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Abstract

AIM: To explore the impact of prolonged fraction dose-
delivery time modeling intensity-modulated radiation
therapy (IMRT) on cell killing of human hepatocellular
carcinoma (HCC) HepG2 and Hep3B cell lines.

METHODS: The radiobiological characteristics of human
HCC HepG2 and Hep3b cell lines were studied with standard
clonogenic assays, using standard linear-quadratic model
and incomplete repair model to fit the dose-survival
curves. The identical methods were also employed to
investigate the biological effectiveness of irradiation
protocols modeling clinical conventional fractionated
external beam radiotherapy (EBRT, fraction delivery time
3 min) and IMRT with different prolonged fraction delivery
time (15, 30, and 45 min). The differences of cell surviving
fraction irradiated with different fraction delivery time
were tested with paired t-test. Factors determining the
impact of prolonged fraction delivery time on cell killing
were analyzed.

RESULTS: The / and repair half-time (T1/2) of HepG2
and Hep3b were 3.1 and 7.4 Gy, and 22 and 19 min
respectively. The surviving fraction of HepG2 irradiated
modeling IMRT with different fraction delivery time was
significantly higher than irradiated modeling EBRT and
the cell survival increased more pronouncedly with the
fraction delivery time prolonged from 15 to 45 min,
while no significant differences of cell survival in Hep3b
were found between different fraction delivery time
protocols.

CONCLUSION: The prolonged fraction delivery time
modeling IMRT significantly decreased the cell killing in
HepG2 but not in Hep3b. The capability of sub-lethal
damage repair was the predominant factor determining

the cell killing decrease. These effects, if confirmed by
clinical studies, should be considered in designing IMRT
treatments for HCC.
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INTRODUCTION

With the popularization of intensity-modulated radiation
therapy (IMRT), an irradiation technique developed to
improve target dose conformity and normal tissue sparing[1-4],
more and more patients with hepatocellular carcinoma
(HCC) would receive radiotherapy[5]. IMRT optimized the
physical dose distribution of radiotherapy, which thereby
could enhance the tumor local control and lower the
radiation-induced hepatitis. However, the radiobiological
effectiveness of IMRT might be different from conventional
external beam radiation therapy (EBRT) especially
considering the prolonged fraction delivery time in IMRT.
IMRT delivers dose, either dynamically or statically (e.g.,
step-and-shoot), using many beam apertures (segments) that
are shaped with multileaf collimator[1,4,6]. It takes a much
longer time to deliver a single fraction dose with IMRT
than EBRT. Generally, EBRT takes about 2-5 min to deliver
a single fractional dose, whereas IMRT with static delivery
requires 15-45 min to deliver the same fractional dose.
According to radiobiological theory, cell killing tends to
decrease with fraction delivery time increasing because of
ongoing sublethal damage repair (SLDR) processes during
dose delivery. Wang et al[7] calculated the cell-killing efficiency
of simulated and clinical IMRT plans with the generalized
linear-quadratic (LQ) model, which indicated that fraction
delivery times in the range of 15-45 min may significantly
decrease tumor cell killing and may have a significant impact
on treatment outcome for tumors with a low / ratio and
short repair half-time (T1/2). However, such calculation lacks
confirmation of  studies in vitro. To clarify the impact of
prolonged fraction delivery time in IMRT on tumor cell



killing, more detailed studies in vitro are required.
In this study, we attempt to ascertain the impact of

prolonged fraction delivery time modeling IMRT on survival
of human HCC cell lines HepG2 and Hep3B, so as to
provide radiobiological basis for optimizing IMRT plans
for this disease.

MATERIALS AND METHODS

Cell culture
Human HCC cell lines including HepG2 and Hep3b were
employed in this study. Both cell lines were cultured in plastic
flasks at 37 ℃ in a humidified atmosphere of 50 mL/L CO2

and 95% air with the 1 640 medium containing 10-15%
fetal calf serum with 100 U/mL penicillin and 100 g/mL
streptomycin. Results of regular tests for mycoplasma
contamination were negative. When they become confluent,
cells were sub-cultured (1:4 dilution). Exponentially growing
cells were used for experiments.

Immediately prior to irradiation, single-cell suspension
was prepared by trypsination and cell number was counted
using a hemocytometer. Cells were then seeded in varying
amounts onto 6-well tissue culture dishes with 1 640 medium.
Three parallel samples were set at each radiation dose of
various irradiation schedules.

Irradiation scheme
Irradiation was carried out at room temperature using a
6-MeV X-ray. To learn the radiobiological characteristics,
doses of 0 Gy, 1 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy and 10 Gy were
given as single, continuous doses at a dose rate of 3.2 Gy/min
for generating standard dose-survival curves and acquiring
a variety of  mathematic model parameters. To achieve the
T1/2, doses of 0 Gy, 1 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy and 10 Gy
were given as single, continuous doses at a dose rate of
0.066 Gy/min. To compare the cell killing effectiveness of
fraction delivery time modeling EBRT and IMRT,
fractionated irradiation of 0 Gy, 1 Gy×1, 2 Gy×1, 2 Gy×2,
2 Gy×3, 2 Gy×4 and 2 Gy×5, were given with one fraction
per day just like clinical dose-time-fractionation pattern. In
irradiation modeling EBRT, the fraction delivery time was
3 min, with two 1.18 min intervals modeling 3 portals
irradiation. In irradiation modeling IMRT with different
fraction delivery times, each fraction dose was given in seven
equal sub-fractions; the total fraction delivery time was 15,
30 or 45 min.

Clonogenic assays
Standard clonogenic assays were used to acquire the standard
dose-survival curves of  HepG2 and Hep3b and to determine
the effect of irradiation modeling EBRT and IMRT with
fraction delivery time of 15, 30 and 45 min. Cells plated in
6-well tissue culture dishes were incubated in an undisturbed
state for 10 d. Cell fixation and staining used methanol and
0.5% crystal violet in deionized water and colony counts
were performed by visual inspection. A colony was defined
as 50 or more cells. Colony plating efficiency was calculated
to be the number of viable nucleated cells plated and
expressed as a percentage. The surviving fraction at each
dose of  each irradiation protocols was determined by

dividing the plating efficiency of the irradiated cells by that
of the untreated control. All data points were the mean
results of experiments.

Survival curve fitting and calculation
Dose-survival curves for each experiment were constructed
by semi-logarithmically plotting the mean surviving fractions
as a function of irradiation dose. The data were analyzed,
and survival curves were plotted following the standard
linear-quadratic model [S = exp (-D - D2)] or incomplete
repair model [S = exp (-D -gD2)][8] using GraphPad
Prism 4.0 software (GraphPad Software, Inc., USA).  and
 resulted from the best fitting survival curves and were
used to calculate surviving fraction at 2 Gy (SF2).

Differences of  surviving fraction treated with different
irradiation protocols were tested with paired t-test. Statistical
significance was assumed when P<0.05.

RESULTS

Radiobiological characteristics of HepG2 and Hep3b
Standard dose-survival curves of  HepG2 and Hep3b fitted
with the standard LQ model are shown in Figure 1. The survival
curves with irradiation at a low dose rate of  0.066 Gy/min
fitted with incomplete repair model to acquire the T1/2 of
both cell lines were shown in Figure 2. The radiobiological
characteristics of both cell lines described with the parameters
of  the mathematic models are listed in Table 1.

Figure 1  Standard dose-survival curves of HepG2 and Hep3b fitted
with standard two parameter LQ model.

Figure 2  Dose-survival curves of HepG2 and Hep3b irradiated
at a low dose rate of 0.067 Gy/min fitted with incomplete repair
model.
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Table 1  Radiobiological characteristics of HepG2 and Hep3b
described with parameters derived from the dose-survival curves
fitted with standard LQ model and incomplete repair model

  Parameters
Cell

SF2read (%)        SF2est (%)          (Gy-1)       (Gy-2)   /(Gy)     T1/2 (min)

HepG2      89.0              67.6 0.118   0.038             3.1                  22

Hep3b      60.0              34.6 0.413   0.056             7.4                  19

Cell surviving fraction irradiated modeling EBRT and IMRT
Surviving fraction of  HepG2 and Hep3b irradiated modeling
fractionated EBRT of 0Gy, 1Gy×1, 2Gy×1, 2Gy×2,
2Gy×3, 2Gy×4 and 2Gy×5, as well as modeling IMRT
given in seven equal sub-fractions per fraction delivered
within a total fraction delivery time of 15, 30 or 45 min are
listed in Table 2. The dose-survival curves of  both cell
lines with different fractionated irradiation schedules fitted
with standard LQ model are shown in Figure 3. The
surviving fractions of  HepG2 irradiated modeling IMRT
with different fraction delivery times were significantly higher
than irradiated modeling EBRT (P<0.05), and the cell
irradiated modeling IMRT with longer fraction delivery time
has a significant higher survival than that with shorter fraction
delivery time (P<0.05). No significant survival differences
of Hep3b were found between different fraction delivery
time protocols (P>0.05) (Table 3).

DISCUSSION

This study demonstrated that the prolonged fraction delivery
time modeling IMRT decreased the cell killing of HepG2;
the cell killing decreased more pronouncedly with the fraction
delivery time being prolonged from 15 min to 45 min. These
phenomena, however, were not obvious in Hep3b.

Essence of the impact of prolonged fraction delivery time on
cell killing
The intrinsic reason for increasing of  the cell survival treated
with IMRT like protocols is the ongoing SLDR processes
during dose delivery. Irradiated tumor cells may be lethally
or not lethally damaged. Cells that are not lethally damaged
may undergo repair. SLDR is an important type of damage
repair that is defined as the enhancement in survival when
a dose of radiation is separated over a period time. Generally,
SLDR experiments divide a single dose into two relatively
equal doses spaced at variable time intervals. Elkind et al
investigated this phenomenon in great detail[9,10]. An
enhancement in survival after two doses separated in time
was observed. This enhancement in survival was due to SLDR.

Factors determining the impact degree of prolonged fraction
delivery time on cell killing
The survival increasing of  cells irradiated with a prolonged
fraction delivery time is mainly associated with the capacity

Table 2  Surviving fraction of HepG2 and Hep3B irradiated modeling fractionated EBRT, as well as modeling IMRT with a total fraction delivery
time of 15, 30 or 45 min

    Survival fraction of HepG2 and Hep3b
Dose

     Modeling EBRT-03’      Modeling IMRT-15’      Modeling IMRT-30’      Modeling IMRT-45’

HepG2 Hep3b HepG2 Hep3b HepG2 Hep3b HepG2 Hep3b

0.0 Gy 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

1.0 Gy×1 0.8700 0.4800 0.8800 0.4800 0.8800 0.4800 0.9100 0.4800

2.0 Gy×1 0.6636 0.3559 0.6747 0.4123 0.7012 0.4389 0.7133 0.4500

2.0 Gy×2 0.4669 0.0507 0.5123 0.0546 0.5181 0.0550 0.5498 0.0590

2.0 Gy×3 0.2578 0.0550 0.2906 0.0200 0.3006 0.0208 0.3236 0.0230

2.0 Gy×4 0.1321 0.0027 0.1700 0.0033 0.1987 0.0049 0.2137 0.0051

2.0 Gy×5 0.0547 0.0005 0.0671 0.0007 0.0851 0.0009 0.0996 0.0011

Figure 3  Effects of fractionated irradiation modeling EBRT and IMRT on survival of HepG2 and Hep3b. A: Cell survival curve of HepG2 fitted
with LQ model; B: Cell survival curve of Hep3b fitted with LQ model. Cells were irradiated modeling fractionated EBRT [+] with doses of 0.0Gy,
1Gy×1, 2Gy×1, 2Gy×2, 2Gy×3, 2Gy×4 and 2Gy×5 delivered within a fraction time of 3 min, as well as modeling IMRT with the corresponding
doses delivered within a fraction time of [×] 15 min, [□] 30 min or [◆] 45 min.
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and rate of the SLDR during the dose delivery as well as
the fraction dose delivery time.

The capacity of a cell to undergo SLDR, which is
associated with the intrinsic radiobiological characteristics
of  the cell, may be represented by the quadratic term in
LQ model. A cell with a small / is considered having a
large ability to undergo SLDR. Most human tumor cell lines
studied in vitro have a relatively small ability to undergo
SLDR[11-15]. Yet, a large capacity for SLDR has been reported
for some human tumor cell lines[12,16-20]. According to this
study, HepG2 has a relatively large capacity for SLDR with
a / of 3.1, which is much lower than what was expected,
while Hep3b has a smaller capacity for SLDR with a /
of 7.4.

The rate of SLDR can be represented with T1/2.
Apparently, cells with short T1/2 have more repairs during a
certain fraction delivery time. For human tumor cell lines,
the characteristic T1/2 ranges from a few minutes to several
hours[21-23]. In a review article, Steel et al[21] pointed out that
the repair time for many tumors appears different when
measured from a split-dose experiment vs a low-dose-rate
exposure. They attributed this difference to the presence
of  two or more repair components. Others have confirmed
that non-exponential or multi-exponential SLDR kinetics
are involved in cell killing[24-28]. In split-dose survival
experiments, the fast and slow rates of SLDR kinetics can
be reasonably approximated by a single (average) first-order
repair term. In low-dose-rate experiments, cell killing is more
sensitive to the fast repair component. For fraction delivery
times in the range of 15 to 45 min (i.e., comparable to IMRT
treatment times), the fast repair component is important
and the slow repair component has little impact on cell killing.
Brenner and Hall[22] have compiled in vitro data on the T1/2

of human cancer cell lines under low-dose-rate exposure
conditions. They have found that the most probable T1/2 is
approximately 20 min. For prostate cancer, Wang et al[17]

used clinical data to derive a T1/2 of 16 min. In this study,
the T1/2 of HepG2 and Hep3b were 22 and 19 min
respectively. They are just within the general fraction delivery
time of IMRT (15-45 min). Although cells, with shorter
T1/2 (Hep3b), could not be proved as having more SLDR
than that with longer T1/2 (HepG2) in this study for the
much larger SLDR capability of HepG2 than Hep3b, the
importance of SLDR rate should not be neglected only if
the T1/2 of cell lines being considered were similar just like
that in this study and the study of Brenner and Hall[22].

The fraction dose delivery time is another factor that
impacts the effect of  cell survival. For HepG2 in this study,

the differences of  surviving fraction in each group irradiated
with different prolonged fraction delivery time were small
but significant (P<0.05).

These important factors synthetically affect the effect
of prolonged fraction delivery time on cell killing. According
to the results of this study, HepG2 and Hep3b have similar
T1/2. The predominant factor that affects the effect of
prolonged fraction delivery time on cell killing apparently
should be the SLDR capability of the cells.

In conclusion, the prolonged fraction delivery time
modeling IMRT significantly decreased the cell killing in
HepG2 but not in Hep3b. The capability of SLDR was the
predominant factor determining the cell killing decrease.
These effects, if  confirmed by clinical studies, should be
considered in designing IMRT treatments.
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