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Recent laboratory studies have clearly demonstrated the presence of two types of fine structure in the radiation survival response of
cultured mammalian cells: a) one type of substructure, observed at doses of a few Gy, is the result of the differential killing of
subpopulations of cells of different, cell-cycle-related radiosensitivity; this substructure is strongly dependent on the cell-cycle distribution
and is absent in tightly synchronized cell populations; b) the other type of substructure, found at lower doses (B1 Gy), is expressed as
a very sensitive (hypersensitive) response at very low doses followed by increased resistance as the dose increases until, by �1 Gy, the
response usually follows a standard linear-quadratic (LQ) function; it thus has the characteristics of a radiation-induced radioresistance
and is assumed to reflect an inducible repair process. Although the linear-quadratic (LQ) model is widely used to describe the dose-effect
response both in the laboratory and in the clinic, over the past 20 years there have been several reports of an anomalous departure from
the simple LQ formalism, particularly at low doses. A review of these reports suggests that the observed anomalies are not so much a
failure of the LQ formalism as a manifestation of the effects of the response substructure: mixed populations, a) and hypersensitivity, b)
described above.
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ORIGINAL ARTICLE

Since it was first described in the 1950s by Puck and
colleagues (1), the mammalian cell survival curve has
become the most widely used assay for examining the
effects of ionizing radiation on animal systems, particu-
larly in studies related to new strategies for radiation
oncology. Although many different mathematical models
have been developed over the years to describe the dose-ef-
fect response, the basic colony-forming assay used for the
measurement of cell survival has changed very little over
that time; it has always relied on approximately known cell
concentrations and pipetting volumes in the cell suspen-
sions which are irradiated, diluted and plated. One of the
shortcomings of the classical colony-forming assay is its
lack of precision at low doses (less than a few Gy), where
the effects on survival are modest. Yet this is the dose
range that is the most critical in radiation oncology where
daily tumour doses of 2–3 Gy are commonly used. Impre-
cision in the measured survival at such doses can lead to
considerable uncertainties in the calculated (fitted) values
of the parameters associated with the various survival
models such as a, b in the linear-quadratic model, for
example.

In order to obtain more accurate measurements of cell
survival after low doses of radiation, we have used the cell
sorter assay, in which a cell sorter is used accurately to
count out the number of cells plated for colony formation.
This method, combined with data averaging, allows mea-
surements of cell survival with superior precision, and is
especially useful at low doses (2). Our measurements have
revealed that there is substructure in the radiation response
of asynchronously dividing cells. One type of substructure,
observed at doses of a few Gy, has the characteristics of a
2-component response when the LQ model is fitted to the
data. This is consistent with the presence of subpopula-
tions of cells of different radiosensitivity, associated with
different stages of the cell mitotic cycle. The absence of
such substructure in the radiation response of homoge-
neous, tightly synchronized cell populations lends strong
support to the subpopulation explanation for this sub-
structure (3–5). We have applied the cell sorter assay in
order to examine the radiation response of a number of
Chinese hamster and human tumour cell lines, in both
asynchronous and synchronous populations. The cell lines
studied include V79-171 (2–4) and V79-WNRE (5, 6)
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hamster lines and HT-144 (melanoma), MCF7 (breast),
SiHa (cervical Ca), U-373 MG (glioblastoma), A549 (lung
adenocarcinoma), HT-29 (colon adenocarcinoma), DU
145 (prostate Ca) and U1 (melanoma) human tumour cells
(3, 7, 8). Asynchronous cultures of the rodent cell lines and
most of the human tumour cell lines exhibited the ‘mixed
population substructure’; where homogeneous synchro-
nized populations were obtained, most of the cell lines
yielded radiation responses which were well described by a
single LQ function, lending support to the validity of this
model of cell inactivation. One exception was U1 cells,
which seem to have an anomalous response (7).

We have utilized the cell sorter assay to investigate a
number of practical problems, including a) a study of
radiosensitizer mechanisms—we have shown that etanida-
zole and nimorazole enhance primarily the b term (2 hit)
of tumour cell inactivation (9), while RB 6145 enhances
primarily the a term (1 hit) (8); this suggests that sensitizer
efficacy may be tumour-specific and predictable from tu-
mour response parameters. b) measurement of the relative
biological effectiveness (RBE) in a 70 MeV clinical proton
beam—RBE was found to be dependent on depth and on
dose, the latter being strongly influenced by population
substructure in the radiation response of the cells used
(10). Log phase and lag phase cultures of the same cell line
(V79-WNRE) show very different dependence of RBE on
dose.

The cell sorter assay has also been used to investigate a
second order of substructure, termed the hypersensitive
response, first described by Marples & Joiner (11). This
substructure is observed at significantly lower doses (B1
Gy) than the population substructure discussed above. Its
features are consistent with a dose-dependent induction of
repair rather than a sub-population of extremely radiosen-
sitive cells.

The discussion section of this report will examine the
possible involvement of these two forms of response sub-
structure in a number of reports of anomalous departures
from a simple LQ dose-effect relation, observed in in vivo
studies during the past 15 or 20 years.

MATERIAL AND METHODS

Cells

Chinese hamster V79-WNRE cells (a subline of V79 379A)
were routinely maintained in suspension culture in cal-
cium-free minimum essential medium (SMEM, Gibco,
Burlington, ON) supplemented with 7% foetal bovine
serum (FBS), sodium bicarbonate and antibiotics as de-
scribed previously (5). Prior to the experiments, the cells
were transferred to monolayer culture (MEM+12.5%
FBS) and grown to 50–70% confluency. Asynchronous
cell populations were harvested from these cultures by
trypsinization, providing single-cell suspensions free of

aggregates. Cells were irradiated (250 kVp x-rays, HVL 1.5
mm Cu) in suspension in water-jacketed (37°C) spinner
flasks gassed with humidified air.

Synchronized V79-WNRE cell populations were ob-
tained through a combination of mitotic selection and
metabolic block to arrest cells at the G1/S border (5). A
Talandic cell cycle analyser (Talandic Research Corp.,
Pasadena, CA) was used for mitotic selection. The cells
were grown as monolayers in large (1750 cm2) roller
bottles, rotating at 1 rpm in a 37°C warm room. Harvest
of mostly mitotic cells was accomplished using a high
rotation speed (200 rpm) which dislodged these loosely
attached cells. The cells were then transferred to MEM
medium containing 1mM hydroxyurea in monolayer cul-
ture flasks, and incubated for 12 h to accumulate the cells
at the G1/S border. These tightly synchronized cell popula-
tions were then trypsinized and irradiated in suspension, as
above. The purity of the synchronized cell populations was
monitored using mitotic index analyses and flow cytometry
(5).

The human tumour cells (HT-29: colon adenocar-
cinoma) were obtained from American Type Culture Col-
lection. They were cultured as monolayers in McCoy’s 5A
medium supplemented with 10% FBS, sodium bicarbonate
and antibiotics, as described previously (7). Asynchronous
cell populations were harvested for experiments by
trypsinization of the monolayer cultures. The experiments
with HT-29 cells that are reported here used a special
irradiation and plating procedure described below (hyper-
sensitive response).

Cell sorter assay

Cell survival was determined using a cell sorter (Becton-
Dickinson 440) to sort an accurately known number of
cells from each sample. Single cells were identified on the
basis of forward and perpendicular light scatter without
the use of a cell stain (12). Three sorts were dispensed from
each sample (two samples per dose point) into test tubes
containing 4.5 ml growth medium. Each sort was then
plated into a 100 mm Petri dish with an additional 10 ml
warm growth medium containing (for human cells only)
70000 heavily irradiated (70 Gy) feeder cells. After 7 or 14
days’ growth (for V79 or HT-29, respectively), colonies
were stained and counted manually.

Hypersensiti6e response

In order to obtain higher precision in our measurements of
HT-29 cell survival at a very low dose (B1 Gy), we used
a refinement of the cell sorter assay in which the cells were
sorted prior to irradiation (13). After sorting, tubes (6 for
each dose point) containing known numbers of cells were
irradiated at 37°C and plated within a consistent 6–8 min
period.
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Data analysis

The plating efficiency and surviving fraction were deter-
mined for each Petri dish. Data from several experiments
were pooled together, and the mean survival and standard
error of the mean were calculated for each dose point.
Several different mathematical models were fitted to the
survival data in the course of these studies. The best-fit
parameter values in these models were obtained using a
non-linear curve-fitting programme with appropriate
weighting of survival data based on the scatter in the
measured data. Further details of the statistical analysis
can be found elsewhere (5, 7, 13).

RESULTS

Mixed population substructure

Fig. 1 shows the radiation survival response of asyn-
chronously dividing V79 WNRE cells, measured using the
cell sorter assay. Fig. 1a shows the usual semi-log plot of
surviving fraction vs. dose, while Fig. 1b shows the same
data plotted as − (ln S)/dose vs. dose. The linear
quadratic (LQ) survival function

S=exp(−aD−bD2) [1]

has been used to fit the data. When the low dose (0–3 Gy)
and high dose (3–12 Gy) data are fitted separately to
equation [1], distinctly different responses are obtained
with significantly different parameter values (5), as shown
in Fig. 1a. This divergence between the low dose and high
dose fits can be more clearly illustrated if we ‘linearize’ the
LQ function as shown in Fig. 1b by taking the log of the
function and dividing by dose:

− (ln S)/D=a+bD [2]

Plotted in this form, data that are adequately characterized
by a single LQ function should follow a straight line of
slope b and y-axis intercept a. The clear 2-component
response of Fig. 1b suggests (at least) 2 subpopulations of
cells, one sensitive and the other more resistant. Since
these asynchronous cell populations are known to be
comprised of subpopulations of cells of different cell-cycle-
dependent radiosensitivity (e.g., sensitive M-, G1-, G2-
phase and resistant late S-phase cells) one can postulate
that the substructure evident in Fig. 1 is just a reflection of
this situation: the selective killing of the more sensitive
cells and the emergence of a more resistant surviving
population at high dose.

If this explanation for the response substructure evident
in Fig. 1 is correct, then there should be no such substruc-
ture present in the response of a homogeneous population
of synchronized cells, provided, of course, that the LQ
function correctly describes the radiation response of a
homogeneous cell population. The results of an experiment
designed to test this hypothesis are described in Fig. 2,
where a combination of mitotic selection and metabolic
inhibition was used to produce a tightly synchronized
population of cells arrested at the G1/S border. The data
here are plotted in the same fashion as those in Fig. 1. In
Fig. 2, however, there is no significant substructure, i.e.,
the responses fitted to the low-dose and high-dose data
have parameter values that are not significantly different
(5). These results thus support the ‘mixed population’
explanation for the substructure in the survival response of
Fig. 1.

Asynchronous populations of another Chinese hamster
cell line, V79-171 (2–4), and of several different human
tumour cell lines (7, 14) have yielded survival responses
very similar to those presented in Fig. 1, which suggests
that this substructure is a common, though perhaps not
universal (7, 14), feature of radiation responses, at least as
measured in vitro. Tightly synchronized populations of
V79-171 cells (3, 4) and of HT-29 human tumour cells (14),
produced homogeneous responses very similar to those in
Fig. 2, offering further support for the hypothesis that a
substructure of the type shown in Fig. 1 for asynchronous
cells is due to subpopulations of cells of different, cell-cy-
cle-related radiosensitivity.

Fig. 1. Survival response of asynchronously growing Chinese
hamster V79 WNRE cells, measured using the cell sorter assay. a)
Plotted as S vs. Dose (equation [1]); b) the same data as in a), but
plotted as –(ln S)/D vs. Dose (equation [2]). In b), the y-axis
intercept is a, slope is b. Data are the average of five responses.
Dashed lines: LQ fit to low dose data, 0–3 Gy; solid lines: LQ fit
to high dose data, 3–12 Gy. Error bars are the standard error in
the mean. (Adapted from (5)).
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Fig. 2. Survival response of synchronized G1/S V79 WNRE cells,
measured using the cell sorter assay. a) Plotted as S vs. Dose
(equation [1]); b) the same data as in a), but plotted as – (ln S)/D
vs. Dose (equation [2]). Cells were synchronized by mitotic selec-
tion followed by 12-h exposure to 1mM hydroxyurea, to accumu-
late cells at the G1/S border; cells were irradiated 30 min after
removal of hydroxyurea. Data are the average of seven responses.
Fitted lines and error bars as in Fig. 1. (Adapted from (5)).

Low-dose hypersensitivity was also observed in several
human tumour cell lines by the Gray Laboratory group
(18–20). Marples & Joiner and their colleagues interpreted
the hypersensitive response and subsequent increase in
radioresistance as evidence of a process of radiation-induced
radioresistance (repair?). Analysis of our data led to the
same conclusion and both groups developed models which,
in different ways, incorporated induced radioresistance to
describe the hypersensitive response (13, 15; 11, 21).

DISCUSSION

The data presented in Figs 1–3 represent examples of a
substantial body of data now published which illustrates
the presence of fine structure (substructure) in the radia-
tion survival response of mammalian cells in vitro. The
ability to resolve this fine structure has been greatly en-
hanced by the development of two techniques, the cell
sorter assay and the automated microscopic assay

Fig. 3. Hypersensitive response of HT-29 cells, evident at doses
below �1 Gy, measured using the cell sorter assay. a) Plotted as
S vs. Dose (equation [1]); inset shows an expansion of the 0–1 Gy
region. The solid line represents the best LQ fit to the data from
1–4 Gy. The dashed line is the best fit of the whole data set to the
variable – a induced radioresistance model, where a is assumed to
be a function of dose (13, 21). b) The same data as in a), but
plotted as – (ln S)/D vs. Dose (equation [2]). Error bars are the
standard error in the mean. (Adapted from (13)).

The possible significance of this radiation response sub-
structure in radiation oncology is examined in the follow-
ing discussion.

Hypersensiti6e response substructure

In the work described to this point the emphasis has been
on the ‘clinically relevant’ low-dose region of a few Gy, and
in fact the lowest dose point used was 0.4 or 0.5 Gy (see
Figs 1 and 2). Fig. 3 presents the results of a subsequent
investigation, using the cell sorter assay, of another form of
response substructure that is found at lower doses, 0–1 Gy
(13, 15). The data clearly indicate a region of increased
radiosensitivity (hypersensitivity) at doses B0.5 Gy, ap-
proximately, in these asynchronous HT-29 cells. Similar
responses were observed for three other human tumour cell
lines: DU 145 (prostate Ca), A549 (lung adenocarcinoma)
and U1 (melanoma). The results are consistent with the
earlier findings of Marples & Joiner at the Gray Labora-
tory (11). They observed a very similar hypersensitivity in
Chinese hamster V79 cells, using an automated microscopic
assay (16, 17) for the measurement of cell survival, another
method that provides good accuracy at low doses.
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(DMIPS), both of which offer improved precision for
measurements of cell survival. The ‘hyper-sensitive’ sub-
structure has been demonstrated with both techniques and
in two different laboratories, while the ‘mixed population’
substructure is only accessible using the cell sorter assay
(the microscopic assay is only practical for the first decade
of cell inactivation, which is insufficient to demonstrate the
mixed population substructure). When viewed in the con-
text of a 2- or 3-decade plot of the surviving fraction vs.
dose, both effects are small and for many radiobiological
measurements their significance may be limited. However,
the impact of this response substructure on our under-
standing of radiobiological mechanisms may be substantial
as it emphasizes the importance of the cell’s active re-
sponse to radiation insult and the role of population
dynamics in the response. And certainly the improved
accuracy of response measurement has allowed more pre-
cise determinations of widely used parameters such as a
and b (7) and of RBE (10).

It is necessary to recognize, however, that all of the
studies we have described involve single-dose irradiation of
exponentially growing cultured cells in vitro. Is there any
reason to suppose that either of these two forms of sub-
structure (which we shall refer to as ‘mixed population’
and ‘hypersensitive’) is manifested in a typical, multifrac-
tion radiation therapy treatment? In other words, do the
results have any clinical significance?

Mixed population substructure

We have published data for 8 human tumour cell lines and
2 rodent lines which demonstrate that, in general, a, b and
particularly a/b are dose-dependent (2–5, 7, 8). The value
of a/b typically decreased at low dose and at 2 Gy was
found to be 2–3 times smaller than at higher doses, as
would be determined in a conventional measurement (7).
This could have an impact, for example, on estimates of
the biologically effective dose (BED) for a new treatment
protocol since such projections are usually based on the
LQ model and employ a/b values which have typically
been measured (in experimental animals) at doses per
fraction of 5 Gy or more (22–24). But to suggest that the
results of our in vitro measurements may be relevant to the
response of either the tumour or a dose-limiting normal
tissue in such a new protocol implies a number of
assumptions:

1. that the clonogenic cells of interest are cycling and
continue to cycle throughout most of the treatment
regime (and have a radiosensitivity which is cycle-
dependent);

2. that the time interval between dose fractions is substan-
tially greater than any radiation-induced mitotic delay;
and

3. that the possible confounding effects of cell repopula-
tion, incomplete repair, radiation-induced synchroniza-

Fig. 4. Fe plot for mouse lung death (80–120 days)—reciprocal
isoeffect total dose, 1/LD50 vs. Dose per fraction. The fitted values
of a/b were 2.2 Gy and 10.2 Gy for the low and high dose ranges,
respectively. Error bars are 95% confidence intervals. (From Veg-
esna et al. (25), reprinted with the permission of Taylor &
Francis).

tion, etc., do not overwhelm the effects of population
inhomogeneity and consequent differential cell killing.

With all of these factors arguing that the mixed popula-
tion substructure may not be manifested in vivo, it is
perhaps surprising that there is, in fact, considerable evi-
dence in the literature to support it. Fig. 4 presents the
data of Vegesna et al. for the response of mouse lung to
radiation delivered in different fractionation regimes (25).
It should be noted that plotting the reciprocal of the total
isoeffect dose vs. dose per fraction, as in this figure, is
exactly analogous to our − (ln S)/D vs. dose plot and it
has the effect of linearizing the LQ function (26). The plot
of Fig. 4 shows the same characteristics as those found in
Fig. 1b. The ratio of the y-axis intercept and the slope of
the plot again gives a/b. The values of a/b for the high-
dose and low-dose fits shown in this figure are 10.2 and
2.2, respectively. These authors concluded that the non-lin-
earity of the reciprocal isoeffect curve of Fig. 4 was due
either to the failure of the LQ model to correctly describe
the dose-response relation for the target cells for lung
death (perhaps at a higher dose the survival vs. dose
response becomes more nearly exponential, as in the 2-
component model; this would approach a horizontal line
at high dose in Fig. 4) or it was due to incomplete repair
during the 3-h intervals between dose fractions in their
study (or a combination of these two effects). Certainly,
incomplete repair can produce a non-linear reciprocal
isoeffect response, similar to that found in Fig. 4, as has
been shown by several studies (e.g. 27, 28); basically, the
major effect of incomplete repair is at intermediate doses,
the ‘region of flexure’, where it enhances the effectiveness
(pushes the isoeffect curve upward). However, in the
Travis et al. study (27), which also used mouse lung, this
non-linearity was only evident for interfraction intervals of
2 h or less. The alternative explanation, that the LQ model
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is inappropriate, has been offered essentially each time that
a non-linear isoeffect response (or Fe plot, as it is often
called) has been observed (e.g. 29). But there has been little
independent or mechanistic evidence put forward to
confirm this hypothesis.

An entirely different explanation for the non-linear Fe

plot was subsequently offered by Schultheiss et al. (30).
They modelled the reciprocal isoeffect response (Fe plot)
using the LQ dose-effect relation but taking into account
population heterogeneity in radioresponsiveness and, in
fact, they used the V79 cell-cycle data of Kruuv & Sinclair
(cell survival curves at various stages of the cell cycle) (31)
as the input for their calculations. The results of their
calculations are shown in Fig. 5. Curve B, which repre-
sents the response for a heterogeneous population, is very
similar to Fig. 1b and 4 and shows that heterogeneity in
radioresponsiveness of mixed cell populations necessarily
leads to response substructure (or non-linearity) of the
type that we have observed, even when homogeneous
subpopulations follow a simple LQ dose-response func-
tion. More recent studies by Hopewell et al. showed a
similar non-linearity in the reciprocal isoeffect curve for
the early reaction in pig skin, even when correction was

made for possible incomplete repair (32). The a/b ratio at
low dose per fraction was approximately 10-fold smaller
than at high dose per fraction. Dermal necrosis, a late
effect in pig skin (32) and late lung damage (reduced lung
function) (33) also indicated a decreased a/b ratio at low
dose per fraction. Studies by Wong et al. (34, 35) of the
effects of small doses per fraction on rat spinal cord gave
similar results: the value of a/b decreased sharply at low
dose per fraction (down to 0.55 Gy/fraction). In these
studies, an interfraction interval of 24 h was used to avoid
the possible complication of incomplete repair. All of these
in vivo results, therefore, fit well with our in vitro observa-
tions of a reduced a/b ratio at low dose, associated with
mixed cell populations of heterogeneous radiosensitivity.
This result is predicted by the theoretical modelling of
Schultheiss et al. (30), described above.

Finally, is there any clinical evidence to suggest that this
dose-dependence of a/b that we have observed and studied
in vitro and that others have observed in vivo could also
occur in humans receiving radiation therapy? Note that
irrespective of the underlying basis of this dose-dependence
of a/b which we have observed (and attributed to mixed
cell populations), its consequence is that there should be
greater tissue sparing available from increased fractiona-
tion (hyperfractionation) than would be predicted by ex-
trapolation of the higher dose/fraction data, with its larger
a/b value; thus, calculating a new hyperfractionated ‘Effec-
tive Dose’ regime based on the usual LQ formalism (23)
and a high dose a/b value should underestimate the isoef-
fective dose for the dose-limiting tissue in question. As an
example of the general magnitude of this effect, if the
low-dose a/b were only one-third as large as the high-dose
a/b, an Effective Dose calculation based on the high-dose
a/b would underestimate the isoeffect dose by approxi-
mately 10% for a typical situation, large enough to be of
clinical significance. It is interesting to note that in the
randomized CHART (continuous, hyperfractionated, ac-
celerated radiotherapy) trial for head and neck cancer in
the UK (36), late effects were less severe in the CHART
arm (54 Gy in 36 fractions of 1.5 Gy, 3/day with at least
a 6 h interval, in 12 consecutive days) than in the conven-
tional arm (66 Gy in 33 fractions of 2 Gy in 6.5 weeks).
This occurred despite the fact that the CHART dose was
calculated (using the LQ formalism) to produce equivalent
late effects in the two arms. However, in this calculation
the common assumption was made that the value of a/b
for late effects is not dependent on dose per fraction. The
tissue sparing that was observed in the CHART arm,
therefore, is exactly what we would predict if, instead, the
value of a/b decreased at a lower dose per fraction. At the
same time, some of the early reactions, particularly mu-
cositis, were more severe in the CHART arm. This again is
to be expected, given the generally smaller slope of the Fe

plot for early reactions (a/b�10) vs. late reactions (a/b�
3): a hyperfractionated dose which is calculated to be

Fig. 5. Calculated Fe plot for mathematically modelled homoge-
neous (A, C) and heterogeneous (B) tissue cell populations. The
values of a/b were 6.3 and 2.45 for A and C, respectively. (From
Schultheiss et al. (30), reprinted with the permission of Elsevier
Science).
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isoeffective for late effects may tend to over-treat early-re-
acting tissues. Even if there were, in addition, a decrease in
a/b at low dose per fraction for early-reacting tissues, this
might not be sufficient to offset the overall smaller slope of
the Fe responses for acute effects.

Hypersensiti6e response substructure

This substructure is observed at lower doses than the
mixed population substructure and it has the opposite
effect on the radiation response. That is, whereas the
presence of mixed population substructure has been ob-
served as a less sensitive response at low doses (a few Gy)
than would be predicted by a simple LQ extrapolation
from higher dose data, hypersensitivity would be observed
as a more sensitive response at low doses (below 0.5 to 1.0
Gy). But is hypersensitivity at low dose observed in vivo?
In fact, the in vitro experiments of Marples & Joiner (11)
were preceded by in vivo studies in the same laboratory in
mouse skin (37) and mouse kidney (21), which showed
enhanced radiosensitivity at low doses. A similar result
had been previously reported by Ang et al. for irradiation
of rat spinal cord (38). Yet, since the hypersensitivity is
only observed at much lower doses than the usual pre-
scribed target volume dose, is the effect of clinical signifi-
cance? This raises several issues: are there clinical
situations where dose-limiting normal tissues could receive
doses per fraction too small to ‘induce repair’ and yet
where the total dose will be sufficient (with hypersensitiv-
ity) to lead to a clinical complication? In fractionated
treatments, only tissues outside the treatment volume
could receive low enough doses (even with hyperfractiona-
tion) to express hypersensitivity; and one would need to
postulate that there could be no cumulative or memory
effect between dose fractions, to ‘turn on’ the radioresis-
tance as the dose accumulates.

There is at least one report of a clinical study that
explores the question of hypersensitivity to low dose in
human skin (39). This Australian study by Hamilton et al.
included two groups of patients: one group of 65 patients
received palliative treatment to various tumour sites, with
the dose per fraction to skin ranging from 0.4 to 5.2
Gy/fraction in protocols that utilized 5, 10, 12 or 20
fractions; a second group of 52 patients being treated for
prostate cancer received a mean skin dose per fraction of
0.42 Gy in a 32 fraction protocol. They present their skin
erythema results in a reciprocal dose (Fe) plot, analogous
to Fig. 3b, which presents clear evidence of hypersensitiv-
ity for the 20- and 32-fraction patient groups, for which
the skin dose per fraction is less than 1 Gy. The interpreta-
tion of these results has come under some discussion and
debate (39–42) and it is hoped that the findings of Hamil-
ton et al. will stimulate further clinical studies of this type,
in order more completely to define the possible role of
hypersensitivity or induced radioresistance in clinical
radiotherapy.

The potential clinical importance of hypersensitivity has
been underlined by the recent theoretical analyses of Dasu
& Denekamp (43), which incorporate the concept of in-
ducible repair in the radiation response of aerobic and
hypoxic tumour cells. Their results show that hypersensi-
tivity at low dose can have a dramatic effect on hypoxic
protection and cell kill and that the manner in which the
dose is delivered can substantially alter these effects.

CONCLUSIONS

During the past two decades or so, there have been several
reports of detailed studies, both in vitro and in vivo,
where, although the linear quadratic model provided a
good general description of the dose-effect response, there
were situations where significant departures from the sim-
ple LQ formalism were evident, particularly at low doses.
Although factors such as repair and repopulation could
complicate the in vivo studies, it is very likely that the
response substructure described in this paper is at least
part of the ‘departures’ from the LQ formalism mentioned
in these reports. Recognition of their potential importance
and a better understanding of the impact of these two
types of response substructure should allow more compete
descriptions of radiation response and hence more precise
prediction of effects in the development of new treatment
strategies.

ACKNOWLEDGEMENTS

It is with pleasure that I acknowledge the efforts of the planning
committee, chaired by Professor Juliana Denekamp, in organizing
this stimulating symposium, and the several sponsors who sup-
ported it. This was a very worthwhile and in every way enjoyable
meeting. The symposium also afforded the opportunity to honour
Marie Curie on the centenary of her discovery of radium; and the
roster of speakers throughout the meeting provided a striking
reminder of how many truly talented women have contributed to
this field of science and medicine today. This work was supported
by the National Cancer Institute of Canada with funds from the
Canadian Cancer Society. The assistance of Wil Cottingham in
the preparation of the manuscript is gratefully acknowledged.

REFERENCES

1. Puck TT, Marcus PI. Action of x-rays on mammalian cells. J
Exp Med 1956; 103: 653–66.

2. Skarsgard LD, Harrison I, Durand RE. The radiation re-
sponse of asynchronous cells at low dose: evidence of sub-
structure. Radiat Res 1991; 127: 248–56.

3. Skarsgard LD, Skwarchuk MW, Wilson DJ. Substructure in
the cell survival response at low dose: effect on the fitted
parameters a and b. In: Chadwick KH, Moschini G, Varma
MN, eds. Biophysical modelling of radiation effects. Bristol:
Adam Hilger, 1992: 277–84.

4. Skarsgard LD, Wilson DJ, Durand RE. Survival at low dose
in asynchronous and partially synchronized Chinese hamster
V79-171 cells. Radiat Res 1993; 133: 102–7.



L. D. Skarsgard et al. Acta Oncologica 38 (1999)902

5. Skwarchuk MW, Wouters BG, Skarsgard LD. Substructure
in the radiation survival response at low dose: asynchronous
and partially synchronized V79-WNRE cells. Int J Radiat
Biol 1993; 64: 601–12.

6. Skarsgard LD, Skwarchuk MW, Wouters BG. The survival of
asynchronous V79 cells at low radiation doses: modeling the
response of mixed cell populations. Radiat Res 1994; 138:
S72–5.

7. Skarsgard LD, Skwarchuk MW, Wouters BG, Durand RE.
Substructure in the radiation survival response at low dose in
cells of human tumor cell lines. Radiat Res 1996; 146: 388–
98.

8. Skarsgard LD, Wouters BG. Substructure in the cell survival
response at low radiation dose: effect of different subpopula-
tions. Int J Radiat Biol 1997; 71: 737–49.

9. Wouters BG, Sy AM, Skarsgard LD. Hypoxic cell sensitiza-
tion: low-dose intrinsic radiosensitivity is predictive for
etanidazole efficacy in a panel of human tumour cell lines. Int
J Radiat Biol 1996; 70: 719–33.

10. Wouters BG, Lam GKY, Oelfke U, Gardey K, Durand RE,
Skarsgard LD. Measurements of relative biological effective-
ness of the 70 MeV proton beam at TRIUMF using Chinese
hamster V79 cells and the high-precision cell sorter assay.
Radiat Res 1996; 146: 159–70.

11. Marples B, Joiner MC. The response of Chinese hamster V79
cells to low radiation doses: evidence of enhanced sensitivity
of the whole cell population. Radiat Res 1993; 133: 41–51.

12. Durand RE. Repair during multifraction exposures: spheroids
versus monolayers. Br J Cancer 1984; 49: S203–6.

13. Wouters BG, Sy AM, Skarsgard LD. Low dose hypersensitiv-
ity and increased radioresistance in a panel of human tumor
cell lines with different radiosensitivity. Radiat Res 1996; 146:
399–413.

14. Hill AA. Cell cycle related effects on the radiation survival
responses of human tumour cells (PhD Thesis). Vancouver
(BC): University of British Columbia, 1998.

15. Wouters BG, Skarsgard LD. The response of a human tumor
cell line to low radiation doses: evidence of enhanced sensitiv-
ity. Radiat Res 1994; 138: S76–80.

16. Palcic B, Brosing JW, Skarsgard LD. Survival measurements
at low doses: oxygen enhancement ratio. Br J Cancer 1982;
46: 980–4.

17. Palcic B, Jaggi B. The use of solid state sensor technology to
detect and characterize live mammalian cells growing in tissue
culture. Int J Radiat Oncol Biol Phys 1986; 50: 345–52.

18. Lambin P, Fertil B, Malaise EP, Joiner MC. Multiphasic
survival curves for cells of human tumor cell lines: induced
repair or hypersensitive subpopulation? Radiat Res 1994; 138:
S32–6.

19. Lambin P, Malaise EP, Joiner MC. The effect of very low
radiation doses on the human bladder carcinoma cell line
RT112. Radiother Oncol 1994; 32: 63–72.

20. Lambin P, Marples B, Fertil B, Malaise EP, Joiner MC.
Hypersensitivity of a human tumour cell line to very low
radiation doses. Int J Radiat Biol 1993; 63: 639–50.

21. Joiner MC, Johns H. Renal damage in the mouse: the re-
sponse to very small doses per fraction. Radiat Res 1988; 114:
385–98.

22. Barendsen GW. Dose fractionation, dose rate and iso-effect
relationships for normal tissue responses. Int J Radiat Oncol
Biol Phys 1982; 8: 1981–97.

23. Fowler JF. The linear quadratic formula and progress in
fractionated radiotherapy—a review. Br J Radiol 1989; 62:
672–94.

24. Williams MV, Denekamp J, Fowler JF. A review of a/b ratios
for experimental tumors: implications for clinical studies of
altered fractionation. Int J Radiat Oncol Biol Phys 1985; 11:
87–96.

25. Vegesna V, Withers HR, Thames HD, Mason K. Multifrac-
tion radiation response of mouse lung. Int J Radiat Biol 1985;
47: 413–22.

26. Douglas BG, Fowler JF. The effect of multiple small doses of
x-rays on skin reactions in the mouse and a basic interpreta-
tion. Radiat Res 1976; 66: 401–26.

27. Travis EL, Thames HD, Watkins TL, Kiss I. The kinetics of
repair in mouse lung after fractionated irradiation. Int J
Radiat Biol 1987; 52: 903–19.

28. van Rongen E, Madhuizen HT, Tan CHT, Durham SK,
Gijbels MJJ. Early and late effects of fractionated irradiation
and the kinetics of repair in rat lung. Radiother Oncol 1990;
17: 323–37.

29. Douglas BG, Henkelman RM, Lam GKY, Fowler JF, Eaves
CJ. Practical and theoretical considerations in the use of the
mouse foot system to derive epithelial stem cell survival
parameters. Radiat Res 1979; 77: 453–71.

30. Schultheiss TE, Zagars GK, Peters LJ. An explanatory hy-
pothesis for early- and late-effect parameter values in the LQ
model. Radiother Oncol 1987; 9: 241–8.

31. Kruuv J, Sinclair WK. X-ray sensitivity of synchronized
Chinese hamster cells irradiated during hypoxia. Radiat Res
1968; 36: 45–54.

32. Hopewell JW, van den Aardweg GJMJ. Studies of dose–frac-
tionation on early and late responses in pig skin: a reappraisal
of the importance of the overall treatment time and its effects
on radiosensitization and incomplete repair. Int J Radiat
Oncol Biol Phys 1991; 21: 1441–50.

33. Rezvani M, Hopewell JW. The response of the pig lung to
fractionated doses of x-rays. Br J Radiol 1990; 63: 41–50.

34. Wong CS, Minkin S, Hill RP. Linear-quadratic model under-
estimates sparing effect of small doses per fraction in rat
spinal cord. Radiother Oncol 1992; 23: 176–84.

35. Wong CS, Minkin S, Hill RP. Effect of small doses per
fraction in rat spinal cord: influence of initial vs final top-up
doses. Radiother Oncol 1993; 28: 52–6.

36. Dische S, Saunders M, Barrett A, Harvey A, Gibson D,
Parmar M. A randomized multicentre trial of CHART versus
conventional radiotherapy in head and neck cancer. Radio-
ther Oncol 1997; 44: 123–36.

37. Joiner MC, Denekamp J, Maughan RL. The use of ‘top-up’
experiments to investigate the effect of very small does per
fraction in mouse skin. Int J Radiat Biol 1986; 49: 565–80.

38. Ang KK, van der Kogel AJ, van der Schueren E. Lack of
evidence for increased tolerance of rat spinal cord with de-
creasing fraction doses below 2 Gy. Int J Radiat Oncol Biol
Phys 1985; 11: 105–10.

39. Hamilton CS, Denham JW, O’Brien M, et al. Underpredic-
tion of human skin erythema at low does per fraction by the
linear quadratic model. Radiother Oncol 1996; 40: 23–30.

40. Turesson I, Joiner MC. Clinical evidence of hypersensitivity
to low doses in radiotherapy. Radiother Oncol 1996; 40: 1–3.
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