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ABSTRACT

The importance of effects related to the repair of sublethal radiation damage as treatment duration 
varies, partly a function of dose-rate, is a current controversy in clinical radiosurgery. Cell survival 
studies have been performed to verify the importance of this effect in relation to established models.

Mammalian V79-4 cells were irradiated in vitro with γ-rays, either as an acute exposure in a few 
minutes, where the effects of sublethal irradiation damage repair over the period of exposure can 
be ignored, or as protracted exposures delivered over 15–120 min. Protraction was achieved either 
by introducing a variable time gap between two doses of 7 Gy, or as a continuous exposure at lower 
dose rates so that a range of doses were delivered in fixed times of 30, 60 or 120 min.

For all doses there was a progressive reduction in efficacy with increasing overall treatment time. 
This was illustrated by the progressive increase in clonogenic cell survival with a resulting right 
shift of the survival curves. Cell survival curves for irradiations given either as an acute exposure 
(6.1 Gy/min), over fixed times (30, 60 and 120 min) or for a fixed low dose-rate (0.2 Gy/min) were 
well fitted by the Linear Quadratic (LQ) model giving an α/β ratio of 4.0 Gy and a single repair half-
time of 31.5 min.

The present results are consistent with published data with respect to the response of solid tumors 
and normal tissues, whose response to both continuous and fractionated irradiation is also well 
described by the LQ model. This suggests the need for dose compensation in radiosurgical treatments, 
and other forms of radiotherapy, where dose is delivered over a similar range of protracted overall 
treatment times, perhaps as a prerequisite to full biological effective dose treatment planning.
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INTRODUCTION

The variation in the duration of radio-surgical treat-
ments, using the various platforms, is considerable and 
there are multiple factors that lead to this variability. 
Historically, using the Gamma Knife, emphasis has 
been placed on the decay of cobalt-60, with a half-life 
of 5.26  years. Thus for similar treatment plans, the 
beam-on time will become progressively longer with 
time such that, by one half-life, the beam-on time would 
double. However, even for sources of fixed activity the 
introduction of progressive sector blocking would have 
a similar effect. In addition to the beam-on time there 
may be scheduled or unscheduled time gaps in treat-
ment. For the Model B and C Gamma Knife, the sched-
uled time gaps between different isocenters can be 
long to allow for collimator changes and patient posi-
tioning. The introduction of the Perfexion® and Icon® 
machines have significantly reduced the variability in 
set up times. However, the ease and timing of collima-
tor and positioning changes with the latest technology 
have frequently lead to an increase in the complexity of 
treatments with the use of more iso-centers than would 
have been practical using the older devices. This, to an 
extent, mitigates the effect of longer scheduled gaps, 
a feature of all historical Gamma Knife treatments, 
except for those that just involved a single isocenter. In 
this simple case, the source activity, the degree of beam/
sector blocking and the individual patient geometry are 
the only factors that influence the duration of the total 
overall treatment time, barring the introduction of any 
unscheduled pauses in treatment that are applicable 
using all Gamma Knife models.

For Cyberknife treatments, the total overall treat-
ment time is related to the number of beams and nodes, 
the collimation system used and time taken to moni-
tor/re-establish patient position. For the linac, treat-
ment duration also depends on the treatment delivery 
technique employed, including the number of beams 
or arcs, the collimation system used, the time taken to 
monitor/re-establish patient position and the dose rate 
used. For all technologies, significant unscheduled 
interruptions to patient treatment can still occur, which 
may be patient related or due to technical faults, result-
ing in an increase in the overall treatment time.

Retrospective analysis of largely clinical Gamma 
Knife data has frequently resulted in confounding 
results. In an analysis of cases where morbidity was 
related to the exposure of cranial nerves [1], morbid-
ity was reported to be higher in those that were treated 
in shorter times with new sources compared with those 
treated in a longer time with older sources, an effect that 
was said to be related to the significantly reduced dose-
rate. In contrast, a multi-variate analysis of the compli-

cations associated with the treatment of arterio-venous 
malformations (AVM’s) found no such correlation 
within the range of overall treatment times examined 
[2], although there were many more treatment variables 
in patients treated for the closure of AVM’s. There is 
also a suggestion, in the same publication, that a smaller 
number of iso-centers may increase the efficacy of a 
given prescription dose [2].

Many of these clinical studies look on the dose-rate 
as being a fixed parameter which is reduced daily to 
take account of the decay of the cobalt-60 sources. This 
parameter is measured in the center of a 160 cm diame-
ter spherical phantom. This is defined as the calibration 
dose-rate (standard output) of the machine. For dose 
calculations in a patient, this calibration dose-rate, in 
a given treatment, does not directly relate to the dose-
rate in the tissues at a specific position in the treatment 
volume due to the different isocenters/ collimators/ 
degree of sector blocking used. In fact in any treatment, 
for each individual voxel on the prescription dose iso-
surface, the dose-rate will vary for each of the different 
isocenters and the dose-rate will be zero between iso-
centers (beam-off time). The summation of the individ-
ual doses from each isocenter represents the total dose 
to that voxel. Each voxel is unique with respect to the 
dose/dose-rate prescription received [3]. Thus, the con-
cept of a uniform dose-rate in Gamma Knife radiosur-
gery is not valid. The only constant in any treatment is 
the overall treatment time and this is applicable to all 
voxels in the treatment volume, irrespective of cumula-
tive dose to any specific voxel. This will be equally true 
for the other radiosurgical platforms.

Despite these known variations in overall treatment 
time in radiosurgery and evidence from a number of 
early radiobiological studies [4, 5], which associated 
the effects of protracted periods of exposure as a result 
of variable dose-rates and/or gaps in the dose deliv-
ery with the repair of sublethal radiation damage, no 
systematic method has yet been adopted to correct the 
total physical dose delivered to take the phenomenon of 
repair into account in radio-surgical treatments. Indeed, 
one recent study was undertaken to support a view that 
no such changes are required [6]. However, this study 
had serious limitations as discussed previously [7]. 

In the present study, mammalian V79-4 cells, a cell 
line frequently used for mechanistic studies because 
of their high platting efficiency and the formation of 
discrete colonies, have been irradiated with a range of 
doses using cobalt-60 sources, delivered as continu-
ous exposures over fixed overall treatment times of 30, 
60 or 120 min while maintaining the cells at 37oC. In 
addition, cells were also irradiated at a high dose-rate 
(6.1  Gy/min) and therefore short exposure times, in 
order to mimic the situation where no repair of suble-
thal damage is likely to occur over the period of expo-
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sure. Studies were also carried out using 137Cs γ-rays 
(dose-rate 2.04 Gy/min). The effects of two high dose-
rate sub-fractions of 7  Gy were used to examine the 
effects of variable duration of time gaps, compared with 
a single continuous high dose-rate exposure of 14 Gy. 
These irradiations, inclusive of the time gaps, were car-
ried out with cells incubated at either 37oC, on ice, or at 
room temperature (20oC).

MATERIALS AND METHODS

Cells culture and clonogenic survival

V79-4 mammalian cells were used in the study. 
They were routinely cultured at 37oC, gassed with 
a 5% CO

2
/95% air mixture in Dulbecco’s modified 

Eagle’s medium (Sigma) supplemented with 1% l-glu-
tamine (Sigma), 1% penicillin/streptomycin (Sigma) 
and 10% fetal bovine serum (Gibco). Approximately 
3  h prior to irradiation, cells were harvested with 
trypsin/EDTA (HyClone) and seeded into T25 flasks 
at a density calculated to yield ~200 surviving colo-
nies following irradiation. For protracted radiation 
exposures, the caps of the T25 flasks were sealed on 
removal from the incubator (to maintain the optimum 
pH of the medium) and only opened following irra-
diation when returned to the incubator. After 8 days 
incubation, the cells were fixed, using 80% methanol 
in water (>10 min), stained with 1% methylene blue 
in water (>30  min) and the surviving cell colonies 
(>50 cells) counted using an automated colony coun-
ter (ColCount; Oxford Optronix, Abingdon UK). The 
fraction of surviving cells was calculated with respect 
to the cloning efficiency (plating efficiency) of sham-
irradiated cells.

Protracted continuous radiation exposures.

Continuous protracted exposures were carried 
out using the cobalt-60 γ-ray sources at the Medical 
Research Council, Harwell, Oxfordshire, UK. During 
irradiation, cells were kept at 37oC using ‘in house’ 
made incubators. These consisted of a resistive electri-
cal heating mat coupled to an Arduino-powered PID 
controller housed within a Styrofoam box. The T25 
flasks along with the temperature probe monitor were 
placed on a 6 mm Perspex build-up sheet positioned 
1 mm above the heated mat. Six of these incubators, 
each containing three T25 flasks, were irradiated simul-
taneously on shelves at six different distances from the 
sources within the irradiation room to vary the dose 
received by each set of flasks for a given fixed exposure 

time. An additional incubator was positioned outside 
the irradiation room to provide cells for sham-irradiated 
control data. 

At these set distances the dose-rates, and hence 
exposure times, could be further varied by changing 
the number of cobalt-60 sources used. Cells were irra-
diated to obtain survival curves for protracted expo-
sures of 30 min (four sources), 60 min (two sources) 
and 120  min (one source). In addition, acute radia-
tion exposures, delivered in an overall treatment time 
of <3 min, a time scale over which repair of sublethal 
damage would be negligible, were also carried out at 
a fixed dose-rate of 6.1 Gy/min with the T25 flasks at 
a distance of ~17 cm above all four cobalt-60 sources. 
This approach contrasts to standard clonogenic survival 
curves, where cells are exposed at different fixed dose-
rates and thus increasing exposure times as the dose is 
escalated.

Experiments with variable time gaps in the radiation 
exposure

Irradiations were carried out using a cesium-137 
γ-ray irradiator (GSR D1, Gamma-Service Medical 
GmbH, Leipzig, Germany) at the University of Oxford. 
Cells were irradiated at an average dose-rate of 2.04 Gy/
min to four T25 flasks at a time, positioned on a 6 mm 
thick Perspex build-up shelf. Flasks were given a total 
dose of 14 Gy either as a single continuous exposure, or 
as two exposures of 7 Gy separated by a variable time 
gap, ranging from 15 min to 120 min. At least 15 min 
prior to irradiation, the lids of the flasks were sealed 
and incubated at the required temperature, either 37oC, 
room temperature (20oC) or placed on ice, to ensure 
that cells reached the required temperature and that 
they were maintained at these temperatures between the 
two doses. Following the final exposure, all flasks were 
unsealed and returned to the 37oC incubator.

Irradiations involving protracted continuous expo-
sure or two relatively short exposures with a variable 
gap were carried out, for convenience, with cobalt-60 
and cesium-137 γ-ray sources, respectively. A compari-
son of the survival curve obtained using cobalt-60 and 
cesium-137 γ-rays showed no statistical significant dif-
ferences (Appendix A). Thus the results for continuous 
and doses involving a variable time gap can be compared.

Dosimetry

Prior to performing the cell survival experiments, 
dose-rate measurements were performed at each of 
the shelf positions using Gafchromic™ EBT3 film 
(International Specialty Products, Wayne, NJ). Meas-



Steven Hallgren et al.

4        Journal of Radiosurgery and SBRT   Vol. 6   2019

urements were made for 5 different exposure times 
(covering a range of doses up to ~3.5 Gy) with films 
positioned between the build-up sheet and the flasks 
containing the same volume of medium used for the 
experiments. The films were scanned as 48-bit RGB 
TIFF images at 300 dpi resolution using an Epson® 
Expression 10000 XL flatbed scanner (Plainfield, IN) 
24 h after irradiation. The dose to each film was then 
calculated using the optical density of the red chan-
nel and corrected using the optical density of the blue 
channel in conjunction with a calibration curve. A 
calibration curve was obtained over a range of doses 
(0–5 Gy) using 6 MV x-rays from a calibrated [8] 
clinical linear accelerator. The gradient of the linear 
fit to the dose vs. exposure time response fit corre-
sponds to the dose-rate at each of the different irra-
diation positions.

RESULTS

Effects of overall treatment time on clonogenic cell 
survival following continuous irradiation

The changes in clonogenic cell survival after irra-
diation given over fixed periods of time, namely 30, 60 
and 120 min (and therefore variable dose-rate) are illus-
trated in Figure 1 along with the data for acute radia-
tion exposure (6.1 Gy/min). In addition, these data were 
used to derive a cell survival curve for continuous expo-
sures using a low dose-rate of 0.2 Gy/min. 

The five resulting cell survival curves have been col-
lectively fitted using the linear-quadratic model with 
a single repair component added to take account of 
the repair of sublethal damage as exposure times are 
increased, namely:-

	 SF D G D= − −( )exp α β 2 	

where G is the generalized Lea-Catcheside time factor 
[9], which accounts for repair of lesions during pro-
tracted exposures, such that 

	 G t t t= ( )



 − − +[ ]2 1

2
/ ( )λ λ λexp 	

where λ is defined as: 

	 λ = ln / /2 1 2T ,	

T
1/2

 being the half-time repair (in minutes). The log 
transformation of the surviving fraction, SF, was fitted 
as a function of dose using the indictor model [10] and 
performed using the IBM SPSS® statistical analysis 
software package (IBM United Kingdom Limited). The 
experimental data were well described by the combined 
curve fitting approach producing a common α/β ratio of 
4.0 Gy (a = 0.072 ± 0.011; b = 0.018 ± 0.018) and a 
single repair half time of 31.5 min (l = 0.022 ± 0.002).

A progressive shift of the curves to the right, indic-
ative of reduced cell killing as the irradiation time is 
increased from 30 min out to 120 min, relative to an 
acute exposure (<3 min exposures given at 6.1 Gy/min), 
are illustrated in Figure 1. Even for a 30 min protraction 
of the exposure time, there was significant repair when 
compared with acute exposures. These clonogenic 
survival curves reflect the clinical situation where the 
exposure time is fixed, but different cells are exposed 
at different dose-rates depending on where they are 
positioned with respect to the prescription isodose sur-
face. This is in contrast to standard clonogenic survival 
curves where cells are exposed at a fixed dose-rate but 
for different exposure periods to give a prescribed dose. 
The relationship between cell survival and a fixed low 
dose-rate (0.2 Gy/min) is less steep than for exposures 
given over a fixed time of 120 min.

Figure 1. Variations in the percentage clonogenic 
survival of V79-4 cells after irradiation with various doses 
of cobalt-60 γ-rays. Doses were delivered over fixed times 
of 30 (▼), 60 (▲) or 120 (♦) min. By way of comparison, 
cells were also irradiated either acutely (6 Gy/min), where 
exposure times were short (<3 min) and where little or 
no repair took place over the period of exposure, or at 
0.2 Gy/min where exposure times were long. The slope of 
a cell survival curve given at low dose-rate tended to be 
shallower than those where various doses are delivered 
in a fixed time period. All irradiations were carried out with 
the cells at 37oC. Error bars indicate ± SEM.
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Based on data from these curves it is possible to 
illustrate the reduction in biological effectiveness, in 
terms of clonogenic cell survival, for different radiation 
doses as the overall treatment time is protracted, as is 
illustrated for doses in the range 12–20 Gy, in Figure 2. 
For all radiation exposures at 37oC as the exposure time 
is increased the efficacy is reduced and gradual dose 
escalation is required to maintain the same level of bio-
logical effect. By way of an example, 12 Gy delivered 
in 30 min is associated with a surviving fraction of 5%. 
Equivalent cell kill is achieved with 13 Gy delivered in 
60 min and a little over 14 Gy in 120 min.

In an alternative approach, curves showing the rela-
tionship between dose and exposure time for a given 
level of iso-effect, in this case the surviving fraction, 
gives an indication as to how cell killing reduces (due 
to an increase in clonogenic cell survival) with expo-
sure time. This is illustrated in Figure 3. When expo-
sure times are increased from 30 to 120 min, the total 
dose would need to be increased by, on average, 22.5% 
depending on the level of cell survival under consid-
eration. This increased to ~37% when compared to an 
acute exposure 

In the studies involving variable time gaps the total 
exposure times (beam-on time) were relatively short: 
3.4 min for the initial 7 Gy. However, with time gaps 
of 15, 30 and 45 min, the level of cell killing, as com-
pared with a single acute exposure (6.9 min) of 14 Gy, 
was progressively reduced (clonogenic cell survival 
increases) when cells were maintained at 37oC for the 
duration of the study. Indeed, at 30 min the effect was 
comparable with that seen after continuous protracted 
exposure over this time period. It should be noted 
that the actual dose used for protracted exposure was 
found, retrospectively, to be slightly higher at 14.37 Gy. 
However, the surviving fraction after 14  Gy can be 
determined from the actual cell survival curves. This 
similarity between exposures involving time gaps and 
those delivered continuously was even seen at 60 min 
(time gap vs continuous exposure). However, for time 
gaps of 90 and 120  min, the reduction in efficacy, 
judged by the level of clonogenic cell survival, slowed 
considerably compared with that seen after comparable 
continuous exposures involving no time gaps (Figure 
3). The effects found to be associated with increasing 
time gap size seen for irradiation when cells were main-
tained at 37oC were lost when the cells were maintained 
on ice or at room temperature for the required period.

DISCUSSION

The most striking feature of the present study was that 
repair of sublethal irradiation damage, equated with the 

Figure 2. Variation in the percentage clonogenic survival 
of V79-4 cells with changes in the duration of radiation 
exposure, for doses in the range 12–20 Gy of cobalt-60 
γ-rays. For all doses there is a reduction in efficacy of a 
given dose as the period of exposure is progressively 
increased. Thus, for a given effect the dose needs to 
be progressively escalated in order to maintain a given 
level of effect. For example, for an exposure of 12 Gy in 
30 min the dose would need to be increased to 13 Gy 
for a 60 min exposure period and to a little over 14 Gy 
if the exposure period was increased to 120 min. All 
irradiations were carried out with the cells at 37oC.

Figure 3. Variation in radiation dose from cobalt-60 
γ-rays required to produce a given iso-effect in V79-
4 cells. The iso-effect assessed was a given level of 
clonogenic cell survival. This was in the range 1.0–
0.001%. The iso-effective dose increased progressively 
as the irradiation time was gradually increased and 
represented an approximate 36% increase in dose 
when acute exposures, where little or no repair will 
occur over the period of exposure, are compared to 
120 min exposures. All irradiations were carried out with 
the cells at 37oC.



Steven Hallgren et al.

6        Journal of Radiosurgery and SBRT   Vol. 6   2019

repair of sublethal DNA damage, but as assessed by the 
reduction in cell killing or an increase in clonogenic cell 
survival, was associated with a protraction of the irradiation 
time. This was irrespective of whether the cells received a 
continuous exposure or if the dose was given as a two equal 
higher doses separated by a variable time gap in the total 
overall treatment time. This was provided the cells were 
irradiated at 37oC, or normal body temperature, over the 
total period of exposure, including any time gaps. When 
comparable irradiations were delivered either with the cells 
on ice or at room temperature, no such repair was seen. This 
effect has been reported in a number of cell lines [11]. The 
results thus further question and warn against reliance on 
results obtained where the temperature was not controlled, 
for example the study of Niranjan et al [6] where irradiations 
started with cells that had been stored on ice, and with the 
phantom used for irradiation being at an unrecorded room 

temperature. Rat 9L-gliosarcoma cells in this study [6] are 
known to be capable of the repair of sublethal damage at 
37oC. It was the loss of this effect when cells are irradiated 
at 41oC that accounted for the radiation enhancing effect 
of mild hyperthermia [12]. In addition, in this questionable 
study [6], fixed calibration doses rates of 0.77–2.937 Gy/
min were used, with cells placed in the center of the stand-
ard phantom. Cells were irradiated to total doses of 4, 8 and 
16 Gy as continuous exposures. Thus, the exposure times, 
as pointed out previously [7], were in the range 5–20 min 
for the lowest dose-rate and shorter for the two higher dose-
rates. This is not the time range associated with the major-
ity of radiosurgery treatments and even it irradiations had 
been carried out at 37oC the finding would not have been 
directly clinically relevant as the majority of overall treat-
ment times would have been short relative to the duration 
of the fast component of repair. 

The observation that there was a significant reduction in 
cell killing, as indicated by increased clonogenic cell sur-
vival, when continuation radiation exposure over 30 min, or 
as two separate equal exposure separated by 15 or 30 min, 
were compared with those delivered acutely (<3 min expo-
sure times) suggested that the initially repair of sublethal 
radiation damage is rapid. However, the study using two 
doses with a separation of 60–120 min suggest that over 
longer times, the net rate of repair, as indicated by increased 
clonogenic cell survival, is less. Repair between doses 
can only apply to the first half of the total dose delivered. 
When delivered as a continuous exposure over 120 min 
as opposed to 60 min, a greater amount of repair occurs 
due to reduced miss-repair of sublethal damage due to the 
increased temporal separation of these lesions. When suit-
able data are available, repair of sublethal damage is usu-
ally assessed using a bi-exponential model to give a slow 
and fast component of repair [13, 14]. The fast half-time for 
repair in these studies was of the order of 10 min. The slow 
component of repair based on these studies was slightly 
longer than the maximum 2 h irradiation times associated 
with the present studies. Considering this and the limited 
number of data points, it would be difficult to accurately 
determine the half-times for both fast and slow-repair using 
a two component repair model. The use of a 1-component 
repair model for the present data set resulted in a repair half 
time of ~30 min, clearly the result of the impact of the slow 
component of repair on the fast repair parameter. 

A single half time for repair was also found to be adequate 
to explain the dose sparing associated with the protraction 
of a 2 Gy dose fraction in an IRMT schedule lasting for 30 
or 60 min compared with the short exposure times associ-
ated with conventional radiotherapy [15]. The in vivo model 
used the evaluation of regrowth delay in a transplanted 
Balb/C breast adenocarcinoma. The degree of regrowth 
delay in this model is a function of the level of clonogenic 
cell survival: the lower the level of cell survival, the greater 
the regrowth delay. Protraction of an acute dose exposure 

Figure 4. Variation in the percentage clonogenic 
cell survival of V79-4 cells with two doses of 7  Gy 
of cesium-137 γ-rays, each dose being delivered 
in approximately 3  min with variable time gaps of 
15–120  min between the two doses. The effects of 
irradiation at 37oC (■) with those where, over the period 
of irradiation, cells were either held at room temperature 
(□) or on ice (▲). The percentage clonogenic survival of 
cells at room temperature and on ice does not change 
significantly with changes in the time gap between the 
two doses of 7 Gy. For irradiation at 37oC, the loss of 
efficacy was approximately 2% with a 60 min time gap 
after the initial dose of 7  Gy, however, in the second 
hour the additional loss of efficacy was only 0.5%. 
These results have been compared with those irradiated 
continuously over 30, 60 and 120  min (♦). In these 
studies, the actual data point was for a dose of 14.37 Gy, 
although a value for 14  Gy (◊) was also obtained by 
extrapolation from the relative cells survival curve. The 
two data sets were very comparable for exposures up to 
60 min. but for exposures spread over 120 min greater 
recovery was seen after continuous exposure. Error 
bars indicate ±SEM.
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to 30 or 60 min significantly reduced the regrowth delay 
because of increased repair (increased cell survival) over 
these more protracted exposures. Use of the LQ model with 
the single repair component suggested total dose increases 
of 16 and 24%, respectively, to compensate. The validity of 
these predictions was demonstrated experimentally. Reduc-
tions in tumor regrowth delay are also found after the same 
treatment protraction after large individual doses of 18 Gy 
[16]. This loss of efficacy even for IMRT type of exposures 
has also been reported for in vitro studies [17].

The underlying mechanism responsible for these 
effects observed both in vitro and in vivo is the repair 
of radiation damage to DNA. In studies of the repair of 
DNA strand breaks, models of the kinetics have reported 
up to 3 repair parameters [18] with repair half times of 
~2.5 h, 15 min and a very short one with a half time of 
2.28 min. It would not be practical to resolve half times 
of a few minutes either in vitro or in vivo. Thus, fast half 
times of the order of 10 min may represent an averaging 
process. Repair rate are independent of the total physical 
dose (i.e., they follow first order kinetics).

These findings are equally applicable to other radio-
surgical technologies. Treatment duration can vary 
significantly with the complexity of CyberKnife treat-
ments (number of robotic arm positions or nodes used, 
number of beams and monitor units), and the collima-
tor system used, i.e. fixed, iris or micro multi-leaf col-
limator (mMLC) [20]. In a recent survey of intracranial 
treatments delivered in England using linac based tech-
nology, different centers used static conformal fields, 
static conformal arcs or volumetric arc therapy [21]. 
Overall treatment times varied widely with each of 
these techniques.

Model predictions could also be used to allow for 
changes in the prescribed radiosurgery dose with either 
the activity of the sources used in the case of Gamma 
Knife or the complexity of any form of radiosurgical 
treatment. In this respect, the concept of Biologically 
Effective Dose (BED) is directly related to the LQ model 
and thence a given BED value is in effect iso-effective 
for a given level of clonogenic cell survival. This princi-
ple has been discussed elsewhere in relation to its appli-
cation to radiosurgery [7, 19] and recently a simplified 
approach to the modification of dose to take account of 
changes in overall treatment time was proposed [22]. The 
underlying basis of which is directly related to the effects 
at a cellular level reported in the present publication.

CONCLUSION

The results of the present study indicate that when V79-4 
mammalian cells are irradiated with a range of doses, either 
as an acute exposure (<3 min) or as a protracted exposure 

over 15 to 120 min, efficacy is progressively reduced as the 
overall treatment time is increased. This applies irrespec-
tive of whether irradiation was delivered as a continuous 
exposure, or as two doses with a variable time gap. This 
loss of efficacy was illustrated by the progressive increase 
in the surviving clonogenic cell fraction of over this period. 
Similar effects have also been reported in solid tumors, the 
results of which are assessed by regrowth delay, and in irra-
diated normal tissues. Thus, repair of sublethal damage is a 
significant factor in radiosurgical treatments and should be 
accounted for with varying overall treatment times.
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APPENDIX A

For convenience in the present series of experiments, 
that involved protracted continuous exposure or two rel-
atively short exposures with a variable gap, γ-ray from 
cobalt-60 and cesium-137 sources were used, respec-
tively. A comparison of the survival curve obtained 
using cobalt-60 and cesium-137 γ-rays showed no 
statistical significant differences (Figure A1) and thus 
results from the two studies can be compared.

Figure A1. Variations in the percentage clonogenic 
survival of V79-4 cells following acute radiation 
exposure with either cobalt-60 (n) or (l) cesium-137 
γ-rays. Doses were delivered at 6 Gy/min or 2.04 Gy/
min for cobalt-60 and cesium-137 γ-rays, respectively. 
Error bars indicate ±SEM


