, and then subside. 
The second wave of the reaction, noted for pig 
skin, is not seen in mice but is observed in rats. A 
dose-response curve is obtained by averaging the 
skin reaction over a period of time and plotting 
this average as a function of dose.

Early and Late Response of the Lung 
Based on Breathing Rate
Travis and her colleagues developed a noninva-
sive assay of breathing frequency to assess both 
early and late damage in mouse lungs. Breathing 
frequency increases progressively with dose after 
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Rodent Skin

One hind leg is irradiated
The other serves as a control

Radiation Reactions in Mouse Leg Skin

Cheaper and less awkward to work with than pigs
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FIGURE 19.23  Daily skin reaction scores for mice receiving 60 Gy in 10 equal fractions 
to the right hind leg. Each point represents the mean score of six animals; the vertical lines 
represent the standard errors of the mean. (Adapted from Brown JM, Goffi net DR, Cleaver JE, 
et al. Preferential radiosensitization of mouse sarcoma relative to normal skin by chronic intra-
arterial infusion of halogenated pyrimidine analogs. JNCI. 1971;47:75–89, with permission.)
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FIGURE 19.24  Breathing frequency in mice as a function of dose measured (left to 
right) 16, 36, and 52 weeks after irradiation with x-rays. Breathing frequency is expressed 
as a percentage increase above the age-related control value. (Adapted from Travis EL, 
Down JD, Holmes SJ, et al. Radiation pneumonitis and fi brosis in mouse lung assayed by 
respiratory frequency and histology. Radiat Res. 1980;84:133–142, with permission.)    
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Rodent Skin
Average daily skin reaction scores for six mice irradiated in 10 fractions of 6 Gy each

Reactions appear by 10th day

Peak by 20-25 days

A dose-response curve can be 
obtained by averaging the skin 
reaction over a period of time 
and plotting this average as a 
function of dose
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FIGURE 19.23  Daily skin reaction scores for mice receiving 60 Gy in 10 equal fractions 
to the right hind leg. Each point represents the mean score of six animals; the vertical lines 
represent the standard errors of the mean. (Adapted from Brown JM, Goffi net DR, Cleaver JE, 
et al. Preferential radiosensitization of mouse sarcoma relative to normal skin by chronic intra-
arterial infusion of halogenated pyrimidine analogs. JNCI. 1971;47:75–89, with permission.)
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FIGURE 19.24  Breathing frequency in mice as a function of dose measured (left to 
right) 16, 36, and 52 weeks after irradiation with x-rays. Breathing frequency is expressed 
as a percentage increase above the age-related control value. (Adapted from Travis EL, 
Down JD, Holmes SJ, et al. Radiation pneumonitis and fi brosis in mouse lung assayed by 
respiratory frequency and histology. Radiat Res. 1980;84:133–142, with permission.)    
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Early and Late Response of Lung

16 wks 36 wks 52 wks

Breathing frequency was used as a measure of radiation lung damage

Early response (i.e., pneumonitis) Late response (i.e., fibrosis)

Note the sigmoid shape 
and a threshold dose of 
~ 11 Gy



Spinal Cord Myelopathy
Spinal cord is a late responding tissue

Rats

Latency – 4 to 12 months
Symptoms – palpable muscle atrophy followed by impaired use of the hind legs

Human 

First 6 months – demyelination
1-2 years post-irradiation – glial atrophy and white matter necrosis

Mechanism – thought to be primarily due to killing of glial progenitor cells; vascular 
injury may accelerate, precipitate, or even initiate the white-matter changes leading to 
necrosis (this is an area of some controversy)

neurologic deficit 
related to the spinal 
cord



Myelin
n Most long nerve fibers are covered with a whitish, fatty material, called myelin, which 

has a waxy appearance
n Myelin protects and insulates the fibers and increases the transmission rate of nerve 

impulses
n Axons outside the CNS are myelinated by Schwann cells
n Within the CNS, it is the oligodendrocytes that form myelin sheaths 

CNS PNS
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number of fractions. The effect of a large num-
ber of very small fractions has also been investi-
gated. Figure 19.26 shows the relation between 
total dose and dose per fraction to produce pa-
ralysis in 50% of rats from irradiation of a short 
length of cervical spine. The smooth curve is 

necrosis but occurs diffusely and at lower doses. 
With improvements in diagnostic procedures 
such as magnetic resonance imaging, glial atro-
phy may become a more frequently recognized 
adverse effect of brain tumor therapy.

Latency

Over a dose range of about 25 to 60 Gy, de-
livered in single doses, the general tendency is 
a decreasing latency with increases in dose of 
approximately 2 days per Gy. There is a con-
siderable variation with animal strain, as well 
as with the region of the cord irradiated. In 
terms of mechanisms, demyelination or slowly 
progressive atrophy is probably a consequence 
of interference with the slow continuous turn-
over of oligodendrocytes by killing of glial pro-
genitor cells. Vascular injury may accelerate, 
precipitate, or even initiate the white matter 
changes leading to necrosis. This is an area of 
some controversy.

Fractionation and Protraction

The effect of dose fractionation and protraction 
on tolerance to radiation has been investigated 
extensively in the rat spinal cord and to a lesser 
extent in the mouse, monkey, and guinea pig. 
Because these systems turn over slowly, there 
is little infl uence of overall treatment time up 
to any conventional clinical regimen of 6 to 
8 weeks. On the other hand, dose per fraction 
is very important (Fig. 19.25), with the dose to 
 produce paralysis increasing dramatically with 
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FIGURE 19.25  Dose-response curves 
for the induction of hind leg paralysis in rats 
following irradiation of a section of the spinal 
cord (L2–L5). Note how the dose necessary to 
produce paralysis increases rapidly with in-
creasing numbers of fractions. (Adapted from 
van der Kogel AJ. Late Effects of Radiation on 
the Spinal Cord. Rijswik, the Netherlands, the 
Radiobiological Institute of the Organization 
for Health Research TNO; 1979:1–160, with 
permission.)
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FIGURE 19.26  The data points show total dose, 
as a function of dose per fraction, to produce paralysis 
in 50% of rats after irradiation of the spinal cord. The 
curve is an isoeffect relationship based on the linear-
quadratic equation with an !/" value of 1.5 Gy. The 
experimental data suggest that the linear-quadratic 
model overestimates tolerance for dose-per-fraction 
values less than 2 Gy. This may be a result of incom-
plete repair because the interfraction interval was only 
4 hours. (Adapted from van der Kogel AJ. Central ner-
vous  system radiation injury in small animal  models. 
In: Gutin PH, Leibel SA, Sheline GE, eds. Radiation  Injury 
to the Nervous System. New York, NY: Raven Press; 
1991:91–112, with permission.)
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Spinal Cord Myelopathy

Dose-response curves for the induction of hind-leg paralysis 
following irradiation of a section of the spinal cord L2-L5

50% paralysis at 19 Gy; 
steep dose-response

50% paralysis requires 65 Gy; 
shallower dose-response

Note the dramatic sparing 
from fractionation

For single doses (25-60 Gy), latency 
decreases as dose increases
(~ 2 days/Gy)
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number of fractions. The effect of a large num-
ber of very small fractions has also been investi-
gated. Figure 19.26 shows the relation between 
total dose and dose per fraction to produce pa-
ralysis in 50% of rats from irradiation of a short 
length of cervical spine. The smooth curve is 

necrosis but occurs diffusely and at lower doses. 
With improvements in diagnostic procedures 
such as magnetic resonance imaging, glial atro-
phy may become a more frequently recognized 
adverse effect of brain tumor therapy.

Latency

Over a dose range of about 25 to 60 Gy, de-
livered in single doses, the general tendency is 
a decreasing latency with increases in dose of 
approximately 2 days per Gy. There is a con-
siderable variation with animal strain, as well 
as with the region of the cord irradiated. In 
terms of mechanisms, demyelination or slowly 
progressive atrophy is probably a consequence 
of interference with the slow continuous turn-
over of oligodendrocytes by killing of glial pro-
genitor cells. Vascular injury may accelerate, 
precipitate, or even initiate the white matter 
changes leading to necrosis. This is an area of 
some controversy.

Fractionation and Protraction

The effect of dose fractionation and protraction 
on tolerance to radiation has been investigated 
extensively in the rat spinal cord and to a lesser 
extent in the mouse, monkey, and guinea pig. 
Because these systems turn over slowly, there 
is little infl uence of overall treatment time up 
to any conventional clinical regimen of 6 to 
8 weeks. On the other hand, dose per fraction 
is very important (Fig. 19.25), with the dose to 
 produce paralysis increasing dramatically with 
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FIGURE 19.25  Dose-response curves 
for the induction of hind leg paralysis in rats 
following irradiation of a section of the spinal 
cord (L2–L5). Note how the dose necessary to 
produce paralysis increases rapidly with in-
creasing numbers of fractions. (Adapted from 
van der Kogel AJ. Late Effects of Radiation on 
the Spinal Cord. Rijswik, the Netherlands, the 
Radiobiological Institute of the Organization 
for Health Research TNO; 1979:1–160, with 
permission.)
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FIGURE 19.26  The data points show total dose, 
as a function of dose per fraction, to produce paralysis 
in 50% of rats after irradiation of the spinal cord. The 
curve is an isoeffect relationship based on the linear-
quadratic equation with an !/" value of 1.5 Gy. The 
experimental data suggest that the linear-quadratic 
model overestimates tolerance for dose-per-fraction 
values less than 2 Gy. This may be a result of incom-
plete repair because the interfraction interval was only 
4 hours. (Adapted from van der Kogel AJ. Central ner-
vous  system radiation injury in small animal  models. 
In: Gutin PH, Leibel SA, Sheline GE, eds. Radiation  Injury 
to the Nervous System. New York, NY: Raven Press; 
1991:91–112, with permission.)
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Spinal Cord Myelopathy
Late responding tissue typically 
has a small a/b ratio, and are 
sensitive to dose fractionation

Repair of sublethal damage may 
have “fast” and “slow” components; 
for this reason, if multiple doses per 
day area used to the spinal cord, the 
interfraction interval should be at 
least 6 – 8 hours

Note that total dose ­ 
dramatically as dose per 
fraction ¯

Iso-effect curve

Experimental data suggest that the 
L-Q model overestimates the 
tolerance for dose per fraction less 
than 2 Gy – likely due to incomplete 
repair
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matter necrosis shows a marked dependence 
on the length of cord irradiated. Late vascular 
injury shows less dependence on cord length. 
Beyond a few centimeters, the tolerance is vir-
tually independent of the length of cord irradi-
ated. This would be predicted from the linear 
arrangement of the functional subunits. A chain 
is broken whether one, two, three, or more links 
are removed.

Retreatment after Long Time Intervals

The spinal cord does recover to some extent 
after long time periods following irradiation. 
The extent of the recovery depends, of course, 
on the fi rst treatment—that is, what fraction of 
tolerance was involved. Experiments with rats 
indicate that after an initial treatment to 50% 
tolerance, the retreatment tolerance approaches 
90% of the tolerance of the untreated control 
group by about a year after the initial irradia-
tion. If the initial treatment represented a larger 
fraction of tolerance, the retreatment that can be 
tolerated is reduced.

■  INFERRING THE RATIO !/" FROM 
MULTIFRACTION EXPERIMENTS IN 
NONCLONOGENIC SYSTEMS

The parameters of the dose-response curve for 
any normal tissue system for which a functional 
end point can be observed may be inferred by 
performing a multifraction experiment. Take, for 
example, an experiment in which mouse foot skin 
reaction is scored. Doses that result in the same 
skin reaction (e.g., moist desquamation of more 
than 50% of the area irradiated) if delivered as a 
single exposure in a multifraction regimen (e.g., 
5, 10, or 20 fractions) must be determined ex-
perimentally. Several assumptions must be made 
as follows:

 1. The dose–response relationship is repre-
sented adequately by the LQ formulation:

S ! e"!D""D2

  in which S is the fraction of cells surviving a 
dose, D, and ! and " are constants.

 2. Each dose in a fractionated regimen pro-
duces the same biologic effect.

 3. Full repair of sublethal damage takes place 
between dose fractions, but no cell prolifera-
tion occurs.

an isoeffect curve calculated for the very low 
!/" value of 1.5 Gy. The experimental data 
suggest that the linear quadratic (LQ) model 
o verestimates the tolerance for small doses per 
fraction of less than 2 Gy. However, this may be 
a result of incomplete repair, because in these 
experiments, the interfraction interval was only 
4 hours. There is good reason to believe that 
repair of sublethal damage takes place slowly in 
this normal tissue, and indeed, repair may be 
 biphasic, with “fast” and “slow” components. 
For this reason, if multiple doses per day are 
used to the spinal cord, the interfraction inter-
val should be at least 6 to 8 hours.

Volume Effects

The total volume of irradiated tissue usually is 
assumed to have an infl uence on the develop-
ment of tissue injury. The spinal cord is perhaps 
the clearest case in which the functional sub-
units (FSUs) are arranged in linear fashion, like 
links in a chain. Figure 19.27 shows the relation-
ship between tolerance dose and the length of 
cord irradiated in the rat. For short lengths of 
cord, below 1 cm, tolerance in terms of white 
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FIGURE 19.27  The dependence of spinal cord tol-
erance on the length of cord irradiated in the rat. For 
short lengths of cord, shorter than about 1 cm, tolerance 
for white matter necrosis shows a marked dependence 
on the length of cord irradiated. Late vascular injury 
shows less dependence on cord length. Beyond a few 
centimeters, the tolerance dose is virtually independent 
of the length of cord irradiated. (Adapted from van der 
Kogel AJ. Central nervous system radiation injury in 
small animal models. In: Gutin PH, Leibel SA, Sheline GE, 
eds.  Radiation Injury to the Nervous System. New York, NY: 
Raven Press; 1991;91–112, with permission.)
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Spinal Cord Myelopathy

Volume Effects

Below 1 cm, tolerance for white-
matter necrosis shows a marked 
dependence on the length of 
cord irradiated

Beyond a few cm, the tolerance is virtually 
independent of the length of the cord 
irradiated, which is explained by the linear 
arrangement of the functional subunits



Spinal Cord Myelopathy
The spinal cord does recover to some extent after long time periods 
following irradiation

Retreatment after Long Time Interval 

Experiments with rats indicate that after an initial treatment to 50% tolerance, 
the retreatment tolerance approaches 90% of the tolerance of untreated 
control group by about a year after the initial irradiation
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Inferring a/b Ratio from Multifraction 
Experiments
n First, you need an experimental system with scorable endpoints (e.g., 

moist desquamation of > 50% of the area irradiated; 50% paralysis)

n Next, doses that result in the same effect (iso-effect) using various 
multifraction regimens must be determined experimentally322 | Section II • For Students of Radiation Oncology |

number of fractions. The effect of a large num-
ber of very small fractions has also been investi-
gated. Figure 19.26 shows the relation between 
total dose and dose per fraction to produce pa-
ralysis in 50% of rats from irradiation of a short 
length of cervical spine. The smooth curve is 

necrosis but occurs diffusely and at lower doses. 
With improvements in diagnostic procedures 
such as magnetic resonance imaging, glial atro-
phy may become a more frequently recognized 
adverse effect of brain tumor therapy.

Latency

Over a dose range of about 25 to 60 Gy, de-
livered in single doses, the general tendency is 
a decreasing latency with increases in dose of 
approximately 2 days per Gy. There is a con-
siderable variation with animal strain, as well 
as with the region of the cord irradiated. In 
terms of mechanisms, demyelination or slowly 
progressive atrophy is probably a consequence 
of interference with the slow continuous turn-
over of oligodendrocytes by killing of glial pro-
genitor cells. Vascular injury may accelerate, 
precipitate, or even initiate the white matter 
changes leading to necrosis. This is an area of 
some controversy.

Fractionation and Protraction

The effect of dose fractionation and protraction 
on tolerance to radiation has been investigated 
extensively in the rat spinal cord and to a lesser 
extent in the mouse, monkey, and guinea pig. 
Because these systems turn over slowly, there 
is little infl uence of overall treatment time up 
to any conventional clinical regimen of 6 to 
8 weeks. On the other hand, dose per fraction 
is very important (Fig. 19.25), with the dose to 
 produce paralysis increasing dramatically with 
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FIGURE 19.25  Dose-response curves 
for the induction of hind leg paralysis in rats 
following irradiation of a section of the spinal 
cord (L2–L5). Note how the dose necessary to 
produce paralysis increases rapidly with in-
creasing numbers of fractions. (Adapted from 
van der Kogel AJ. Late Effects of Radiation on 
the Spinal Cord. Rijswik, the Netherlands, the 
Radiobiological Institute of the Organization 
for Health Research TNO; 1979:1–160, with 
permission.)
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FIGURE 19.26  The data points show total dose, 
as a function of dose per fraction, to produce paralysis 
in 50% of rats after irradiation of the spinal cord. The 
curve is an isoeffect relationship based on the linear-
quadratic equation with an !/" value of 1.5 Gy. The 
experimental data suggest that the linear-quadratic 
model overestimates tolerance for dose-per-fraction 
values less than 2 Gy. This may be a result of incom-
plete repair because the interfraction interval was only 
4 hours. (Adapted from van der Kogel AJ. Central ner-
vous  system radiation injury in small animal  models. 
In: Gutin PH, Leibel SA, Sheline GE, eds. Radiation  Injury 
to the Nervous System. New York, NY: Raven Press; 
1991:91–112, with permission.)
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In this case, take 50% paralysis as endpoint:

n – number of fractions 
d – dose per fraction 
nd – total dose 

is determined for for each multifractionted regimen 



Inferring a/b Ratio from Multifraction 
Experiments

Assumptions 

1. The dose response relationship is represented adequately by the LQ equation
!!!"# βα −−=

2.   Each dose in a fractionated regimen produces the same biologic effect

3. Full repair of sublethal damage takes place between dose fractions, but no cell 
proliferation occurs



Inferring a/b Ratio from Multifraction 
Experiments

!!!"# βα −−= !""#$ !"
#βα −−=

Suppose total dose D is divided into n equal fractions of dose d, i.e., D = nd

can be rewritten as

Substitute D with nd,

!"#$ %!!"# βα −−=
Rearrange,

!"!# βα +=− !"#



Inferring a/b Ratio from Multifraction 
Experiments

If we plot 1/nd (i.e, reciprocal of total dose) against d (i.e, dose per fraction), we would obtain a 
straight line  

!"!# βα +=− !"#

Intercept = - a/lnS

Slope = - b/lnS

intercept

slope
= a/b

This gives an estimate of a/b ratio 

1/nd = - b/lnS(d) - a/lnS 
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SUMMARY OF 
PERTINENT CONCLUSIONS

■ The relationship between dose and inci-
dence is sigmoid for both tumor control 
and normal tissue damage.

■ The ratio of tumor response to normal tis-
sue damage is called the therapeutic ratio 
or therapeutic index.

■ The therapeutic index can be manipulated 
by dose fractionation or by the use of drugs 
that preferentially increase tumor response.

■ After irradiation, most cells die a mitotic 
death; that is, they die in attempting the next 
or a later mitosis. In some tissues, cells die by 
apoptosis, which is a programmed cell death.

■ Systems involving clonogenic end points (i.e., 
cell survival) for cells of normal tissues include 
some in which cells regrow in situ and some 
in which cells are transplanted to another site.

■ In situ regrowth techniques include skin 
colonies, crypts in the jejunum, testes stem 
cells, and kidney tubules. Single dose exper-
iments can yield the slope (D0) of the dose-
response curve over a range of high doses. 
Multifraction experiments allow the whole 
dose-response curve to be reconstructed.

■ Systems in which cell survival is assessed 
by transplantation into another site include 
bone marrow stem cells, thyroid cells, and 
mammary cells.

■ A dose-response curve for bone marrow 
stem cells can be obtained by allowing cells 

Suppose the total dose, D, is divided into 
n equal fractions of D. The previous equation, 
then, can be rewritten as:

S ! (e"!d""d 2)n

or

"logeS/nd ! ! # "d

If the reciprocal of the total dose (1/nd) 
is plotted against the dose per fraction (d), a 
straight line results, as shown in Figure 19.28. 
The intercept on the ordinate gives !/logeS; the 
slope gives "/logeS. In general, the value of logeS 
is not known unless other cell survival studies 
are available, but the ratio of the intercept to the 
slope provides an estimate of !/".

Multifraction experiments have been per-
formed and estimates of !/" made for essen-
tially all of the normal tissue end points de-
scribed in this chapter. One of the important 
conclusions arrived at is that the value of !/" 
tends to be larger for early-responding tissues, 
about 10 Gy, than for late-responding tissues, 
about 2 Gy. Because !/" is the dose at which 
cell killing by linear and by quadratic compo-
nents of radiation damage are equal (Chapter 3), 
the implication is that dose-response relation-
ships for late-responding tissues are “curvier” 
than for early-responding tissues. The impor-
tance of this conclusion becomes evident in the 
discussion of fractionation in radiotherapy in 
Chapter 23.
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FIGURE 19.28  Reciprocal of the total 
dose required to produce a given level of in-
jury (acute skin reaction in mice) as a function 
of dose per fraction in multiple equal doses. 
The overall time of these experiments was suf-
fi ciently short so that proliferation could be 
neglected. Numbers of fractions are shown by 
each point. From the values of the “intercept” 
and “slope” of the best-fi t line, the values of ! 
and " and the ratio !/" for the dose-response 
curve for organ function can be determined. 
(Adapted from Douglas BG, Fowler JR. The ef-
fect of multiple small doses of x-rays on skin re-
actions in the mouse and a basic interpretation. 
Radiat Res. 1976;66:401–426, with permission.)
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Inferring a/b Ratio from Multifraction 
Experiments

Determine the total dose and dose per 
fraction for the same biologic 
endpoint (e.g., 50% moist 
desquamation) with single dose and 
various multifractionation regimen 

Plot 1/nd vs. d, and fit for a straight 
line

Determine intercept and slope 

Calculate a/b

Skin reaction Isoeffect

Intercept = 0.013 Gy-1
Slope = 0.00129 Gy-2

a/b = 0.013/0.00129 = 10.1 Gy

1/nd

d



Inferring a/b Ratio from Multifraction 
Experiments – Breathing Rate
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FIG. 1.
Increases in breathing rate as a
function of total dose for
multiple fractions of neutrons
or X rays. The number of
fractions is shown against the
relevant curve. The same
symbol has been used to
denote the same fractionation
regime given as either neutrons
or X rays. Solid lines represent
X-ray data, dashed lines for
neutrons. Error bars + 1 SEM.
Number of mice contributing
to each point are shown for
X rays only. Curves drawn by

eye.
Progressive sparing of lung
damage after X rays was seen
if the number of fractions was
increased and their size
reduced, shown by displace-
ment to the right. Negligible
differences in sparing were
observed for the fractionated

neutron schedules.

Fowler, 1976; Thames et al, 1982). The sparing of lung
damage was obviously greater for 40 small fractions
than for 20 larger fractions given in the same overall
treatment time, as shown by the displacement of the
curves to the right in Fig. 1. The absolute values of
isoeffect doses in the present experiments are 15-20%
larger than for similar numbers of fractions published
recently (Parkins et al, 1985). This is probably due to
the longer overall treatment time used in these

experiments, 26 instead of 12 days as previously; but it
should be noted that the values for single doses are also
higher in the present experiments by about 10%, for
reasons which are unknown but possibly related to the
cleanliness of the mouse colony.

The neutron dose-response curves in Fig. 1 show that
the lung is more sensitive to the higher LET radiation
by an RBE of less than 2 for single doses, and that there
is no sparing or repair of the neutron damage if
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FIG. 2.
Log of total isoeffective doses for ED5 0 (1.2 x sham irradiated)

vs. log of number of fractions.
(Upper curve, X rays: lower curve, neutrons). Dotted lines
represent recent but separate data for the same system up to 20
fractions (Parkins et al, 1985). Error bars ± 1 SEM, and are

smaller than the point when not shown.

multiple fractions are given. This suggests that the
underlying shape of the cell or tissue response curve for
neutrons is approximately linear. This suggestion is
confirmed when multiple small doses of neutrons are
given: these fractionated neutron dose-response curves
are all superimposable. The lack of repair of
fractionated neutrons compared with X rays gives rise
to the increase in RBE of neutrons relative to X rays as
the size of the X ray or neutron dose is reduced (Fowler
& Morgan, 1963; Field, 1969; Field & Hornsey, 1974).

The Fowler-Stern plot of the data is shown in Fig. 2
where log isoeffect dose for different regimes is plotted
against log number of fractions. A significant increase

in the isoeffect dose is shown for 40 fractions of X rays
compared to the 20-fraction data for the present
experiments. The plot for X rays was previously shown
to be curved instead of straight. The present slope
agrees well with the decrease in slope previously found
as fraction number increases. Such a curvature is indeed
predicted by the linear quadratic model.

The reciprocal total dose versus doseper fraction plot
(Fe type plot; Douglas & Fowler, 1976) is shown in
Fig. 3 with the ratios a//? shown beside the lines, as
calculated by the "direct quantal method" (Thames
et al, 1985). No significant differences in the cc/fi ratio
are seen between the breathing rate and lethality
end-points. The value of the a//? ratio for X rays is
2.5 to 3 Gy, in agreement with the 20 x 1.5 Gy results
obtained previously (a//? approximately 3 Gy). This
value also lies in the range found for other late reacting
tissues such as kidney, spinal cord and colorectum
(Williams & Denekamp, 1984; Stewart et al, 1984a;
White & Hornsey, 1978; Terry & Denekamp, 1984)
which are lower than the a//? ratios for early reactions
(Thames et al, 1982). A slight but non-significant fall in
a/]8 is seen between 28 and 68 weeks, as we reported
before (Parkins et al, 1985). If this trend is true, it
suggests that the later phase of lung damage has a
sharper curvature than the earlier phase, and smaller
doses per fraction should spare it more efficiently than
the earlier phase, although the difference is small in
lung, perhaps because the acute pneumonitis phase is as
late as 3-7 months. An appropriate limit to significant
further gains in sparing by hyperfractionation has been
proposed by Fowler et al (1983) as being approximately
0.1 a/p, i.e., approximately 30 cGy per fraction here.
However, further experiments at doses per fraction

* -3
NO 28wks

12

DOSE PER FRACTION (Gy)

FIG. 3.
Reciprocal total isoeffect dose
as a function of dose per
fraction for breathing rate
(1.2 x sham irradiated) ED5 0
and for lethality LD50. The
same symbols are used for the
same fractionation regimes
given either as X rays or neu-
trons. Figures followed by " F "
represent the number of frac-
tions. The values of <x//J
(+1 SEM) are shown next to
the lines for the three assay
times and were computed using
the direct quantal method of

Thames et al, 1985.
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Inferring a/b Ratio from Multifraction 
Experiments

Mouse kidney function at 6-9 months



Inferring a/b Ratio from Multifraction 
Experiments



Inferring a/b Ratio from Multifraction 
Experiments

a/b tends to be larger for early 
responding tissues, about 10 Gy, 
than for late responding tissues, 
about 2 Gy

We will discuss the 
clinical implication in 
Chapter 23



Summary

n A number of assays have been developed that have all 
pointed to the existence of standard survival curve-like 
dose-responses in vivo

n These assays have permitted the assessment of normal 
tissue toxicity effects and extrapolation to human 
exposures

n Isoeffect curves can be used to establish a dose vs. 
dose/fraction relationship that is different for early- and 
late-responding tissues



Review Questions



Question 1

The shape of a tumor control probability curve for a series of identical 
tumors, as a function of total dose above a particular threshold, would 
best be described as: 
A. parabolic 
B. sigmoidal 
C. linear 
D. bell-shaped 
E. linear-quadratic
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mechanism and importance are still under inves-
tigation. One additional point to consider is that 
ionizing radiation also induces a form of senes-
cence or permanent growth arrest in which cells 
are still metabolically active, but reproductively 
inhibited. This is best exemplifi ed by fi broblasts 
that when irradiated in cell culture, stay attached 
to plates for weeks but never divide. However, 
they are able to secrete growth factors and mi-
togens that promote the growth of tumor cells. 
Senescence has been largely studied in cell cul-
ture in the laboratory, and only recently has evi-
dence been accumulating that it occurs in tissues. 
Senescence is also discussed in more detail in 
Chapter 18.

Most cell lines cultured in vitro die a mitotic 
death after irradiation; that is, they die attempt-
ing to divide. This does not necessarily occur 
at the fi rst postirradiation mitosis; the cell may 
struggle through one, two, or more mitoses be-
fore the damaged chromosomes cause it to die, 
attempting the complex task of cell division. 
Time-lapse fi lms of irradiated cells cultured in 
vitro clearly show this process of mitotic death, 
which is the dominant cause of death if repro-
ductive integrity is assessed in vitro as described 
in Chapter 3.

It is not, however, the only form of cell death. 
Programmed cell death, or apoptosis, occurs in 
normal tissues and neoplasms, in mammals and 
amphibians, in the embryo, and the adult. It is 
implicated, for example, in tissue involution such 
as the regression of the tadpole tail during meta-
morphosis. It is the programmed cell death that is 
common during embryonic development. It also 
can occur after irradiation. Apoptosis, like mitosis, 
comes from the Greek word meaning “falling 
off,” as of petals from fl owers or leaves from trees.

■  TYPES OF CELL DEATH: HOW AND 
WHY CELLS DIE

Mammalian cells exposed to ionizing radiation 
can die through various mechanisms: mitotic-
linked cell death, necrotic cell death, apoptotic 
cell death, autophagic cell death, and bystander 
induced cell death. The underlying mechanisms 
and importance of each of these forms of cell 
death have been described in Chapters 3, 4, and 
18 in detail and will only be briefl y reviewed 
here. Regarding normal tissues that are exposed 
to ionizing radiation, mitotic-linked cell death 
and apoptotic cell death have been studied the 
most and are responsible for most cell killing by 
ionizing radiation. The other forms of cell death 
may also contribute to cell killing, but their 
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FIGURE 19.1  The dose–response relationship is 
sigmoid in shape for both tumor control and normal 
tissue damage. That for normal tissue damage may be 
steeper than for tumor control. The therapeutic ratio 
(or index) is the percent of tumor control that can be 
achieved for a given level of normal tissue damage. In 
this hypothetical example, about 30% tumor control can 
be achieved for a 5% incidence of normal tissue damage.
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FIGURE 19.2  Illustrating how the addition of 
a drug, a chemotherapy agent, or a radiosensitizer 
may improve the therapeutic ratio (therapeutic 
index). With radiation alone, a given level (A) of 
tumor control is possible for a maximum tolerable 
level of normal tissue damage (C). The addition of 
the drug moves the dose-response curve for both 
tumor and normal tissue to the left. If the addition 
of the drug has a greater effect on tumor control 
than on normal tissue morbidity (i.e., it moves the 
curve further to the left), then a higher local tumor 
control (B) is possible for the same level of normal 
tissue injury (C).
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Dose-Response Relationship

The dose-response curves 
typically have a sigmoidal 
(S) shape for both tumor 
control and normal-tissue 
complications

Incidence tending to zero at low doses

Incidence tending to 100% at large doses



Question 2

The spleen-colony assay:
A. is used to measure hepatocyte radiosensitivity
B. requires roughly three weeks to permit spleen cells to form colonies 

in recipient animals
C. was used to demonstrate that the radiation survival curve for 

intestinal crypt cells was linear-quadratic in shape
D. has been used to determine the radiation survival curve for bone 

marrow stem cells
E. requires that the recipient animal be given a sublethal dose of 

radiation
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FIGURE 19.14  Dose-survival curve for 
tubule-regenerating cells. The D0 is 1.53 Gy. 
(Adapted from Withers HR, Mason K, Thames HD 
Jr. Late radiation response of kidney assayed by 
 tubule cell survival. Br J Radiol. 1986;59:587–595.)

Donor mouse

Suspension of
bone-marrow cells

9 or 10 days
Splenic colonies

Recipient mouse

9 Gy
total body

FIGURE 19.15  Till and McCulloch’s tech-
nique. From the donor mouse, a cell suspen-
sion is made of nucleated isologous bone 
marrow. A known number of cells are injected 
into recipient mice previously irradiated with 
a 9-Gy total body dose. The spleen is removed 
from each recipient mouse 9 or 10 days later, 
and the number of nodules are counted. 
(Adapted from Till JE, McCulloch EA. In: Cam-
eron IL, Padilla GM, Zimmerman AM, eds. De-
velopmental Aspects of the Cell Cycle. New York, 
NY: Academic Press; 1971:297–313, with per-
mission.)

is lined with well-differentiated cuboidal or co-
lumnar cells with a large amount of eosinophilic 
cytoplasm. By 60 weeks, tubules either have no 
surviving epithelial cells or are lined completely 
with epithelium that has regenerated from a small 
number of surviving cells, usually one. The num-
ber of tubules regenerating in several arbitrary 
sections counted is plotted as a function of radia-
tion dose. The result is shown in Figure 19.14; D0 
is about 1.53 Gy.

The radiosensitivity of the cells of this late-
responding tissue is not very different from that 
of early-responding tissues such as the skin or 

intestinal epithelium. The rate of response, how-
ever, is quite different. The time required for 
depletion of the epithelium after a single dose 
of 14 Gy is about 3 days in the jejunum, 12 to 
24 days in the skin, and 30 days in the seminif-
erous tubules of the testes, but 300 days in the 
kidney tubules. These results argue strongly 
that radiation injury in the kidney results from 
depletion of parenchymal cells and that the slow 
expression of injury merely refl ects the slow 
turnover of this cell population. Vascular injury 
is unlikely to be the mechanism underlying the 
destruction of renal tubules.
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Bone Marrow Stem Cells

Spleen cells sterilized 

Irradiated with to some test 
dose

Contain a small proportion 
of stem cells

Count the # of colonies

Till & McCulloch’s Spleen Colony Assay



Question 3

Which of the following in vivo assays of radiation response 
does NOT depend on a functional endpoint?

A. LD50
B. skin nodule formation
C. myelopathy
D. breathing rate
E. cognitive impairment



Clonogenic End Points

n Clones Regrowing in Situ
¨ Skin Colonies
¨ Crypt Cells of the Mouse Jejunum
¨ Testes Stem Cells
¨ Kidney Tubule

n Cells Transplanted to Another Site
¨ Bone Marrow Stem Cell
¨ Mammary Cells
¨ Thyroid Cells

Withers et al.

Till & McCulloch

Clifton & Gould



Functional Assays

n Not a direct measure of cell survival, but direct 
relevance to clinical side effects

n Examples include
¨Pig Skin 
¨Rodent Skin
¨Early and Late Response of the Lung
¨Spinal Cord Myelopathy

Fowler

Travis

van der Kogel



Question 4

A major limitation of in-situ colony formation assays for normal tissues, 
such as the testes clonogenic assay developed by Withers and his 
collaborators, is that they:
A. are not useful for doses less than roughly 5 Gy
B. are not able to provide estimates of the D0

C. require explanting cells from the irradiated tissue
D. measure functional endpoints, not cell survival
E. primarily reflect radiation response of vascular endothelial cells
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of 8 to 16 Gy are  necessary so that the level of 
 damage is  suffi cient to be scored. In this dose 
range, D0 is about 1.68 Gy. If the split-dose 
technique is used, the Dq is about 2.7 Gy. It is 
possible to estimate the effect of small doses 

and  reconstruct a complete survival curve by 
giving large doses in multiple small fractions 
and assuming that the response to each fraction 
is the same. The result of this reconstruction is 
shown in Figure 19.12.
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FIGURE 19.12  Survival curve for 
testis stem cells reconstructed from 
multifraction experiments, assuming 
that each fraction produces the same 
biologic effect. The numbers on the 
curve refer to the number of fractions 
used to reconstruct that portion of the 
curve. The D0 is about 1.6 Gy, and the Dq 
is about 3.92 Gy. (Adapted from Thames 
HD, Withers HR. Test of equal effect per 
fraction and estimation of initial clono-
gen number in microcolony assays of 
survival after fractionated irradiation. Br 
J Radiol. 1980;53:1071–1077, with per-
mission.)
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FIGURE 19.11  Single- and split-
dose survival curves for spermatogenic 
stem cells of the mouse testis. The D0 
is about 1.68 Gy. The Dq, assessed from 
the horizontal separation of the single- 
and split-dose curves, is about 2.7 Gy. 
(Adapted from Withers HR, Hunter N, 
Barkley HT Jr, et al. Radiation survival 
and regeneration characteristics of 
spermatogenic stem cells of mouse 
testis. Radiat Res. 1974;57:88–103, with 
permission.)
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Testes Stem Cells

D0 = 1.68 Gy

Dq = 2.7 Gy

Note that a relatively high single 
dose of 8-16 Gy are necessary 
to score individual surviving 
colonies


