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Outline

n Operational Classifications of Radiation Damage
n Repair and Radiation Quality
n The Dose-Rate Effect 
n The Inverse Dose-Rate Effect
n Brachytherapy
n Dose Rate and IMRT



Classification of Radiation Damage

n Radiation damage to mammalian cells can 
operationally be divided into 3 categories
¨Lethal Damage  
¨Potentially Lethal Damage (PLD)  
¨Sublethal Damage (SLD)



Lethal Damage

n This is damage that is irreversible and irreparable, and 
therefore irrevocably leads to cell death

n Relates to the a-type damage in the linear-quadratic 
model

Will come back 
to this later



Potentially Lethal Damage (PLD)

n This is the component of radiation damage that can be modified by 
post-irradiation environmental conditions

n Under normal conditions, PLD is lethal
n By manipulation of the post-irradiation environment, PLD can be 

repaired
n PLD is believed to be complex DSBs that are repaired slowly as 

compared to simple DSBs



Examples of PLD

n Cells incubated in a balanced salt solution instead 
of a full growth medium for several hours after 
radiation

n Cells maintained in a stationary phase after 
irradiation can exhibit PLD repair
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to suppose that it does not occur in human tu-
mors. It has been suggested that the radioresis-
tance of certain types of human tumors is linked 
to their ability to repair PLD; that is, radiosensi-
tive tumors repair PLD ineffi ciently, but radio-
resistant tumors have effi cient mechanisms to 

suboptimal growth conditions, DNA damage 
can be repaired.

The importance of PLD repair to clinical ra-
diotherapy is a matter of debate. That it occurs 
in transplantable animal tumors has been docu-
mented beyond question, and there is no reason 
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FIGURE 5.1  X-ray survival curves for density- 
inhibited stationary-phase cells, subcultured (tryp-
sinized and plated) either immediately or 6 or 
12 hours after irradiation. Cell survival is enhanced if 
cells are left in the stationary phase after irradiation, 
allowing time for the repair of potentially lethal 
damage. (Adapted from Little JB, Hahn GM, Frindel 
E, et al. Repair of potentially lethal radiation damage 
in vitro and in vivo. Radiology. 1973;106:689–694, 
with permission.)
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FIGURE 5.2  Repair of potentially lethal damage in mouse fi brosarcomas. The tu-
mors were irradiated in situ and then removed and prepared into single cell suspen-
sions. The number of survivors was determined by their ability to form colonies in 
vitro. The fraction of cells surviving a given dose increases if a time interval is allowed 
between irradiation and removal of the tumor, because during this interval, PLD is 
repaired. (Adapted from Little JB, Hahn GM, Frindel E, et al. Repair of potentially lethal 
radiation damage in vitro and in vivo. Radiology. 1973;106:689–694, with permission.)
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PLD – Density-Inhibited Stationary-Phase 
Cells  

Observation – survival enhanced if cells are 
left for 6-12h in density-inhibited state

Interpretation – if mitosis are delayed by 
suboptimal growth conditions, PLD 
(complex as opposed to simple DSBs) can 
be repaired  

Experiment – density arrested cells
are irradiated, and either plated immediately 
or maintained in density-inhibited 
stationary phase for 6-12 hours before 
plating out for survival curve  

6 hr
12 hr

0 hr



Repair of PLD In Vivo

Observation & Interpretation – 
Increased survival occurs if time is 
allowed in vivo before explant: this is 
PLD Repair

Note a larger magnitude 
of enhanced survival in 
large tumor compared 
to small tumor

Clinical Relevance – the importance of 
PLD repair to clinical radiotherapy is 
debatable (? radioresistance <-> PLD 
repair)

Experiment – tumors were irradiated in 
situ and then explanted at various 
times; they were prepared into single-
cell suspensions for cell survival curves                                                                          
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PLD Repair Summarized

n The fraction of cells surviving a given dose of x-rays is 
enhanced if post-irradiation conditions are suboptimal for 
growth, so that cells do not have to attempt the complex 
process of mitosis while their chromosomes are damaged

n If mitosis is delayed by suboptimal growth conditions, DNA 
damage can be repaired = potentially lethal damage  



Sublethal Damage (SLD)
n SLD Repair is the operational term for the ­ in cell survival 

if a given dose is split into two fractions separated by a 
time interval 

n Cell survival will also ­ due to SLD repair if the dose rate 
is reduced – this is called the “dose-rate effect”

Will come back 
to this later



Sublethal Damage (SLD)
n SLD by itself is not lethal to the cells
n It can be repaired in hours unless additional SLD is added 

(e.g., from further radiation exposure) with which it can 
interact to form lethal damage

n This is the b-type damage of the linear-quadratic model
n Represents shoulder on cell survival curve

Note that there is now a “Time” factor as opposed to the “Environment” 
factor as in PLD repair
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The data shown in Figure 5.3 were obtained 
with cultured mammalian cells maintained at 
room temperature (24° C) between the dose 
fractions to prevent the cells from moving 
through the cell cycle during this interval. This 
rather special experiment is described fi rst be-
cause it illustrates repair of sublethal radiation 
damage uncomplicated by the movement of cells 
through the cell cycle.

Figure 5.4 shows the results of a parallel ex-
periment in which cells were exposed to split 
doses and maintained at their normal growing 
temperature of 37° C. The pattern of repair seen 
in this case differs from that observed for cells 
kept at room temperature. In the fi rst few hours, 
prompt repair of SLD is again evident, but at 
longer intervals between the two split doses, the 
surviving fraction of cells decreases, reaching a 
minimum with about a 5-hour separation.

repair PLD. This is an attractive hypothesis, but 
it has never been proven.

Sublethal Damage Repair
SLD repair is the operational term for the in-
crease in cell survival that is observed if a given 
radiation dose is split into two fractions sepa-
rated by a time interval.

Figure 5.3 shows data obtained in a split-
dose experiment with cultured Chinese hamster 
cells. A single dose of 15.58 Gy of absorbed ra-
diation leads to a surviving fraction of 0.005. If 
the dose is divided into two approximately equal 
fractions separated by 30 minutes, the surviving 
fraction is already appreciably higher than for 
a single dose. As the time interval is extended, 
the surviving fraction increases until a plateau 
is reached at about 2 hours, corresponding to 
a surviving fraction of 0.02. This represents 
about four times as many surviving cells as for 
the dose given in a single exposure. A further 
increase in the time interval between the dose 
fractions is not accompanied by any signifi cant 
additional increment in survival. The increase 
in survival in a split-dose experiment results 
from the repair of sublethal radiation damage.
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FIGURE 5.3  Survival of Chinese hamster cells 
exposed to two fractions of x-rays and incubated at 
room temperature for various time intervals between 
the two exposures. (Adapted from Elkind MM, Sutton-
Gilbert H, Moses WB, Alescio T, Swain RB. Radiation re-
sponse of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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FIGURE 5.4  Survival of Chinese hamster cells ex-
posed to two fractions of x-rays and incubated at 37° C 
for various time intervals between the two doses. The 
survivors of the fi rst dose are predominantly in a resis-
tant phase of the cycle (late S). If the interval between 
doses is about 6 hours, these resistant cells have moved 
to the G2M phase, which is sensitive. (Adapted from 
Elkind MM, Sutton-Gilbert H, Moses WB, et al. Radiation 
response of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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Split-Dose Experiment
Experiment – a dose of 15.58 Gy was 
divided into 2 equal fractions separated 
by various times 

Observation – survival is enhanced as 
the time interval is extended, reaching a 
plateau at ~ 2 hours

Note that cells are maintained 
at room temperature to prevent 
cycling

SLD repair is the operational term for the increase in 
cell survival that is observed if a given radiation dose 
is split into 2 fractions separated by a time interval

Interpretation – the t1/2 for SLD repair 
is of the order of 0.5 hour or less

(15.58 Gy)

(=15.58 Gy)



Mechanism of SLD Repair

a component – 2 DSBs result from single-track 
damage, therefore unmodifiable by split-dose 

b component – 2 DSBs result from multiple-track 
damage. Thus a DSB produced by the 1st dose may 
be repaired before the 2nd dose is given, unavailable 
to form dicentrics

1st dose

2nd dose

Recall that a lethal aberration  (e.g., dicentrics) 
requires the interaction of 2 DSBs

The repair of SLD reflects the repair and rejoining of DSBs before they can interact to form 
lethal lesions



a/b Model Revisited

a damage 
irreparable 

b damage 
repairable 

a/b ratio is the dose where 
a-damage equals b-damage

Small a/b ratio

§ A relatively large b 
§ Means more SLD repair
§ Corresponds to a large shoulder on 

the survival curve 

Large a/b ratio

§ A relatively small b
§ Means less SLD repair
§ Corresponds to a small shoulder  
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the square of the dose. The notion of a compo-
nent of cell inactivation that varies with the square 
of the dose introduces the concept of dual radia-
tion action. This idea goes back to the early work 
with chromosomes in which many chromosome 
aberrations are clearly the result of two separate 
breaks. (Examples discussed in Chapter 2 are di-
centrics, rings, and anaphase bridges, all of which 
are likely to be lethal to the cell.)

By this model, the expression for the cell sur-
vival curve is

S !   e "!D""D  2 

in which S is the fraction of cells surviving a dose 
D, and ! and " are constants. The components 
of cell killing that are proportional to dose and to 
the square of the dose are equal if

!D ! "D2

or

  D ! !/"

there is no effect. There is no dose below which 
radiation produces no effect, so there can be no 
true threshold dose; Dq, the quasithreshold dose, 
is the closest thing.

At fi rst sight, this might appear to be an awk-
ward parameter, but in practice, it has certain 
merits that become apparent in subsequent dis-
cussion. The three parameters, n, D0, and Dq, are 
related by the expression

logen ! Dq/D0

The linear-quadratic model has taken over as 
the model of choice to describe survival curves. 
It is a direct development of the relation used 
to describe exchange-type chromosome aberra-
tions that are clearly the result of an interaction 
between two separate breaks. This is discussed in 
some detail in Chapter 2.

The linear-quadratic model, illustrated in 
Figure 3.3A, assumes that there are two compo-
nents to cell killing by radiation, one that is pro-
portional to dose and one that is proportional to 

FIGURE 3.3  Shape of survival curve for mammalian cells exposed to radiation. The fraction 
of cells surviving is plotted on a logarithmic scale against dose on a linear scale. For !-particles 
or low-energy neutrons (said to be densely ionizing), the dose-response curve is a straight line 
from the origin (i.e., survival is an exponential function of dose). The survival curve can be de-
scribed by just one parameter, the slope. For x- or #-rays (said to be sparsely ionizing), the dose-
response curve has an initial linear slope, followed by a shoulder; at higher doses, the curve 
tends to become straight again. A: The linear quadratic model. The experimental data are fi tted 
to a linear-quadratic function. There are two components of cell killing: One is proportional to 
dose (!D); the other is proportional to the square of the dose ("D2). The dose at which the linear 
and quadratic components are equal is the ratio !/". The linear-quadratic curve bends continu-
ously but is a good fi t to experimental data for the fi rst few decades of survival. B: The multitar-
get model. The curve is described by the initial slope (D1), the fi nal slope (D0), and a parameter 
that represents the width of the shoulder, either n or Dq.
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Single Dose Cell Survival for Normal vs. 
Cancer Cells

n In general, cells of late-reacting 
normal tissues (e.g., rectum) are 
better able to repair SLD than are 
cancer cells

n Cell-survival curves for late-
reacting normal tissues are 
“curvier” than those for cancer 
cells (i.e., broader initial 
shoulder)

n In a/b model, late-reacting normal 
tissues have a lower a/b ratio 
than cancer cells

small a/b ratio large a/b ratio 



Single Dose Cell Survival for Normal vs. 
Cancer Cells

To take advantage of the 
differences in SLD repair (i.e., a/b 
ratio) b/w late normal tissue and 
cancer cells, we need to work 
within the region where survival of 
late-reacting normal tissue cells 
exceed that of cancer cells (the 
“window of opportunity”).

Region where survival of normal 
tissue exceeds that of cancer cells

2 Gy

Small a/b ratio
(e.g., rectum)

Large a/b ratio
(e.g., cervical Ca)



Effect of Split-Dose (i.e., Fractionation)

In general, there is a good 
correlation b/w the extent of repair 
of SLD and size of the shoulder 
on the survival curve 

It is the quadratic component (b) 
that causes the curve to bend and 
that results in the sparing effect of 
a split dose

Dose D is split into D/2 + D/2

Shoulder must 
be repeated



Multi-fraction Regimen

n Shoulder is repeated in multi-fractionation regimen

n Fractionate at doses/fraction within this window, i.e. typically around 2 Gy/fraction



Late Responding Tissue vs. 
Tumor/Early Responding Tissue 

Bladder
Small a/b ratio

Rectum

Small a/b ratio

Cervical 
tumor

Large a/b ratio

Cervical cancer is typically treated to 45 Gy in 25 fractions @ 1.8 Gy per fraction



 | Chapter 5 • Fractionated Radiation and the Dose-Rate Effect | 69

The data shown in Figure 5.3 were obtained 
with cultured mammalian cells maintained at 
room temperature (24° C) between the dose 
fractions to prevent the cells from moving 
through the cell cycle during this interval. This 
rather special experiment is described fi rst be-
cause it illustrates repair of sublethal radiation 
damage uncomplicated by the movement of cells 
through the cell cycle.

Figure 5.4 shows the results of a parallel ex-
periment in which cells were exposed to split 
doses and maintained at their normal growing 
temperature of 37° C. The pattern of repair seen 
in this case differs from that observed for cells 
kept at room temperature. In the fi rst few hours, 
prompt repair of SLD is again evident, but at 
longer intervals between the two split doses, the 
surviving fraction of cells decreases, reaching a 
minimum with about a 5-hour separation.

repair PLD. This is an attractive hypothesis, but 
it has never been proven.

Sublethal Damage Repair
SLD repair is the operational term for the in-
crease in cell survival that is observed if a given 
radiation dose is split into two fractions sepa-
rated by a time interval.

Figure 5.3 shows data obtained in a split-
dose experiment with cultured Chinese hamster 
cells. A single dose of 15.58 Gy of absorbed ra-
diation leads to a surviving fraction of 0.005. If 
the dose is divided into two approximately equal 
fractions separated by 30 minutes, the surviving 
fraction is already appreciably higher than for 
a single dose. As the time interval is extended, 
the surviving fraction increases until a plateau 
is reached at about 2 hours, corresponding to 
a surviving fraction of 0.02. This represents 
about four times as many surviving cells as for 
the dose given in a single exposure. A further 
increase in the time interval between the dose 
fractions is not accompanied by any signifi cant 
additional increment in survival. The increase 
in survival in a split-dose experiment results 
from the repair of sublethal radiation damage.
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FIGURE 5.3  Survival of Chinese hamster cells 
exposed to two fractions of x-rays and incubated at 
room temperature for various time intervals between 
the two exposures. (Adapted from Elkind MM, Sutton-
Gilbert H, Moses WB, Alescio T, Swain RB. Radiation re-
sponse of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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FIGURE 5.4  Survival of Chinese hamster cells ex-
posed to two fractions of x-rays and incubated at 37° C 
for various time intervals between the two doses. The 
survivors of the fi rst dose are predominantly in a resis-
tant phase of the cycle (late S). If the interval between 
doses is about 6 hours, these resistant cells have moved 
to the G2M phase, which is sensitive. (Adapted from 
Elkind MM, Sutton-Gilbert H, Moses WB, et al. Radiation 
response of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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Split-Dose Experiment
CHO cells

Note that cells are maintained at 
room temperature to prevent cycling

(15.58 Gy)

(=15.58 Gy)

What would the survival curve 
look like if cells are cycling?



Split-Dose Experiment – Cells Maintained 
at 37°C

37°C

During the repair process, these cells will travel 
through the cell cycle

Cells that were in the late S phase of the cell cycle at 
the time of the 1st fraction will be most likely to survive 
and move towards mitosis

At the time of a 2nd fraction, these cells may have 
reached a sensitive phase, e.g., late G2/M

Cells survival for these cells will be reduced

Thus, due to cells reassorting themselves within the 
cell cycle after the 1st exposure, cell survival will 
decrease after reaching a maximum
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The data shown in Figure 5.3 were obtained 
with cultured mammalian cells maintained at 
room temperature (24° C) between the dose 
fractions to prevent the cells from moving 
through the cell cycle during this interval. This 
rather special experiment is described fi rst be-
cause it illustrates repair of sublethal radiation 
damage uncomplicated by the movement of cells 
through the cell cycle.

Figure 5.4 shows the results of a parallel ex-
periment in which cells were exposed to split 
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in this case differs from that observed for cells 
kept at room temperature. In the fi rst few hours, 
prompt repair of SLD is again evident, but at 
longer intervals between the two split doses, the 
surviving fraction of cells decreases, reaching a 
minimum with about a 5-hour separation.

repair PLD. This is an attractive hypothesis, but 
it has never been proven.
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SLD repair is the operational term for the in-
crease in cell survival that is observed if a given 
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additional increment in survival. The increase 
in survival in a split-dose experiment results 
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posed to two fractions of x-rays and incubated at 37° C 
for various time intervals between the two doses. The 
survivors of the fi rst dose are predominantly in a resis-
tant phase of the cycle (late S). If the interval between 
doses is about 6 hours, these resistant cells have moved 
to the G2M phase, which is sensitive. (Adapted from 
Elkind MM, Sutton-Gilbert H, Moses WB, et al. Radiation 
response of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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This is termed reassortment or 
sometimes redistribution



Split-Dose Experiment – Cells Maintained 
at 37°C

The four Rs of radiobiolgy 

Repair
Reassortment
Repopulation

Reoxygenation 

If the time interval between the 
split dose exceeds 10-12 hours 
(i.e, the length of the cell cycle), 
there is an increase of surviving 
fraction resulting from cell 
division, or repopulation
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The data shown in Figure 5.3 were obtained 
with cultured mammalian cells maintained at 
room temperature (24° C) between the dose 
fractions to prevent the cells from moving 
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rather special experiment is described fi rst be-
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damage uncomplicated by the movement of cells 
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prompt repair of SLD is again evident, but at 
longer intervals between the two split doses, the 
surviving fraction of cells decreases, reaching a 
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repair PLD. This is an attractive hypothesis, but 
it has never been proven.

Sublethal Damage Repair
SLD repair is the operational term for the in-
crease in cell survival that is observed if a given 
radiation dose is split into two fractions sepa-
rated by a time interval.

Figure 5.3 shows data obtained in a split-
dose experiment with cultured Chinese hamster 
cells. A single dose of 15.58 Gy of absorbed ra-
diation leads to a surviving fraction of 0.005. If 
the dose is divided into two approximately equal 
fractions separated by 30 minutes, the surviving 
fraction is already appreciably higher than for 
a single dose. As the time interval is extended, 
the surviving fraction increases until a plateau 
is reached at about 2 hours, corresponding to 
a surviving fraction of 0.02. This represents 
about four times as many surviving cells as for 
the dose given in a single exposure. A further 
increase in the time interval between the dose 
fractions is not accompanied by any signifi cant 
additional increment in survival. The increase 
in survival in a split-dose experiment results 
from the repair of sublethal radiation damage.
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FIGURE 5.3  Survival of Chinese hamster cells 
exposed to two fractions of x-rays and incubated at 
room temperature for various time intervals between 
the two exposures. (Adapted from Elkind MM, Sutton-
Gilbert H, Moses WB, Alescio T, Swain RB. Radiation re-
sponse of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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FIGURE 5.4  Survival of Chinese hamster cells ex-
posed to two fractions of x-rays and incubated at 37° C 
for various time intervals between the two doses. The 
survivors of the fi rst dose are predominantly in a resis-
tant phase of the cycle (late S). If the interval between 
doses is about 6 hours, these resistant cells have moved 
to the G2M phase, which is sensitive. (Adapted from 
Elkind MM, Sutton-Gilbert H, Moses WB, et al. Radiation 
response of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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of stem cells may be as long as 10 days rather than 
9 hours of the rapidly growing cells in Figure 5.4. 
The mouse tumor data show more repair in small 
1-day tumors than in large hypoxic 6-day tumors; 
this important point illustrates that repair is an 
active process requiring oxygen and nutrients.

An understanding of this phenomenon is 
based on the age-response function described 
in Chapter 4. If an asynchronous population 
of cells is exposed to a large dose of radiation, 
more cells are killed in the sensitive than in the 
resistant phases of the cell cycle. The surviving 
population of cells, therefore, tends to be partly 
synchronized.

In Chinese hamster cells, most of the survi-
vors from a fi rst dose of radiation are located in 
the S phase of the cell cycle. If about 6 hours 
are allowed to elapse before a second dose of ra-
diation is given, this cohort of cells progresses 
around the cell cycle and is in G2/M, a sensitive 
period of the cell cycle at the time of the second 
dose. If the increase in radiosensitivity in moving 
from late S to the G2/M period exceeds the effect 
of repair of SLD, the surviving fraction falls.

The pattern of repair shown in Figure 5.4 is 
therefore a combination of three processes oc-
curring simultaneously. First, there is the prompt 
repair of sublethal radiation damage. Second, 
there is progression of cells through the cell cycle 
during the interval between the split doses, which 
has been termed reassortment. Third, there is 
an increase of surviving fraction resulting from 
cell division, or repopulation, if the interval be-
tween the split doses is from 10 to 12 hours, be-
cause this exceeds the length of the cell cycle of 
these rapidly growing cells.

This simple experiment, performed in vitro, 
illustrates three of the “four Rs” of  radiobiology: 
repair, reassortment, and repopulation. The 
fourth “R,” reoxygenation, is discussed in 
 Chapter 6. It should be emphasized that the dra-
matic dip in the split-dose curve at 6 hours caused 
by reassortment, and the increase in survival by 
12 hours because of repopulation are seen only 
for rapidly growing cells. Hamster cells in cul-
ture have a cycle time of only 9 or 10 hours. The 
time sequence of these events would be longer in 
more slowly proliferating normal tissues in vivo.

Repair of sublethal radiation damage has 
been demonstrated in just about every biologic 
test system for which a quantitative end point is 
available. Figure 5.5 illustrates the pattern for re-
pair of sublethal radiation damage in two in vivo 
systems in mice, P388 lymphocytic leukemia and 
skin cells. In neither case, there is a dramatic dip 
in the curve at 6 hours resulting from movement 
of cells through the cycle, because the cell cycle 
is long. In resting skin, for example, the cell cycle 
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FIGURE 5.5  Repair of sublethal damage in two in 
vivo mammalian cell systems. A: Split-dose experiments 
with P388 lymphocytic leukemia cells in the mouse. The re-
covery factor is the ratio of the surviving fraction resulting 
from two-dose fractionation to the survival from a single 
equivalent dose. One-day-old tumors are composed pre-
dominantly of oxygenated cells; the cells in 6-day-old tu-
mors are hypoxic. (Adapted from Belli JA, Dicus GJ, Bonte FJ. 
Radiation response of mammalian tumor cells: 1. Repair of 
sublethal damage in vivo. J Natl Cancer Inst. 1967;38:673–
682, with permission.) B: Split-dose experiments with skin 
epithelial cells in the mouse. The total x-ray dose, given as 
two fractions, required to result in one surviving epithelial 
cell per square millimeter is plotted against the time in-
terval between the two doses. (Adapted from Emery EW, 
Denekamp J, Ball MM. Survival of mouse skin epithelial 
cells following single and divided doses of x-rays. Radiat 
Res. 1970;41:450–466, with permission.)
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of stem cells may be as long as 10 days rather than 
9 hours of the rapidly growing cells in Figure 5.4. 
The mouse tumor data show more repair in small 
1-day tumors than in large hypoxic 6-day tumors; 
this important point illustrates that repair is an 
active process requiring oxygen and nutrients.

An understanding of this phenomenon is 
based on the age-response function described 
in Chapter 4. If an asynchronous population 
of cells is exposed to a large dose of radiation, 
more cells are killed in the sensitive than in the 
resistant phases of the cell cycle. The surviving 
population of cells, therefore, tends to be partly 
synchronized.

In Chinese hamster cells, most of the survi-
vors from a fi rst dose of radiation are located in 
the S phase of the cell cycle. If about 6 hours 
are allowed to elapse before a second dose of ra-
diation is given, this cohort of cells progresses 
around the cell cycle and is in G2/M, a sensitive 
period of the cell cycle at the time of the second 
dose. If the increase in radiosensitivity in moving 
from late S to the G2/M period exceeds the effect 
of repair of SLD, the surviving fraction falls.

The pattern of repair shown in Figure 5.4 is 
therefore a combination of three processes oc-
curring simultaneously. First, there is the prompt 
repair of sublethal radiation damage. Second, 
there is progression of cells through the cell cycle 
during the interval between the split doses, which 
has been termed reassortment. Third, there is 
an increase of surviving fraction resulting from 
cell division, or repopulation, if the interval be-
tween the split doses is from 10 to 12 hours, be-
cause this exceeds the length of the cell cycle of 
these rapidly growing cells.

This simple experiment, performed in vitro, 
illustrates three of the “four Rs” of  radiobiology: 
repair, reassortment, and repopulation. The 
fourth “R,” reoxygenation, is discussed in 
 Chapter 6. It should be emphasized that the dra-
matic dip in the split-dose curve at 6 hours caused 
by reassortment, and the increase in survival by 
12 hours because of repopulation are seen only 
for rapidly growing cells. Hamster cells in cul-
ture have a cycle time of only 9 or 10 hours. The 
time sequence of these events would be longer in 
more slowly proliferating normal tissues in vivo.

Repair of sublethal radiation damage has 
been demonstrated in just about every biologic 
test system for which a quantitative end point is 
available. Figure 5.5 illustrates the pattern for re-
pair of sublethal radiation damage in two in vivo 
systems in mice, P388 lymphocytic leukemia and 
skin cells. In neither case, there is a dramatic dip 
in the curve at 6 hours resulting from movement 
of cells through the cycle, because the cell cycle 
is long. In resting skin, for example, the cell cycle 
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FIGURE 5.5  Repair of sublethal damage in two in 
vivo mammalian cell systems. A: Split-dose experiments 
with P388 lymphocytic leukemia cells in the mouse. The re-
covery factor is the ratio of the surviving fraction resulting 
from two-dose fractionation to the survival from a single 
equivalent dose. One-day-old tumors are composed pre-
dominantly of oxygenated cells; the cells in 6-day-old tu-
mors are hypoxic. (Adapted from Belli JA, Dicus GJ, Bonte FJ. 
Radiation response of mammalian tumor cells: 1. Repair of 
sublethal damage in vivo. J Natl Cancer Inst. 1967;38:673–
682, with permission.) B: Split-dose experiments with skin 
epithelial cells in the mouse. The total x-ray dose, given as 
two fractions, required to result in one surviving epithelial 
cell per square millimeter is plotted against the time in-
terval between the two doses. (Adapted from Emery EW, 
Denekamp J, Ball MM. Survival of mouse skin epithelial 
cells following single and divided doses of x-rays. Radiat 
Res. 1970;41:450–466, with permission.)
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The data shown in Figure 5.3 were obtained 
with cultured mammalian cells maintained at 
room temperature (24° C) between the dose 
fractions to prevent the cells from moving 
through the cell cycle during this interval. This 
rather special experiment is described fi rst be-
cause it illustrates repair of sublethal radiation 
damage uncomplicated by the movement of cells 
through the cell cycle.

Figure 5.4 shows the results of a parallel ex-
periment in which cells were exposed to split 
doses and maintained at their normal growing 
temperature of 37° C. The pattern of repair seen 
in this case differs from that observed for cells 
kept at room temperature. In the fi rst few hours, 
prompt repair of SLD is again evident, but at 
longer intervals between the two split doses, the 
surviving fraction of cells decreases, reaching a 
minimum with about a 5-hour separation.

repair PLD. This is an attractive hypothesis, but 
it has never been proven.

Sublethal Damage Repair
SLD repair is the operational term for the in-
crease in cell survival that is observed if a given 
radiation dose is split into two fractions sepa-
rated by a time interval.

Figure 5.3 shows data obtained in a split-
dose experiment with cultured Chinese hamster 
cells. A single dose of 15.58 Gy of absorbed ra-
diation leads to a surviving fraction of 0.005. If 
the dose is divided into two approximately equal 
fractions separated by 30 minutes, the surviving 
fraction is already appreciably higher than for 
a single dose. As the time interval is extended, 
the surviving fraction increases until a plateau 
is reached at about 2 hours, corresponding to 
a surviving fraction of 0.02. This represents 
about four times as many surviving cells as for 
the dose given in a single exposure. A further 
increase in the time interval between the dose 
fractions is not accompanied by any signifi cant 
additional increment in survival. The increase 
in survival in a split-dose experiment results 
from the repair of sublethal radiation damage.
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FIGURE 5.3  Survival of Chinese hamster cells 
exposed to two fractions of x-rays and incubated at 
room temperature for various time intervals between 
the two exposures. (Adapted from Elkind MM, Sutton-
Gilbert H, Moses WB, Alescio T, Swain RB. Radiation re-
sponse of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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FIGURE 5.4  Survival of Chinese hamster cells ex-
posed to two fractions of x-rays and incubated at 37° C 
for various time intervals between the two doses. The 
survivors of the fi rst dose are predominantly in a resis-
tant phase of the cycle (late S). If the interval between 
doses is about 6 hours, these resistant cells have moved 
to the G2M phase, which is sensitive. (Adapted from 
Elkind MM, Sutton-Gilbert H, Moses WB, et al. Radiation 
response of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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the square of the dose. The notion of a compo-
nent of cell inactivation that varies with the square 
of the dose introduces the concept of dual radia-
tion action. This idea goes back to the early work 
with chromosomes in which many chromosome 
aberrations are clearly the result of two separate 
breaks. (Examples discussed in Chapter 2 are di-
centrics, rings, and anaphase bridges, all of which 
are likely to be lethal to the cell.)

By this model, the expression for the cell sur-
vival curve is

S !   e "!D""D  2 

in which S is the fraction of cells surviving a dose 
D, and ! and " are constants. The components 
of cell killing that are proportional to dose and to 
the square of the dose are equal if

!D ! "D2

or

  D ! !/"

there is no effect. There is no dose below which 
radiation produces no effect, so there can be no 
true threshold dose; Dq, the quasithreshold dose, 
is the closest thing.

At fi rst sight, this might appear to be an awk-
ward parameter, but in practice, it has certain 
merits that become apparent in subsequent dis-
cussion. The three parameters, n, D0, and Dq, are 
related by the expression

logen ! Dq/D0

The linear-quadratic model has taken over as 
the model of choice to describe survival curves. 
It is a direct development of the relation used 
to describe exchange-type chromosome aberra-
tions that are clearly the result of an interaction 
between two separate breaks. This is discussed in 
some detail in Chapter 2.

The linear-quadratic model, illustrated in 
Figure 3.3A, assumes that there are two compo-
nents to cell killing by radiation, one that is pro-
portional to dose and one that is proportional to 

FIGURE 3.3  Shape of survival curve for mammalian cells exposed to radiation. The fraction 
of cells surviving is plotted on a logarithmic scale against dose on a linear scale. For !-particles 
or low-energy neutrons (said to be densely ionizing), the dose-response curve is a straight line 
from the origin (i.e., survival is an exponential function of dose). The survival curve can be de-
scribed by just one parameter, the slope. For x- or #-rays (said to be sparsely ionizing), the dose-
response curve has an initial linear slope, followed by a shoulder; at higher doses, the curve 
tends to become straight again. A: The linear quadratic model. The experimental data are fi tted 
to a linear-quadratic function. There are two components of cell killing: One is proportional to 
dose (!D); the other is proportional to the square of the dose ("D2). The dose at which the linear 
and quadratic components are equal is the ratio !/". The linear-quadratic curve bends continu-
ously but is a good fi t to experimental data for the fi rst few decades of survival. B: The multitar-
get model. The curve is described by the initial slope (D1), the fi nal slope (D0), and a parameter 
that represents the width of the shoulder, either n or Dq.
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dividing the total dose into two equal fractions, 
separated from 1 to 4 hours, results in a marked 
increase in cell survival because of the prompt re-
pair of SLD. By contrast, dividing the dose into 
two fractions has little effect on cell survival if 
neutrons are used, indicating little repair of SLD.

■ THE DOSE-RATE EFFECT

For x- or !-rays, dose rate is one of the principal 
factors that determine the biologic consequences 
of a given absorbed dose. As the dose rate is low-
ered and the exposure time extended, the bio-
logic effect of a given dose generally is reduced.

The classic dose-rate effect, which is very 
important in radiotherapy, results from the re-
pair of SLD that occurs during a long radiation 
exposure. To illustrate this principle, Figure 5.8 
shows an idealized experiment in which each 
dose (D2, D3, D4, and so on) is delivered in sev-
eral equal fractions of size D, with a time inter-
val between fractions that is suffi cient for repair 
of SLD. The shoulder of the survival curve is 
repeated with each fraction. The broken line, F, 
shows the overall survival curve that would be 

fractions exceeds the cell cycle, there is an increase 
in the number of cells surviving because of cell 
proliferation; that is, cells can double in number 
between the dose fractions.

■  MECHANISM OF SUBLETHAL 
 DAMAGE REPAIR

In Chapter 3, evidence was summarized of the 
correlation between cell killing and the produc-
tion of asymmetric chromosomal aberrations, 
such as dicentrics and rings. This, in turn, is a 
consequence of an interaction between two (or 
more) double-strand breaks in the DNA. Based 
on this interpretation, the repair of SLD is sim-
ply the repair of double-strand breaks. If a dose 
is split into two parts separated by a time inter-
val, some of the double-strand breaks produced 
by the fi rst dose are rejoined and repaired before 
the second dose. The breaks in two chromo-
somes that must interact to form a lethal lesion 
such as a dicentric may be formed by (1) a single 
track breaking both chromosomes (i.e., single-
track damage), or (2) separate tracks breaking the 
two chromosomes (i.e., multiple-track damage).

The component of cell killing that results from 
single-track damage is the same whether the dose 
is given in a single exposure or fractionated. The 
same is not true of multiple-track damage. If the 
dose is given in a single exposure (i.e., two frac-
tions with t ! 0 between them), all breaks pro-
duced by separate electrons can interact to form 
dicentrics. But if the two dose fractions (D/2) are 
separated by, for example, 3 hours, then breaks 
produced by the fi rst dose may be repaired before 
the second dose is given. Consequently, there are 
fewer interactions between broken chromosomes 
to form dicentrics, and more cells survive. Based 
on this simple interpretation, the repair of SLD 
refl ects the repair and rejoining of double-strand 
breaks before they can interact to form lethal le-
sions. This may not be the whole story, but it is a 
useful picture to keep in mind.

■ REPAIR AND RADIATION QUALITY

For a given biologic test system, the shoulder 
on the acute survival curve and, therefore, the 
amount of SLD repair indicated by a split-dose 
experiment vary with the type of radiation used. 
The effect of dose fractionation with x-rays and 
neutrons is compared in Figure 5.7. For x-rays, 
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FIGURE 5.7  Split-dose experiments with Chinese 
hamster cells. For 210-kV x-rays, two 4-Gy doses, sepa-
rated by a variable interval, were compared with a sin-
gle dose of 8 Gy. For neutrons (35-MeV d" → Be), two 
1.4-Gy doses were compared with a single exposure 
of 2.8 Gy. The data are plotted in terms of the recovery 
factor, defi ned as the ratio of surviving fractions for a 
given dose delivered as two fractions compared with 
a single exposure. It is evident that repair of sublethal 
damage during the interval between split doses is 
virtually nonexistent for neutrons but is a signifi cant 
factor for x-rays. (Adapted from Hall EJ, Roizin-Towie L, 
Theus RB, et al. Radiobiological properties of high-en-
ergy cyclotron produced neutrons used for radiother-
apy. Radiology. 1975;117:173–178, with permission.)
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be  expected, because both are expressions of the 
cell’s capacity to accumulate and repair sublethal 
radiation damage. By contrast, Chinese hamster 
cells have a broad shoulder to their acute x-ray 
survival curve and show a correspondingly large 
dose-rate effect. This is evident in Figure 5.10; 

observed if only single points were determined, 
corresponding to equal dose increments. This 
survival curve has no shoulder. Because con-
tinuous low-dose-rate (LDR) irradiation may 
be considered to be an infi nite number of infi -
nitely small fractions, the survival curve under 
these conditions also would be expected to have 
no shoulder and to be shallower than for single 
acute exposures.

■  EXAMPLES OF THE DOSE-RATE 
 EFFECT IN VITRO AND IN VIVO

Survival curves for HeLa cells cultured in vitro 
over a wide range of dose rates, from 7.3 Gy/
min to 0.535 cGy/min, are summarized in Fig-
ure 5.9. As the dose rate is reduced, the survival 
curve  becomes shallower and the shoulder tends 
to disappear (i.e., the survival curve becomes an 
exponential function of dose). The dose-rate ef-
fect caused by repair of SLD is most dramatic be-
tween 0.01 and 1 Gy/min. Above and below this 
dose-rate range, the survival curve changes little, 
if at all, with dose rate.

The magnitude of the dose-rate effect from 
the repair of SLD varies enormously among dif-
ferent types of cells. HeLa cells are character-
ized by a survival curve for acute exposures that 
has a small initial shoulder, which goes hand in 
hand with a modest dose-rate effect. This is to 
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FIGURE 5.8  Idealized fractionation experi-
ment. Curve A is the survival curve for single acute 
exposures of x-rays. Curve F is obtained, if each 
dose is given as a series of small fractions of size 
D1 with an interval between fractions suffi cient for 
repair of sublethal damage. Multiple small fractions 
approximate to a continuous exposure to a low 
dose rate. (Adapted from Elkind MM, Whitmore GF. 
 Radiobiology of Cultured Mammalian Cells. New York, 
NY: Gordon and Breach; 1967, with permission.)
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FIGURE 5.9  Survival curves for HeLa cells cultured 
in vitro and exposed to !-rays at high and low dose rates.
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n Results from the repair of SLD that occurs during a long 
radiation exposure

n Important for x- or g-ray therapy
¨ As the dose rate is lowered and the exposure time extended, the 

biologic effect of a given dose generally is reduced
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apoptosis is an important form of cell death fol-
lowing radiation, whereas for hamster cells, apop-
totic death is rarely seen.

Figure 5.11 shows survival curves for 40 dif-
ferent cell lines of human origin, cultured in 
vitro and irradiated at high dose rates (HDR) 
and low dose rates (LDR). At LDR, the survival 

there is a clear-cut difference in biologic effect, 
at least at high doses, between dose rates of 1.07, 
0.30, and 0.16 Gy/min. The differences between 
HeLa and hamster cells in the size of the shoulder 
to the acute survival curve and the magnitude of 
the dose-rate effect refl ect differences in the im-
portance of apoptosis. In the case of HeLa cells, 

Fr
ac

tio
n 

of
 in

iti
al

 c
ol

on
y-

fo
rm

in
g 

un
its

 (3
.5

 c
el

ls
/c

ol
) s

ur
vi

vi
ng

100

10–1

10–2

10–3

10–4

10–5

Doses (Gy)

0 5 10 15 20

1.07
Gy/min

0.3
Gy/min

3.6 mGy/min

8.6 mGy/min

160 mGy/min

25

FIGURE 5.10  Dose-response curves 
for Chinese hamster cells (CHL-F line) 
grown in vitro and exposed to cobalt-60 
!-rays at various dose rates. At high 
doses, a substantial dose-rate effect is 
evident even when comparing dose 
rates of 1.07, 0.30, and 0.16 Gy/min. The 
decrease in cell killing becomes even 
more dramatic as the dose rate is re-
duced further. (Adapted from Bedford JS, 
Mitchell JB. Dose-rate effects in synchro-
nous mammalian cells in culture. Radiat 
Res. 1973;54:316–327, with permission.)
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FIGURE 5.11  Dose-survival curves 
at high dose rates (HDR) and low dose 
rates (LDR) for a large number of cell 
lines of human origin cultured in vitro. 
Note that the survival curves fan out 
at LDR because in addition to a range 
of inherent radiosensitivities (evident 
at HDR), there is also a range of repair 
times of sublethal damage.
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be  expected, because both are expressions of the 
cell’s capacity to accumulate and repair sublethal 
radiation damage. By contrast, Chinese hamster 
cells have a broad shoulder to their acute x-ray 
survival curve and show a correspondingly large 
dose-rate effect. This is evident in Figure 5.10; 

observed if only single points were determined, 
corresponding to equal dose increments. This 
survival curve has no shoulder. Because con-
tinuous low-dose-rate (LDR) irradiation may 
be considered to be an infi nite number of infi -
nitely small fractions, the survival curve under 
these conditions also would be expected to have 
no shoulder and to be shallower than for single 
acute exposures.

■  EXAMPLES OF THE DOSE-RATE 
 EFFECT IN VITRO AND IN VIVO

Survival curves for HeLa cells cultured in vitro 
over a wide range of dose rates, from 7.3 Gy/
min to 0.535 cGy/min, are summarized in Fig-
ure 5.9. As the dose rate is reduced, the survival 
curve  becomes shallower and the shoulder tends 
to disappear (i.e., the survival curve becomes an 
exponential function of dose). The dose-rate ef-
fect caused by repair of SLD is most dramatic be-
tween 0.01 and 1 Gy/min. Above and below this 
dose-rate range, the survival curve changes little, 
if at all, with dose rate.

The magnitude of the dose-rate effect from 
the repair of SLD varies enormously among dif-
ferent types of cells. HeLa cells are character-
ized by a survival curve for acute exposures that 
has a small initial shoulder, which goes hand in 
hand with a modest dose-rate effect. This is to 
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FIGURE 5.8  Idealized fractionation experi-
ment. Curve A is the survival curve for single acute 
exposures of x-rays. Curve F is obtained, if each 
dose is given as a series of small fractions of size 
D1 with an interval between fractions suffi cient for 
repair of sublethal damage. Multiple small fractions 
approximate to a continuous exposure to a low 
dose rate. (Adapted from Elkind MM, Whitmore GF. 
 Radiobiology of Cultured Mammalian Cells. New York, 
NY: Gordon and Breach; 1967, with permission.)
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Dose-Rate-Effect In Vitro – HDR vs. LDR

Survival curves for 40 different cell lines of human origin 

Note that survival curves 
fans out at LDR because in 
addition to a range of 
inherent radiosensitivities 
(evident in HDR), there is 
also a range of repair times 
of SLD
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apoptosis is an important form of cell death fol-
lowing radiation, whereas for hamster cells, apop-
totic death is rarely seen.

Figure 5.11 shows survival curves for 40 dif-
ferent cell lines of human origin, cultured in 
vitro and irradiated at high dose rates (HDR) 
and low dose rates (LDR). At LDR, the survival 

there is a clear-cut difference in biologic effect, 
at least at high doses, between dose rates of 1.07, 
0.30, and 0.16 Gy/min. The differences between 
HeLa and hamster cells in the size of the shoulder 
to the acute survival curve and the magnitude of 
the dose-rate effect refl ect differences in the im-
portance of apoptosis. In the case of HeLa cells, 
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FIGURE 5.10  Dose-response curves 
for Chinese hamster cells (CHL-F line) 
grown in vitro and exposed to cobalt-60 
!-rays at various dose rates. At high 
doses, a substantial dose-rate effect is 
evident even when comparing dose 
rates of 1.07, 0.30, and 0.16 Gy/min. The 
decrease in cell killing becomes even 
more dramatic as the dose rate is re-
duced further. (Adapted from Bedford JS, 
Mitchell JB. Dose-rate effects in synchro-
nous mammalian cells in culture. Radiat 
Res. 1973;54:316–327, with permission.)
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FIGURE 5.11  Dose-survival curves 
at high dose rates (HDR) and low dose 
rates (LDR) for a large number of cell 
lines of human origin cultured in vitro. 
Note that the survival curves fan out 
at LDR because in addition to a range 
of inherent radiosensitivities (evident 
at HDR), there is also a range of repair 
times of sublethal damage.
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Idealized Fractionation Experiment

Curve A – survival curve for a single acute 
exposures of x-rays

Experiment – radiation was delivered in a 
number of equal fractions of size D, with an 
interval b/w fractions sufficient for repair of SLD

Curve B – survival curve for exposure to 2 
fractions of size D

Curve F – overall survival curve with multiple 
equal fractions of size D
Note there is no shoulder 

Continuous low-dose-rate (LDR) irradiation 
may be considered to be an infinite number 
of infinitely small fractions
Survival curve has no shoulder and is 
shallower
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be  expected, because both are expressions of the 
cell’s capacity to accumulate and repair sublethal 
radiation damage. By contrast, Chinese hamster 
cells have a broad shoulder to their acute x-ray 
survival curve and show a correspondingly large 
dose-rate effect. This is evident in Figure 5.10; 

observed if only single points were determined, 
corresponding to equal dose increments. This 
survival curve has no shoulder. Because con-
tinuous low-dose-rate (LDR) irradiation may 
be considered to be an infi nite number of infi -
nitely small fractions, the survival curve under 
these conditions also would be expected to have 
no shoulder and to be shallower than for single 
acute exposures.

■  EXAMPLES OF THE DOSE-RATE 
 EFFECT IN VITRO AND IN VIVO

Survival curves for HeLa cells cultured in vitro 
over a wide range of dose rates, from 7.3 Gy/
min to 0.535 cGy/min, are summarized in Fig-
ure 5.9. As the dose rate is reduced, the survival 
curve  becomes shallower and the shoulder tends 
to disappear (i.e., the survival curve becomes an 
exponential function of dose). The dose-rate ef-
fect caused by repair of SLD is most dramatic be-
tween 0.01 and 1 Gy/min. Above and below this 
dose-rate range, the survival curve changes little, 
if at all, with dose rate.

The magnitude of the dose-rate effect from 
the repair of SLD varies enormously among dif-
ferent types of cells. HeLa cells are character-
ized by a survival curve for acute exposures that 
has a small initial shoulder, which goes hand in 
hand with a modest dose-rate effect. This is to 
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FIGURE 5.8  Idealized fractionation experi-
ment. Curve A is the survival curve for single acute 
exposures of x-rays. Curve F is obtained, if each 
dose is given as a series of small fractions of size 
D1 with an interval between fractions suffi cient for 
repair of sublethal damage. Multiple small fractions 
approximate to a continuous exposure to a low 
dose rate. (Adapted from Elkind MM, Whitmore GF. 
 Radiobiology of Cultured Mammalian Cells. New York, 
NY: Gordon and Breach; 1967, with permission.)
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FIGURE 5.9  Survival curves for HeLa cells cultured 
in vitro and exposed to !-rays at high and low dose rates.
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curves “fan out” and show a greater variation in 
slope because, in addition to the variation of in-
herent radiosensitivity evident at an HDR, there 
is a range of repair times of SLD. Some cell 
lines repair SLD rapidly, some more slowly, and 
this is refl ected in the different survival curves 
at LDR.

Survival curves for crypt cells in the mouse 
jejunum irradiated with !-rays at various dose 
rates are shown in Figure 5.12. There is a dra-
matic  dose-rate effect owing to the repair of sub-
lethal radiation damage from an acute exposure 
at 2.74 Gy/min to a protracted exposure at 0.92 
cGy/min. As the dose rate is lowered further, cell 
division begins to dominate the picture because 
the exposure time is longer than the cell cycle. 
At 0.54 cGy/min, there is little reduction in the 
number of surviving crypts, even for very large 
doses, because cellular proliferation occurs dur-
ing the long exposure and makes up for cell kill-
ing by the radiation.

■ THE INVERSE DOSE-RATE EFFECT

There is at least one example of an inverse dose-
rate effect, in which decreasing the dose rate re-
sults in increased cell killing. This is illustrated 
in Figure 5.13. Decreasing the dose rate for this 
HeLa cell line from 1.54 to 0.37 Gy/h increases 
the effi ciency of cell  killing, such that this LDR 
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FIGURE 5.12  Response of mouse je-
junal crypt cells irradiated with !-rays from 
cesium-137 over a wide range of dose rates. 
The mice were given total body irradiation, 
and the proportion of surviving crypt cells 
was determined by the appearance of re-
generating microcolonies in the crypts 3 
days later. Note the large dose-rate effect. 
(Adapted from Fu KK, Phillips TL, Kane LJ, et 
al. Tumor and normal tissue response to ir-
radiation in vivo: variation with decreasing 
dose rates. Radiology. 1975;114:709–716, 
with permission.)
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cycle and do not progress. As the dose rate is dropped 
to 0.37 Gy/h, cells progress to a block in G2, a radio-
sensitive phase of the cycle. (Adapted from Mitchell 
JB, Bedford JS, Bailey SM. Dose-rate effects on the cell 
cycle and  survival of S3 HeLa and V79 cells.  Radiat Res. 
1979;79:520–536, with permission.)
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Mouse jejunal crypt cells

Experiment – mouse were given total 
body irradiation over a wide range of 
dose rates; the proportion of surviving 
crypt cells was determined by the 
appearance of regenerating 
microcolonies in the crypts 3 days later

Note the dramatic dose-rate-effect due 
to SLD repair
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Cell repopulation

Crypt cells are rapidly dividing cells; as 
the dose rate is lowered further, 
exposure time is longer than cell cycle 
time (i.e., repopulation takes over)

6000 min
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curves “fan out” and show a greater variation in 
slope because, in addition to the variation of in-
herent radiosensitivity evident at an HDR, there 
is a range of repair times of SLD. Some cell 
lines repair SLD rapidly, some more slowly, and 
this is refl ected in the different survival curves 
at LDR.

Survival curves for crypt cells in the mouse 
jejunum irradiated with !-rays at various dose 
rates are shown in Figure 5.12. There is a dra-
matic  dose-rate effect owing to the repair of sub-
lethal radiation damage from an acute exposure 
at 2.74 Gy/min to a protracted exposure at 0.92 
cGy/min. As the dose rate is lowered further, cell 
division begins to dominate the picture because 
the exposure time is longer than the cell cycle. 
At 0.54 cGy/min, there is little reduction in the 
number of surviving crypts, even for very large 
doses, because cellular proliferation occurs dur-
ing the long exposure and makes up for cell kill-
ing by the radiation.

■ THE INVERSE DOSE-RATE EFFECT

There is at least one example of an inverse dose-
rate effect, in which decreasing the dose rate re-
sults in increased cell killing. This is illustrated 
in Figure 5.13. Decreasing the dose rate for this 
HeLa cell line from 1.54 to 0.37 Gy/h increases 
the effi ciency of cell  killing, such that this LDR 
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FIGURE 5.12  Response of mouse je-
junal crypt cells irradiated with !-rays from 
cesium-137 over a wide range of dose rates. 
The mice were given total body irradiation, 
and the proportion of surviving crypt cells 
was determined by the appearance of re-
generating microcolonies in the crypts 3 
days later. Note the large dose-rate effect. 
(Adapted from Fu KK, Phillips TL, Kane LJ, et 
al. Tumor and normal tissue response to ir-
radiation in vivo: variation with decreasing 
dose rates. Radiology. 1975;114:709–716, 
with permission.)
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FIGURE 5.13  The inverse dose-rate effect. A range 
of dose rates can be found for HeLa cells such that 
lowering the dose rate leads to more cell killing. At 
1.54 Gy/h, cells are “frozen” in the various phases of the 
cycle and do not progress. As the dose rate is dropped 
to 0.37 Gy/h, cells progress to a block in G2, a radio-
sensitive phase of the cycle. (Adapted from Mitchell 
JB, Bedford JS, Bailey SM. Dose-rate effects on the cell 
cycle and  survival of S3 HeLa and V79 cells.  Radiat Res. 
1979;79:520–536, with permission.)
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The Inverse Dose-Rate-Effect

(2.5 cGy/min)

(0.5 cGy/min)

Inverse Dose-Rate-Effect – lowering 
the dose rate leads to more cell killing

Explanation – At higher dose rates, cells 
are “frozen” in the cell cycle; as dose 
rates are further lowered, cells continue to 
cycle during radiation and become arrested 
in the radiosensitive G2 phase  
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during the radiation exposure if the dose rate is 
low enough and the exposure time is long com-
pared with the length of the mitotic cycle. This 
may lead to a further reduction in biologic effect 
as the dose rate is progressively lowered, because 
cell birth tends to offset cell death.

■  BRACHYTHERAPY OR 
 ENDOCURIETHERAPY

Implanting radioactive sources directly into a 
tumor was a strategy fi rst suggested by Alexan-
der Graham Bell in 1901. Over the years, vari-
ous groups in different countries coined various 
names for this type of therapy, using the prefi x 
brachy, from the Greek word for “short range,” 
or endo, from the Greek word for “within.” 
There are two distinct forms of brachytherapy, 
also called endocurietherapy: (1) intracavitary 

is almost as damaging as an acute exposure. The 
explanation is illustrated in Figure 5.14. At about 
0.37 Gy/h, cells tend to progress through the 
cycle and become arrested in G2, a radiosensitive 
phase of the cycle. At higher dose rates, they are 
“frozen” in the phase of the cycle they are in at 
the start of the irradiation; at lower dose rates, 
they continue to cycle during irradiation.

■  THE DOSE-RATE EFFECT 
 SUMMARIZED

Figure 5.15 summarizes the entire dose-rate ef-
fect. For acute exposures at high dose rates, the 
survival curve has a signifi cant initial shoulder. As 
the dose rate is lowered and the treatment time 
protracted, more and more SLD can be repaired 
during the exposure. Consequently, the survival 
curve becomes progressively more shallow (D0 
increases) and the shoulder tends to disappear. 
A point is reached at which all SLD is repaired 
resulting in a limiting slope. In at least some cell 
lines, a further lowering of the dose rate allows 
cells to progress through the cycle and accumu-
late in G2. This is a radiosensitive phase, and so 
the survival curve becomes steeper again. This is 
the inverse dose-rate effect. A further reduction 
in dose rate allows cells to pass through the G2 
block and divide. Proliferation then may occur 
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FIGURE 5.14  The inverse dose-rate effect. A range 
of dose rates can be found, at least for HeLa cells, that 
allows cells to progress through the cycle to a block in 
late G2. Under continuous low-dose-rate irradiation, an 
asynchronous population becomes a population of ra-
diosensitive G2 cells. (Adapted from Hall EJ. The biologi-
cal basis of endocurietherapy: the Henschke Memorial 
Lecture 1984.  Endocurie Hypertherm Oncol. 1985;1:141–
151, with permission.)
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FIGURE 5.15  The dose-rate effect resulting from 
repair of sublethal damage, redistribution in the 
cycle, and cell proliferation. The dose-response curve 
for acute exposures is characterized by a broad ini-
tial shoulder. As the dose rate is reduced, the survival 
curve becomes progressively more shallow as more 
and more sublethal damage is repaired, but cells are 
“ frozen” in their positions in the cycle and do not prog-
ress. As the dose rate is lowered further and for a lim-
ited range of dose rates, the survival curve steepens 
again because cells can progress through the cycle to 
pile up at a block in G2, a radiosensitive phase, but still 
cannot divide. A further lowering of dose rate below 
this critical dose rate allows cells to escape the G2 block 
and divide; cell proliferation then may occur during the 
protracted exposure, and survival curves become shal-
lower as cell birth from mitosis offsets cell killing from 
the irradiation. (Based on the ideas of Dr. Joel Bedford.)
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during the radiation exposure if the dose rate is 
low enough and the exposure time is long com-
pared with the length of the mitotic cycle. This 
may lead to a further reduction in biologic effect 
as the dose rate is progressively lowered, because 
cell birth tends to offset cell death.

■  BRACHYTHERAPY OR 
 ENDOCURIETHERAPY

Implanting radioactive sources directly into a 
tumor was a strategy fi rst suggested by Alexan-
der Graham Bell in 1901. Over the years, vari-
ous groups in different countries coined various 
names for this type of therapy, using the prefi x 
brachy, from the Greek word for “short range,” 
or endo, from the Greek word for “within.” 
There are two distinct forms of brachytherapy, 
also called endocurietherapy: (1) intracavitary 

is almost as damaging as an acute exposure. The 
explanation is illustrated in Figure 5.14. At about 
0.37 Gy/h, cells tend to progress through the 
cycle and become arrested in G2, a radiosensitive 
phase of the cycle. At higher dose rates, they are 
“frozen” in the phase of the cycle they are in at 
the start of the irradiation; at lower dose rates, 
they continue to cycle during irradiation.

■  THE DOSE-RATE EFFECT 
 SUMMARIZED

Figure 5.15 summarizes the entire dose-rate ef-
fect. For acute exposures at high dose rates, the 
survival curve has a signifi cant initial shoulder. As 
the dose rate is lowered and the treatment time 
protracted, more and more SLD can be repaired 
during the exposure. Consequently, the survival 
curve becomes progressively more shallow (D0 
increases) and the shoulder tends to disappear. 
A point is reached at which all SLD is repaired 
resulting in a limiting slope. In at least some cell 
lines, a further lowering of the dose rate allows 
cells to progress through the cycle and accumu-
late in G2. This is a radiosensitive phase, and so 
the survival curve becomes steeper again. This is 
the inverse dose-rate effect. A further reduction 
in dose rate allows cells to pass through the G2 
block and divide. Proliferation then may occur 
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FIGURE 5.14  The inverse dose-rate effect. A range 
of dose rates can be found, at least for HeLa cells, that 
allows cells to progress through the cycle to a block in 
late G2. Under continuous low-dose-rate irradiation, an 
asynchronous population becomes a population of ra-
diosensitive G2 cells. (Adapted from Hall EJ. The biologi-
cal basis of endocurietherapy: the Henschke Memorial 
Lecture 1984.  Endocurie Hypertherm Oncol. 1985;1:141–
151, with permission.)
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FIGURE 5.15  The dose-rate effect resulting from 
repair of sublethal damage, redistribution in the 
cycle, and cell proliferation. The dose-response curve 
for acute exposures is characterized by a broad ini-
tial shoulder. As the dose rate is reduced, the survival 
curve becomes progressively more shallow as more 
and more sublethal damage is repaired, but cells are 
“ frozen” in their positions in the cycle and do not prog-
ress. As the dose rate is lowered further and for a lim-
ited range of dose rates, the survival curve steepens 
again because cells can progress through the cycle to 
pile up at a block in G2, a radiosensitive phase, but still 
cannot divide. A further lowering of dose rate below 
this critical dose rate allows cells to escape the G2 block 
and divide; cell proliferation then may occur during the 
protracted exposure, and survival curves become shal-
lower as cell birth from mitosis offsets cell killing from 
the irradiation. (Based on the ideas of Dr. Joel Bedford.)

25858_Hall_CH05.indd   7625858_Hall_CH05.indd   76 3/11/11   4:02 AM3/11/11   4:02 AM

Dose-Rate-Effect Summarized

1
2

3

4

1 Acute exposure – note the initial 
shoulder width

Dose-rate-effect – note that survival 
curves becomes progressively 
shallower.  Cells are “frozen” in their 
position and do not progress  

2

Inverse-dose-rate effect – cells can 
progress through the cycle to 
be“trapped” in radiosensitive G2 
phase.  Cells still cannot divide  

3

Repopulation – below a critical dose 
rate, cells escape the G2 block and 
divide; cell proliferation may occur   

4



Outline

n General Overview of DNA Repair Pathways
n Operational Classifications of Radiation Damage
n The Dose Rate Effect 
n The Inverse Dose-Rate Effect
n Brachytherapy
n Dose Rate and IMRT

(Clinical Application of Dose-Rate Effect)



Brachytherapy 

n Brachy – from the Greek word βραχυς brachys, meaning "short-
distance"

n In 1901, Pierre Curie suggested to Henri-Alexandre Danlos that a 
radioactive source could be inserted into a tumor; it was found that 
the radiation caused the tumor to shrink

n In the early 20th century, techniques for the application of 
brachytherapy were pioneered at the Curie Institute in Paris by 
Danlos and at St Luke’s and Memorial Hospital in New York by 
Robert Abbe



Henri-Alexandre Danlos 
(1844-1912)

n Henri-Alexandre Danlos was a French physician and dermatologist 
born in Paris. 

n With Danish dermatologist Edvard Ehlers , the Ehlers-Danlos 
syndrome was named, which is a group of inherited connective tissue 
disorders.

n Danlos was pioneer in the use of radium for treatment of lupus 
erythematosus of the skin, and in 1901 with phycisist Eugène Bloch, 
he was the first to apply radium on tuberculous skin lesions.



Brachytherapy   
n 2 forms of brachytherapy

¨ Intracavitary – radioactive sources placed in body cavities in 
close proximity to the tumor

¨ Interstitial – radioactive wires or “seeds” implanted directly into 
the tumor volume

n Temporary
n Permanent 



Radionuclides for Brachytherapy



Clinical Applications of the Dose-Rate 
Effect
n Continuous LDR Teletherapy
n Pulsed LDR Teletherapy
n Brachytherapy

¨ Low dose rate (LDR) – dose rate 0.5-2 cGy/min (30-120 cGy/hr)
¨ Medium dose rate (MDR)
¨ High dose rate (HDR) – dose rate ³ 20 cGy/min (12 Gy/hr)
¨ Pulsed dose rate (PDR)



Radiobiological Rationale of LDR 
Brachytherapy 
n Cells which exhibit little repair (small shoulder on the acute-exposure cell survival 

curve) will also exhibit little dose-rate effect
n Conversely, cells with large shouldered (or very “curvy”) cell survival curves will 

demonstrate a significant dose-rate effect
n In general, cancer cells will show less dose-rate effect than the cells of late-

reacting normal tissue

If we decrease the dose-rate, the 
late-reacting normal tissue will be 
spared to a greater extent 
compared to cancer cells = 
enhanced therapeutic ratio  

Rationale 
� Cells which exhibit little repair (small shoulder on the acute-

exposure cell survival curve) will also exhibit little dose-rate effect
� Conversely, cells with large shouldered (or very “curvy”) cell survival 

curves will demonstrate a significant dose-rate effect
� Hence, in general, cancer cells will show less dose-rate effect 

than the cells of late-reacting normal tissue

If we decrease the dose-
rate, the late-reacting 
normal tissue will be 
spared to a greater 
extent compared to 
cancer cells = enhanced 
therapeutic ratio



Radiobiological Rationale for LDR 
Brachytherapy
n Since low dose rate benefits late-reacting normal tissues more than 

cancers, the lower the dose rate used in radiotherapy, the better
n However, too low a dose rate may allow cancer cells to proliferate 

during treatment (repopulation)

n The vast majority of interstitial and intracavitary brachytherapy 
experience has been with LDR

n  Results have been excellent



Brachytherapy – Total Dose vs. Dose Rate 

n The maximum dose that can be delivered without 
unacceptable damage to the surrounding normal tissue 
depends on 

¨Volume of tissue irradiated 

¨Dose rate – to achieve a consistent biologic response, the total 
dose used should be varied according to the dose rate employed



Dose-Rate Correction – the Manchester 
Experience

Equivalent biologic effect

Standard = 60 Gy/7days
Dose rate = 0.357 Gy/hr 

Dose rate = 0.64 Gy/hr
Total dose = 46 Gy (in 3 days)  

Isoeffect curve

Note that the calculated curve (from radiobiologic data) 
agrees closely with clinical experience



Isoeffect Curves – Early- vs. Late-
Responding Tissues 

Late-Responding

Early-Responding

Early-responding Tissue

Example – cancer cells
Small shoulder
Large a/b
Little dose-rate effect
Little variation of total dose with dose-rate

Late-responding Tissue

Example – spinal cord
Large shoulder
Small a/b
Large dose-rate effect
Large variation of total dose with dose-rate

The variation of total dose with dose-rate 
is much larger for late-than for early-
responding tissues (more in Chapter 23)

Isoeffect Curves – Early- vs. Late-
Responding Tissues 

Late-Responding

Early-Responding

Early-responding Tissue

Example – cancer cells
Small shoulder
Large D/E
Little dose-rate effect
Little variation of total dose with dose-
rate

Late-responding Tissue

Example – spinal cord
Large shoulder
Small D/E
Large dose-rate effect
large variation of total dose with dose-
rate

The variation of total dose with dose-
rate is much large for late-than for early-
responding tissues (more in Chapter 22)



Dose-Rate Effect – Clinical Data

T1-2 SCC of oral tongue and floor of mouth 
Treated with interstitial Ir-192 implants

Local tumor control depends less on dose-
rate, provided the total dose was 
sufficiently large (early-responding)

Necrosis rate was substantially higher in 
patients treated with higher dose-rates 
(late-responding)
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used, so only limited conclusions can be drawn 
from these data. The results (Fig. 5.18), however, 
show a correlation between the  proportion of 
 recurrent tumors and the dose rate. For a given 
total dose, there were markedly fewer recur-

estimates of Paterson and of Ellis, as it should, 
because their judgment was stated unequivocally 
to be based on late effects.

In the 1990s, Mazeron and his colleagues in 
Paris published two papers that show clearly that 
a dose-rate effect is important in interstitial im-
plants. They have, perhaps, the most experience 
in the world with the use of iridium-192 wire 
implants. Their fi rst report describes the analy-
sis of local tumor control and the incidence of 
necrosis in a large cohort of patients with T1-2 
squamous cell carcinoma of the mobile tongue 
and the fl oor of the mouth who were treated 
with interstitial iridium-192. The data are shown 
in Figure 5.17. Patients were grouped according 
to dose rate, either more or less than 0.5 Gy/h. 
It is evident that there was a substantially higher 
incidence of necrosis in patients treated at the 
higher dose rates. By contrast, dose rate makes 
little or no difference to local control provided 
that the total dose is high enough, from 65 to 
70 Gy, but there is a clear separation at lower 
doses (60 Gy), with the lower dose rate being less 
effective. These results are in good accord with 
the radiobiologic predictions.

Their second report analyzes data from a 
large group of patients with carcinoma of the 
breast who received iridium-192 implants as a 
boost to external beam radiotherapy. These re-
sults allow an assessment of the effect of dose 
rate on tumor control, but provide no informa-
tion on the effect of dose rate on late effects, 
because there was only one case that involved 
necrosis. The  interstitial implant was only part 
of the radiotherapy and a fi xed standard dose was 
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FIGURE 5.16  Dose equivalent to 60 Gy 
in 7 days as proposed by Paterson (in 1963) 
and by Ellis (in 1968) based on clinical obser-
vation of normal-tissue tolerance or calcu-
lated from radiobiologic principles. The !/" 
ratios and the half-time of repair of sublethal 
damage were chosen for early- or late-re-
sponding tissues (Chapter 23).
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FIGURE 5.17  Local tumor control and necrosis rate 
at 5 years as a function of dose in patients with T1–2 
squamous cell carcinomas of the mobile tongue and 
the fl oor of the mouth who were treated with intersti-
tial iridium-192 implants. The patients were grouped 
according to whether the implant was characterized 
by a high dose rate (equal to or above 0.5 Gy/h) or low 
dose rate (below 0.5 Gy/h). The necrosis rate was higher 
for the higher-dose-rate group at all dose levels. Local 
tumor control did not depend on dose rate, provided 
the total dose was suffi ciently large. (Data from Ma-
zeron JJ, Simon JM, Le Pechoux C, et al. Effect of dose 
rate on local control and complications in defi nitive ir-
radiation of T1-2 squamous cell carcinomas of mobile 
tongue and fl oor of mouth with interstitial iridium-192. 
Radiother Oncol. 1991;21:39–47.)
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Dose-Rate Effect – Clinical Data

Breast Ca Treated with 
EBRT + interstitial Ir-
192 boost

Conclusion – for a given total dose, there 
were markedly fewer recurrences if the 
radiation was delivered at a higher dose 
rate rather than a lower dose rate

Interstitial Ir-192 as a boost to EBRT

A fixed standard dose was used

Clinical implication – because of the 
short t1/2 of Ir-192, dose rates decrease 
over time ® important to correct the total 
dose for the dose rate 

 | Chapter 5 • Fractionated Radiation and the Dose-Rate Effect | 79

size can be small, and (2) its lower photon en-
ergy makes radiation protection easier than with 
radium or cesium-137. Sources of this radionu-
clide are ideal for use with computer-controlled 
remote afterloaders introduced in the 1990s 
(Fig. 5.19). Catheters can be implanted into 
the patient while inactive and then the sources 
transferred from the safe by remote control after 
the patient has returned to his own room. The 
sources can be returned to the safe if the patient 
needs nursing care.

Permanent Interstitial Implants
Encapsulated sources with relatively short half-
lives can be left in place permanently. There are 
two advantages for the patient: (1) An opera-
tion to remove the implant is not needed, and 
(2) the patient can go home with the implant 
in place. On the other hand, this does involve 
additional expense because the sources are not 
reused. The initial dose rate is high and falls off 
as the implanted sources decay. Iodine-125 has 
been used most widely to date for permanent 
implants. The total prescribed dose is usually 
about 160 Gy at the periphery of the implanted 
volume, with 80 Gy delivered in the fi rst half-
life of 60 days. The soft emission from iodine 
has a relative biologic effectiveness (explained in 
Chapter 7) of about 1.5; this corresponds to 80 
! 1.5 or 120 Gy of high-energy !-rays. This is 
a big dose, even at an LDR and corresponds to a 
good level of cell kill. It is, however, spread over 
60 days; consequently, the success of the implant 
in sterilizing the tumor depends critically on the 

rences if the radiation was delivered at a higher 
dose rate rather than a lower dose rate.

The relatively short half-life of iridium-192 
(70 days) means that a range of dose rates is in-
evitable, because the activity of the sources de-
cays during the months that they are in use. It 
is important, therefore, to correct the total dose 
for the dose rate because of the experience of 
 Mazeron and his colleagues described previously. 
Iridium-192 has two advantages: (1) The source 
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FIGURE 5.18  Percentage of patients who showed 
no local recurrence as a function of dose rate in treat-
ment for breast carcinoma by a combination of external-
beam irradiation plus iridium-192 interstitial implant. 
The implant was used to deliver a total dose of 37 Gy; the 
dose rate varied by a factor of 3 (30–90 cGy/hr), owing to 
different linear activities of the iridium-192 wire and dif-
ferent volumes implanted. (Data from Mazeron JJ, Simon 
JM, Crook J, et al. Infl uence of dose rate on local control 
of breast carcinoma treated by external beam irradia-
tion plus iridium-192 implant. Int J Radiat Oncol Biol Phys. 
1991;21:1173–1177.)

FIGURE 5.19  Diagram illustrating the 
use of a computer-controlled remote af-
terloader to minimize radiation exposure 
of personnel during brachytherapy. Cath-
eters are implanted into the tumor, and 
radiographs are made to check the validity 
of the implant using “dummy” nonradioac-
tive sources. The catheters then are con-
nected to a shielded safe containing the 
radioactive (iridium-192) sources, which 
are transferred by remote control to the 
implant in the patient. The control panel 
is located outside a lightly shielded room. 
The sources can be retracted temporarily 
to the safe so that personnel can care for 
the patient, thus effectively eliminating ra-
diation exposure to personnel.
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Permanent Interstitial Implants

n Permanent implants have the advantage that only a single 
insertion is required

n The dose-rate effect is complicated due to the gradually 
decreasing dose rate
¨ The initial dose rate is high and falls off as the implanted sources 

decay
n I-125 (t1/2 = 60 days) and Pd-103 (t1/2 = 17 days) are the 

most common sources



Permanent Implant – I-125
n Average photon energy ~ 28 eV

¨ Simplifies radiation protection
¨ Rapid dose fall-off

n T1/2 = 60 days – means that dose 
spreads over several months
¨ A problem for rapidly growing tumors 

b/c repopulation compensates for cell 
killing

¨ Not a concern for slow growing tumors 
(e.g., prostate) 

repopulation



Brachytherapy – HDR 

n HDR brachytherapy, to a large extent, is replacing 
the traditional LDR brachytherapy

n High-dose rate gives up much of the radiobiological 
advantage and the sparing of late-responding 
normal tissues

n However, the physical advantages of HDR offsets 
the radiobiological disadvantages



Brachytherapy – HDR 
n HDR is attractive because it can be performed 

on an outpatient basis 

n Remote afterloading technology eliminates 
exposure to medical personnel

n Computer planning allows greater control over 
dose distribution

n Special retractors are available to shield dose-
limiting normal tissues

Physical Advantage



Brachytherapy – HDR 

n HDR should be fractionated to allow for repair 
(typically 3-12 fractions)

n The time between fractions must be adequate for 
repair

n Clinical data indicate that properly fractionated 
HDR can be at least as good as LDR



Outline

n General Overview of DNA Repair Pathways
n Operational Classifications of Radiation Damage
n The Dose Rate Effect 
n The Inverse Dose-Rate Effect
n Brachytherapy
n Dose Rate and IMRT



IMRT and Dose Rate

n Initial implementation of IMRT requires a high number of separate 
segments and often longer delivery time of 20-30 minutes per 
fraction 

n Part of the biological effect may be lost by repair during treatment 
n It was shown that cell kill may decrease by up to 20% for treatment 

times of 20-30 minutes in vitro
n In vivo, the the loss of cell kill may be compensated by rapid 

reoxygenation



VMAT

n Volumetric modulated arc therapy (VMAT) allows 
delivery of dose fractions typically in less than 10 minutes

n New treatment units now offers flattening-filter free (FFF) 
beams which can result in higher average dose rates and 
hence also allow faster treatment delivery



Happy Studying!

https://radiologykey.com/computer-assisted-treatment-planning-approaches-for-imrt/



Review Questions



Question 1
When cells are held under suboptimal growth conditions 
for 6 hours after a single dose of X-rays, the cell 
surviving fraction is noted to increase. This is evidence 
for the: 
A. repair of sublethal damage 
B. redistribution of cells around the cell cycle 
C. repair of potentially lethal damage 
D. repair of base damages 
E. inverse dose rate effect 
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to suppose that it does not occur in human tu-
mors. It has been suggested that the radioresis-
tance of certain types of human tumors is linked 
to their ability to repair PLD; that is, radiosensi-
tive tumors repair PLD ineffi ciently, but radio-
resistant tumors have effi cient mechanisms to 

suboptimal growth conditions, DNA damage 
can be repaired.

The importance of PLD repair to clinical ra-
diotherapy is a matter of debate. That it occurs 
in transplantable animal tumors has been docu-
mented beyond question, and there is no reason 
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FIGURE 5.1  X-ray survival curves for density- 
inhibited stationary-phase cells, subcultured (tryp-
sinized and plated) either immediately or 6 or 
12 hours after irradiation. Cell survival is enhanced if 
cells are left in the stationary phase after irradiation, 
allowing time for the repair of potentially lethal 
damage. (Adapted from Little JB, Hahn GM, Frindel 
E, et al. Repair of potentially lethal radiation damage 
in vitro and in vivo. Radiology. 1973;106:689–694, 
with permission.)
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FIGURE 5.2  Repair of potentially lethal damage in mouse fi brosarcomas. The tu-
mors were irradiated in situ and then removed and prepared into single cell suspen-
sions. The number of survivors was determined by their ability to form colonies in 
vitro. The fraction of cells surviving a given dose increases if a time interval is allowed 
between irradiation and removal of the tumor, because during this interval, PLD is 
repaired. (Adapted from Little JB, Hahn GM, Frindel E, et al. Repair of potentially lethal 
radiation damage in vitro and in vivo. Radiology. 1973;106:689–694, with permission.)
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PLD – Density-Inhibited Stationary-Phase 
Cells  

Observation – survival enhanced if cells are 
left for 6-12h in density-inhibited state

Interpretation – if mitosis are delayed by 
suboptimal growth conditions, PLD 
(complex as opposed to simple DSBs) can 
be repaired  

Experiment – density arrested cells
are irradiated, and either plated immediately 
or maintained in density-inhibited 
stationary phase for 6-12 hours before 
plating out for survival curve  

6 hr
12 hr

0 hr



Potentially Lethal Damage (PLD)

n This is the component of radiation damage that can be modified by 
post-irradiation environmental conditions

n Under normal conditions, PLD is lethal
n By manipulation of the post-irradiation environment, PLD can be 

repaired
n PLD is believed to be complex DSBs that are repaired slowly as 

compared to simple DSBs



Question 2
An 8 Gy X-ray dose delivered at 1 Gy/hr is less toxic 
than the same dose delivered at 1 Gy/min primarily 
because: 
A. fewer free radicals are generated 
B. cell division occurs during exposure 
C. free radical scavenging takes place 
D. sublethal damage repair occurs during the 

irradiation 
E. chemical restitution is permitted 
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be  expected, because both are expressions of the 
cell’s capacity to accumulate and repair sublethal 
radiation damage. By contrast, Chinese hamster 
cells have a broad shoulder to their acute x-ray 
survival curve and show a correspondingly large 
dose-rate effect. This is evident in Figure 5.10; 

observed if only single points were determined, 
corresponding to equal dose increments. This 
survival curve has no shoulder. Because con-
tinuous low-dose-rate (LDR) irradiation may 
be considered to be an infi nite number of infi -
nitely small fractions, the survival curve under 
these conditions also would be expected to have 
no shoulder and to be shallower than for single 
acute exposures.

■  EXAMPLES OF THE DOSE-RATE 
 EFFECT IN VITRO AND IN VIVO

Survival curves for HeLa cells cultured in vitro 
over a wide range of dose rates, from 7.3 Gy/
min to 0.535 cGy/min, are summarized in Fig-
ure 5.9. As the dose rate is reduced, the survival 
curve  becomes shallower and the shoulder tends 
to disappear (i.e., the survival curve becomes an 
exponential function of dose). The dose-rate ef-
fect caused by repair of SLD is most dramatic be-
tween 0.01 and 1 Gy/min. Above and below this 
dose-rate range, the survival curve changes little, 
if at all, with dose rate.

The magnitude of the dose-rate effect from 
the repair of SLD varies enormously among dif-
ferent types of cells. HeLa cells are character-
ized by a survival curve for acute exposures that 
has a small initial shoulder, which goes hand in 
hand with a modest dose-rate effect. This is to 
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FIGURE 5.8  Idealized fractionation experi-
ment. Curve A is the survival curve for single acute 
exposures of x-rays. Curve F is obtained, if each 
dose is given as a series of small fractions of size 
D1 with an interval between fractions suffi cient for 
repair of sublethal damage. Multiple small fractions 
approximate to a continuous exposure to a low 
dose rate. (Adapted from Elkind MM, Whitmore GF. 
 Radiobiology of Cultured Mammalian Cells. New York, 
NY: Gordon and Breach; 1967, with permission.)
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FIGURE 5.9  Survival curves for HeLa cells cultured 
in vitro and exposed to !-rays at high and low dose rates.
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Dose-Rate Effect In Vitro – HeLa Cells

As the dose rate is reduced, the survival 
curve becomes shallower and the 
shoulder tends to disappear  

Hela cells

The dose-rate-effect caused by 
repair of SLD is most dramatic 
b/w 0.01 and 1 Gy/min (i.e., 1 
cGy/min and 100 cGy/min); 
above and below this dose-rate 
range, the survival curve changes 
little, if at all, with dose rate

0.5 cGy/min

110 cGy/min



Question 3

Which one of the following normal tissues would be 
expected to show the least amount of sparing when 
irradiated with X-rays at a low versus high dose rate? 
A. kidney 
B. lung 
C. spinal cord 
D. breast epithelium 
E. bone marrow



Question 4

Generally, the sparing effect of dose fractionation increases with 
increasing time between fractions. Under certain irradiation 
conditions however, an increase in the interval between fractions 
results in decreased cell survival. This occurs because of: 
A. reassortment 
B. repopulation 
C. repair 
D. reoxygenation 
E. adaptive response 



Split-Dose Experiment – Cells Maintained 
at 37°C

37°C

During the repair process, these cells will travel 
through the cell cycle

Cells that were in the late S phase of the cell cycle at 
the time of the 1st fraction will be most likely to survive 
and move towards mitosis

At the time of a 2nd fraction, these cells may have 
reached a sensitive phase, e.g., late G2/M

Cells survival for these cells will be reduced

Thus, due to cells reassorting themselves within the 
cell cycle after the 1st exposure, cell survival will 
decrease after reaching a maximum
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The data shown in Figure 5.3 were obtained 
with cultured mammalian cells maintained at 
room temperature (24° C) between the dose 
fractions to prevent the cells from moving 
through the cell cycle during this interval. This 
rather special experiment is described fi rst be-
cause it illustrates repair of sublethal radiation 
damage uncomplicated by the movement of cells 
through the cell cycle.

Figure 5.4 shows the results of a parallel ex-
periment in which cells were exposed to split 
doses and maintained at their normal growing 
temperature of 37° C. The pattern of repair seen 
in this case differs from that observed for cells 
kept at room temperature. In the fi rst few hours, 
prompt repair of SLD is again evident, but at 
longer intervals between the two split doses, the 
surviving fraction of cells decreases, reaching a 
minimum with about a 5-hour separation.

repair PLD. This is an attractive hypothesis, but 
it has never been proven.

Sublethal Damage Repair
SLD repair is the operational term for the in-
crease in cell survival that is observed if a given 
radiation dose is split into two fractions sepa-
rated by a time interval.

Figure 5.3 shows data obtained in a split-
dose experiment with cultured Chinese hamster 
cells. A single dose of 15.58 Gy of absorbed ra-
diation leads to a surviving fraction of 0.005. If 
the dose is divided into two approximately equal 
fractions separated by 30 minutes, the surviving 
fraction is already appreciably higher than for 
a single dose. As the time interval is extended, 
the surviving fraction increases until a plateau 
is reached at about 2 hours, corresponding to 
a surviving fraction of 0.02. This represents 
about four times as many surviving cells as for 
the dose given in a single exposure. A further 
increase in the time interval between the dose 
fractions is not accompanied by any signifi cant 
additional increment in survival. The increase 
in survival in a split-dose experiment results 
from the repair of sublethal radiation damage.
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FIGURE 5.3  Survival of Chinese hamster cells 
exposed to two fractions of x-rays and incubated at 
room temperature for various time intervals between 
the two exposures. (Adapted from Elkind MM, Sutton-
Gilbert H, Moses WB, Alescio T, Swain RB. Radiation re-
sponse of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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FIGURE 5.4  Survival of Chinese hamster cells ex-
posed to two fractions of x-rays and incubated at 37° C 
for various time intervals between the two doses. The 
survivors of the fi rst dose are predominantly in a resis-
tant phase of the cycle (late S). If the interval between 
doses is about 6 hours, these resistant cells have moved 
to the G2M phase, which is sensitive. (Adapted from 
Elkind MM, Sutton-Gilbert H, Moses WB, et al. Radiation 
response of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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This is termed reassortment or 
sometimes redistribution



Question 5

The dose rate range over which SLDR most contributes to 
the dose rate effect for X-rays is: 
A. 0.001 - 0.01 Gy/min 
B. 0.01 – 1 Gy/min 
C. 1 - 5 Gy/min 
D. 5 - 10 Gy/min 
E. 10 - 20 Gy/min
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be  expected, because both are expressions of the 
cell’s capacity to accumulate and repair sublethal 
radiation damage. By contrast, Chinese hamster 
cells have a broad shoulder to their acute x-ray 
survival curve and show a correspondingly large 
dose-rate effect. This is evident in Figure 5.10; 

observed if only single points were determined, 
corresponding to equal dose increments. This 
survival curve has no shoulder. Because con-
tinuous low-dose-rate (LDR) irradiation may 
be considered to be an infi nite number of infi -
nitely small fractions, the survival curve under 
these conditions also would be expected to have 
no shoulder and to be shallower than for single 
acute exposures.

■  EXAMPLES OF THE DOSE-RATE 
 EFFECT IN VITRO AND IN VIVO

Survival curves for HeLa cells cultured in vitro 
over a wide range of dose rates, from 7.3 Gy/
min to 0.535 cGy/min, are summarized in Fig-
ure 5.9. As the dose rate is reduced, the survival 
curve  becomes shallower and the shoulder tends 
to disappear (i.e., the survival curve becomes an 
exponential function of dose). The dose-rate ef-
fect caused by repair of SLD is most dramatic be-
tween 0.01 and 1 Gy/min. Above and below this 
dose-rate range, the survival curve changes little, 
if at all, with dose rate.

The magnitude of the dose-rate effect from 
the repair of SLD varies enormously among dif-
ferent types of cells. HeLa cells are character-
ized by a survival curve for acute exposures that 
has a small initial shoulder, which goes hand in 
hand with a modest dose-rate effect. This is to 
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FIGURE 5.8  Idealized fractionation experi-
ment. Curve A is the survival curve for single acute 
exposures of x-rays. Curve F is obtained, if each 
dose is given as a series of small fractions of size 
D1 with an interval between fractions suffi cient for 
repair of sublethal damage. Multiple small fractions 
approximate to a continuous exposure to a low 
dose rate. (Adapted from Elkind MM, Whitmore GF. 
 Radiobiology of Cultured Mammalian Cells. New York, 
NY: Gordon and Breach; 1967, with permission.)

Su
rv

iv
in

g 
fr

ac
tio

n

Doses (Gy)

10

1.0

10–1

10–2

10–3

10–4
0 4 8 12

5.35 mGy/min

7.3 Gy/min
1.1 Gy/min

16

FIGURE 5.9  Survival curves for HeLa cells cultured 
in vitro and exposed to !-rays at high and low dose rates.
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Dose-Rate Effect In Vitro – HeLa Cells

As the dose rate is reduced, the survival 
curve becomes shallower and the 
shoulder tends to disappear  

Hela cells

The dose-rate-effect caused by 
repair of SLD is most dramatic 
b/w 0.01 and 1 Gy/min (i.e., 1 
cGy/min and 100 cGy/min); 
above and below this dose-rate 
range, the survival curve changes 
little, if at all, with dose rate

0.5 cGy/min

110 cGy/min

Note 
small 
shoulder



Question 6

The inverse dose rate effect occurs due to inhibition of 
cell cycle progression during which phase of the cell 
cycle? 
A. G0
B. G1
C. S 
D. G2
E. M
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curves “fan out” and show a greater variation in 
slope because, in addition to the variation of in-
herent radiosensitivity evident at an HDR, there 
is a range of repair times of SLD. Some cell 
lines repair SLD rapidly, some more slowly, and 
this is refl ected in the different survival curves 
at LDR.

Survival curves for crypt cells in the mouse 
jejunum irradiated with !-rays at various dose 
rates are shown in Figure 5.12. There is a dra-
matic  dose-rate effect owing to the repair of sub-
lethal radiation damage from an acute exposure 
at 2.74 Gy/min to a protracted exposure at 0.92 
cGy/min. As the dose rate is lowered further, cell 
division begins to dominate the picture because 
the exposure time is longer than the cell cycle. 
At 0.54 cGy/min, there is little reduction in the 
number of surviving crypts, even for very large 
doses, because cellular proliferation occurs dur-
ing the long exposure and makes up for cell kill-
ing by the radiation.

■ THE INVERSE DOSE-RATE EFFECT

There is at least one example of an inverse dose-
rate effect, in which decreasing the dose rate re-
sults in increased cell killing. This is illustrated 
in Figure 5.13. Decreasing the dose rate for this 
HeLa cell line from 1.54 to 0.37 Gy/h increases 
the effi ciency of cell  killing, such that this LDR 
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FIGURE 5.12  Response of mouse je-
junal crypt cells irradiated with !-rays from 
cesium-137 over a wide range of dose rates. 
The mice were given total body irradiation, 
and the proportion of surviving crypt cells 
was determined by the appearance of re-
generating microcolonies in the crypts 3 
days later. Note the large dose-rate effect. 
(Adapted from Fu KK, Phillips TL, Kane LJ, et 
al. Tumor and normal tissue response to ir-
radiation in vivo: variation with decreasing 
dose rates. Radiology. 1975;114:709–716, 
with permission.)
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FIGURE 5.13  The inverse dose-rate effect. A range 
of dose rates can be found for HeLa cells such that 
lowering the dose rate leads to more cell killing. At 
1.54 Gy/h, cells are “frozen” in the various phases of the 
cycle and do not progress. As the dose rate is dropped 
to 0.37 Gy/h, cells progress to a block in G2, a radio-
sensitive phase of the cycle. (Adapted from Mitchell 
JB, Bedford JS, Bailey SM. Dose-rate effects on the cell 
cycle and  survival of S3 HeLa and V79 cells.  Radiat Res. 
1979;79:520–536, with permission.)
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The Inverse Dose-Rate-Effect

(2.5 cGy/min)

(0.5 cGymin)

Inverse Dose-Rate-Effect – lowering 
the dose rate leads to more cell killing

Explanation – At higher dose rates, cells 
are “frozen” in the cell cycle; as dose 
rates are further lowered, cells continue to 
cycle during radiation and become arrested 
in the radiosensitive G2 phase  

76 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

during the radiation exposure if the dose rate is 
low enough and the exposure time is long com-
pared with the length of the mitotic cycle. This 
may lead to a further reduction in biologic effect 
as the dose rate is progressively lowered, because 
cell birth tends to offset cell death.

■  BRACHYTHERAPY OR 
 ENDOCURIETHERAPY

Implanting radioactive sources directly into a 
tumor was a strategy fi rst suggested by Alexan-
der Graham Bell in 1901. Over the years, vari-
ous groups in different countries coined various 
names for this type of therapy, using the prefi x 
brachy, from the Greek word for “short range,” 
or endo, from the Greek word for “within.” 
There are two distinct forms of brachytherapy, 
also called endocurietherapy: (1) intracavitary 

is almost as damaging as an acute exposure. The 
explanation is illustrated in Figure 5.14. At about 
0.37 Gy/h, cells tend to progress through the 
cycle and become arrested in G2, a radiosensitive 
phase of the cycle. At higher dose rates, they are 
“frozen” in the phase of the cycle they are in at 
the start of the irradiation; at lower dose rates, 
they continue to cycle during irradiation.

■  THE DOSE-RATE EFFECT 
 SUMMARIZED

Figure 5.15 summarizes the entire dose-rate ef-
fect. For acute exposures at high dose rates, the 
survival curve has a signifi cant initial shoulder. As 
the dose rate is lowered and the treatment time 
protracted, more and more SLD can be repaired 
during the exposure. Consequently, the survival 
curve becomes progressively more shallow (D0 
increases) and the shoulder tends to disappear. 
A point is reached at which all SLD is repaired 
resulting in a limiting slope. In at least some cell 
lines, a further lowering of the dose rate allows 
cells to progress through the cycle and accumu-
late in G2. This is a radiosensitive phase, and so 
the survival curve becomes steeper again. This is 
the inverse dose-rate effect. A further reduction 
in dose rate allows cells to pass through the G2 
block and divide. Proliferation then may occur 
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FIGURE 5.14  The inverse dose-rate effect. A range 
of dose rates can be found, at least for HeLa cells, that 
allows cells to progress through the cycle to a block in 
late G2. Under continuous low-dose-rate irradiation, an 
asynchronous population becomes a population of ra-
diosensitive G2 cells. (Adapted from Hall EJ. The biologi-
cal basis of endocurietherapy: the Henschke Memorial 
Lecture 1984.  Endocurie Hypertherm Oncol. 1985;1:141–
151, with permission.)
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FIGURE 5.15  The dose-rate effect resulting from 
repair of sublethal damage, redistribution in the 
cycle, and cell proliferation. The dose-response curve 
for acute exposures is characterized by a broad ini-
tial shoulder. As the dose rate is reduced, the survival 
curve becomes progressively more shallow as more 
and more sublethal damage is repaired, but cells are 
“ frozen” in their positions in the cycle and do not prog-
ress. As the dose rate is lowered further and for a lim-
ited range of dose rates, the survival curve steepens 
again because cells can progress through the cycle to 
pile up at a block in G2, a radiosensitive phase, but still 
cannot divide. A further lowering of dose rate below 
this critical dose rate allows cells to escape the G2 block 
and divide; cell proliferation then may occur during the 
protracted exposure, and survival curves become shal-
lower as cell birth from mitosis offsets cell killing from 
the irradiation. (Based on the ideas of Dr. Joel Bedford.)
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Dose-Rate-Effect Summarized

1
2

3

4

1 Acute exposure – note the initial 
shoulder width

Dose-rate-effect – note that survival 
curves becomes progressively 
shallower.  Cells are “frozen” in their 
position and do not progress  

2

Inverse-dose-rate effect – cells can 
progress through the cycle to 
be“trapped” in radiosensitive G2 
phase.  Cells still cannot divide  

3

Repopulation – below a critical dose 
rate, cells escape the G2 block and 
divide; cell proliferation may occur   

4


