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Purpose: Intensity-modulated radiation therapy (IMRT) allows greater dose conformity to the tumor target.
However, IMRT, especially static delivery, usually requires more time to deliver a dose fraction than conven-
tional external beam radiotherapy (EBRT). The purpose of this work is to explore the potential impact of such
prolonged fraction delivery times on treatment outcome.
Methods and Materials: The generalized linear-quadratic (LQ) model, which accounts for sublethal damage
repair and clonogen proliferation, was used to calculate the cell-killing efficiency of various simulated and clinical
IMRT plans. LQ parameters derived from compiled clinical data for prostate cancer (� � 0.15 Gy�1, �/� � 3.1
Gy, and a 16-min repair half-time) were used to compute changes in the equivalent uniform dose (EUD) and
tumor control probability (TCP) due to prolonged delivery time of IMRT as compared with conventional EBRT.
EUD and TCP calculations were also evaluated for a wide range of radiosensitivity parameters. The effects of
fraction delivery times ranging from 0 to 45 min on cell killing were studied.
Results: Our calculations indicate that fraction delivery times in the range of 15–45 min may significantly
decrease cell killing. For a prescription dose of 81 Gy in 1.8 Gy fractions, the EUD for prostate cancer decreases
from 78 Gy for a conventional EBRT to 69 Gy for an IMRT with a fraction delivery time of 30 min. The values
of EUD are sensitive to the �/� ratio, the repair half-time, and the fraction delivery time. The instantaneous
dose-rate, beam-on time, number of leaf shapes (segments), and leaf-sequencing patterns given the same overall
fraction delivery time were found to have negligible effect on cell killing.
Conclusions: The total time to deliver a single fraction may have a significant impact on IMRT treatment
outcome for tumors with a low �/� ratio and a short repair half-time, such as prostate cancer. These effects, if
confirmed by clinical studies, should be considered in designing IMRT treatments. © 2003 Elsevier Inc.
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INTRODUCTION

Intensity-modulated radiation therapy (IMRT) is a tech-
nique of radiation delivery developed to improve target dose
conformity and normal tissue sparing (1–4). IMRT delivers
dose, either dynamically or statically (e.g., step-and-shoot),
using many beam apertures (segments) that are shaped with
multileaf collimator (MLC) (1, 4, 5). Whereas conventional
external beam radiotherapy (EBRT) takes about 2–5 min to
deliver a treatment fraction, IMRT with static delivery typ-
ically requires 15 to 45 min to deliver the same fractional
dose. Cell killing tends to decrease with increasing fraction
delivery time because of sublethal damage repair. To our
knowledge, very few studies have been published to date
that characterize the impact of IMRT delivery time on local

tumor control (e.g., 6–8). Calculations using biologic mod-
els show that, for a decrease in dose-rate from 1 to 0.1
Gy/min, the biologically effective dose (BED) to the tumor
may be reduced by 10% or more (6–8). Very recently,
Morganet al. (9) have conducted anin vitro experiment to
explore the impact of fraction delivery time on cell survival.
They reported that the cell-surviving fraction for a fraction
delivery time of 20 min was significantly higher than that
for 2–6 min. More detailed and systematic studies on the
impact of the prolonged IMRT delivery time are required.

The linear-quadratic (LQ) model has been widely used to
describe cell killing for radiation therapy applications. The
quadratic term in the LQ model reflects a cell’s capability to
repair sublethal damage. When fraction delivery times are

Reprint requests to: X. Allen Li, Ph.D., Department of Radiation
Oncology, University of Maryland, 22 South Greene Street, Bal-
timore, MD 21201-1595. Tel: (410) 328-7165; Fax: (410) 328-
2618; E-mail: ali001@umaryland.edu
Acknowledgments—The authors would like to thank Drs. William

F. Morgan and M. Guerrero of the University of Maryland for their
valuable inputs on this study.

Received Oct 29, 2002, and in revised form Apr 2, 2003.
Accepted for publication Apr 11, 2003.

Int. J. Radiation Oncology Biol. Phys., Vol. 57, No. 2, pp. 543–552, 2003
Copyright © 2003 Elsevier Inc.

Printed in the USA. All rights reserved
0360-3016/03/$–see front matter

543



comparable to or longer than the half-time for repair, de-
creases in cell killing due to sublethal damage repair may
significantly reduce overall treatment effectiveness. For hu-
man tumor cells, the characteristic repair half-time ranges
from a few minutes to several hours (10–12). In a review
article, Steel et al. (10) pointed out that the repair time for
many tumors appears different when measured from a split-
dose experiment vs. a low-dose-rate (LDR) exposure. They
attributed this difference to the presence of two or more
repair components. Others have confirmed that nonexpo-
nential or multi-exponential sublethal damage repair kinet-
ics are involved in cell killing (13–17). In split-dose survival
experiments, the fast and slow rates of sublethal damage
repair kinetics can be reasonably approximated by a single
(average) first-order repair term. In LDR 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 com-
ponent is important, and the slow repair component usually
has little impact on cell killing. Brenner and Hall (11) have
compiled in vitro data on the repair half-times of human
cancer cell lines under LDR exposure conditions. They have
found that the most probable repair half-time is approxi-
mately 20 min. For prostate cancer, Wang et al. (18) used
clinical data to derive a repair half-time of 16 min with a
standard (68%) confidence interval from 0 to 90 min. Repair
half-times such as these are comparable to the fraction
delivery times typically found in IMRT. Consequently, cell
killing may be affected by fraction delivery times found in
some IMRT treatment plans.

In the LQ formalism, dose rate effects are included by
applying a so-called dose protraction factor to the quadratic
term (i.e. �D2). This dose protraction factor G depends on the
characteristic repair rate of sublethal damage. The �/� ratio is
an indicator of the relative importance of the linear and qua-
dratic terms. Empiric observations suggest that the importance
of repair effects usually increases as the �/� ratio decreases.
Very recently, the value of �/� for prostate cancer has become
a highly debated topic, with evidence demonstrating that �/�
may be much lower than that is normally suggested for tumors
(18–21). The �/� ratio recently published in the literatures
ranges from 1.2 Gy to 3.1 Gy (18–21).

In addition, dose-rate effects in IMRT treatment plans
would be expected to make cell killing more nonuniform
over the planning target volume than the dose distribution
would indicate. Different tumor regions/voxels may expe-
rience different dose-time patterns during an IMRT deliv-
ery. This difference may result in fairly different BED and
may generate cold spots within the target, which, in turn,
may diminish the tumor control probability (TCP).

In this study, we have investigated the impact of fraction
delivery time on equivalent uniform dose (EUD) and TCP
using the LQ formalism. A series of simulated and clinical
IMRT plans with different fraction delivery times were
evaluated in terms of EUD and TCP using the LQ param-
eters derived from compiled clinical data for prostate can-
cer. To study the dependence of EUD and TCP values on

model parameters, calculations for a range of radiosensitiv-
ity parameters were also carried out. The influence of in-
stantaneous dose-rate, beam-on time, number of segments,
and leaf-sequencing pattern was considered in this study.
The effects of fraction delivery times in the range of 0 to 45
min on cell killing/tumor control are presented.

METHODS AND MATERIALS

Dose protraction factor in LQ model
The general LQ model, extended to include the effects of

dose rate, repair of sublethal damage, and clonogen prolif-
eration (22–24), was used in this study. In this model, the
surviving fraction S of cells irradiated to a total dose D
within an overall treatment time T is given by

S � e�E, (1)

E � �D � �GD2 � �T, (2)

where � and � characterize intrinsic radiosensitivity, G is the
dose protraction factor, and � is the effective tumor-cell re-
population rate [� � ln (2)/Td, where Td is the effective
tumor-potential doubling time]. The quantity E is the effective
yield of lethal DNA damage per cell (i.e., the yield of lethal
DNA damage taking into account repopulation effects).

The dose protraction factor G accounts for sublethal
damage repair that occurs during fraction delivery as well as
between fractions. The general form for G as a function of
treatment time t is (11, 25)

G�t� �
2

D2 �
0

t

dwI�w��
0

w

dvI�v�e���w�v�, (3)

where I(t) is the dose-rate function, � is the repair rate of tumor
cells [� � ln(2)/Tr, where Tr is the repair half-time]. For acute
exposure conditions (e.g., high dose-rates), G approaches
unity. Conversely, G approaches zero for protracted exposure
conditions (i.e., in the limit as the dose rate approaches zero).
For the segmented fraction delivery schemes such as IMRT,
the temporal pattern of radiation delivery can be modeled as
I(t) � Ii, ti-1 � t � ti, where i � 1 to N, Ii is the dose rate of
the ith segment to the voxel in question, and N is the total
number of segments for the entire treatment course. Here we
treat the time interval between two consecutive segments with
nonzero dose also as a segment, with I � 0. In this case, G has
the following closed-form solution:

G �
2

�2D2 �
i�1

N

Ii� Ii���ti � ti�1� � �1 � e���ti�ti�1���

� �
j�1

i�1

Ij�e�tj � e�tj�1��e��ti�1 � e��ti�� , (4)
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where i and j are the summation indices over all dose
segments.

Prostate cancer was selected as an example to demon-
strate the calculation. Except where explicitly noted other-
wise, all of the reported results are based on the LQ param-
eters of prostate cancer reported by Wang et al.: � � 0.15
Gy�1, �/� � 3.1 Gy, Tr � 16 min (18). This set of LQ
parameters provides realistic estimates of the radiosensitiv-
ity and the number of clonogens for prostate cancer (18).
The effect of tumor repopulation is ignored in the EUD
calculation because we assume the EUD is delivered in
similar overall treatment time. In TCP calculations, the
effects of tumor repopulation need to be considered even
when the growth fraction is small (see discussion in Ref.
18). For prostate cancer, a median potential doubling time
of Td � 42 days is used for all of the reported studies (18,
26). For other tumors, the following representative LQ
parameters are used for the EUD calculations: � � 0.4
Gy�1, �/� � 10 Gy, Tr � 20 min (11, 27).

EUD and TCP
The EUD concept was originally proposed by Niemierko

(28) for EBRT. It is defined as the equivalent dose that, if
distributed uniformly across the tumor volume, will lead to
the same level of cell killing as a nonuniform dose distri-
bution. The EUD provides a means to evaluate the effec-
tiveness of rival IMRT plans. The EUD used in this study is
defined relative to an EBRT delivered as a series of 2 Gy
fractions (d � 2 Gy) (29). A fraction delivery time of 2 min
is used for the reference EBRT treatment. For the general-
ized LQ cell survival model, the EUD is given by (29)

EUD �
� log�S�

� � �d
. (5)

To account for dose heterogeneity, the surviving fraction S
was calculated based on dose–volume histogram (DVH) by

S � �
k

vkS�Dk�, (6)

where 	k is the fractional volume of dose bin Dk in the
DVH. The density of tumor clonogens throughout the tumor
is presumed constant (see a typical value for prostate tumors
at the end of this subsection).

The EUD provides a useful means for comparing the
overall effectiveness of rival treatment plans. To help iden-
tify potential cold spots in the treatment plan, it is also
useful to have a voxel-by-voxel indicator of treatment ef-
fectiveness. EUDi is used to represent the equivalent dose
for the ith voxel delivered in the specified method. For a
given voxel, the spatial and temporal pattern of radiation
delivery should be very nearly the same throughout the
entire voxel. A typical voxel size can be as large as a cube
of 0.5 cm by 0.5 cm by 0.5 cm.

TCP is often used as an alternate or supplemental indi-
cator of treatment outcome. The often-used Poisson TCP

model relates the surviving fraction S to the probability that
all tumor cells are eradicated, i.e. (30, 31)

TCP � e�KS, (7)

where K is the number of tumor clonogens. The intermedi-
ate-risk group of prostate cancer was selected as an example
of patient groups for analysis. This risk group is defined to
possess one and only one of the following presentations:
Prostate-specific antigen �10 ng/mL, Gleason score �6,
and in stage T2c or higher. All of the studies reported in this
work are based on 3.0 	 106 tumor cells, which was found
to be appropriate for the intermediate-risk patient group
(18).

Impact of fraction delivery time
A typical IMRT treatment plan comprises 5–9 fields

(beam orientations) which is typically higher than the num-
ber of fields employed in conventional EBRT, and each field
contains about 20–40 segments. This results in over 100
total segments for the IMRT plan. When this IMRT is
delivered in the step-and-shoot mode, it will take a pro-
longed time. This is because a period of 0.5–1 min is
required to adjust the gantry and couch for each field, and
usually, there is also a delay of a few seconds when the
MLC leaves move from one segment (defining the previous
field shape) to the next segment (defining the next field
shape). Furthermore, IMRT treatments must use additional
monitor units (MU) (about 10 times as many) than conven-
tional EBRT treatments because of the segmented delivery
pattern in which small portions of the tumor are irradiated at
any given time. As a result of all the above factors, the total
fraction delivery time for IMRT plans may be prolonged to
15–45 min. In comparison, the typical beam-on time and
the fraction delivery time for conventional EBRT are ap-
proximately 1–2 and 2–5 min, respectively. The beam-on
time is defined as the summation of segments that contribute
nonzero dose to the voxel of interest.

To help quantify how different aspects of IMRT dose
delivery may impact treatment effectiveness, we modeled
the temporal pattern of fraction delivery in three stages.
First, the EUD and TCP were calculated as a function of
total fraction delivery time (simple IMRT dose delivery
model). Sensitivity studies were conducted to examine how
the predicted EUD and TCP values are affected by intrinsic
radiosensitivity (�/� ratio) and the repair half-time for sub-
lethal damage. Second, EUD calculations were performed
for a series of simulated IMRT plans. In this series of
studies, we examined the effects of the number and distri-
bution of IMRT segments, the beam-on time, and the total
fraction delivery time. In a third series of calculations, an
IMRT dose distribution for a prostate patient case treated at
our institution was used to validate the above calculations.

(1) Simple IMRT fraction delivery model. To study the
effects of protracted fraction delivery, we first used a sim-
plified IMRT fraction delivery model. In this simplified
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IMRT fraction delivery model, each fraction is delivered at
constant dose rate I0 during in time interval t. With this
model, we were able to study the cell-killing efficiency as a
function of the delivery time t, the tumor �/� ratio, or the
repair half-time Tr. The software AutoEUD described in a
previous paper (29) was used to calculate the EUD and
TCP. A representative DVH obtained from conventional
EBRT (Fig. 1 of Ref. 29) was used to account for dose
inhomogeneity for both conventional EBRT and IMRT
plans. It is well known that the 3-D dose distribution gen-
erated by IMRT is generally less homogeneous than that of
conventional EBRT. A calculation using a typical IMRT
DVH instead of the EBRT DVH was performed. The result
shows little difference between the EUD and TCP values
obtained with the two DVHs. This justifies the use of the
single DVH for the rest of the calculations. Calculations
were carried out for a prescription dose of 81 Gy with
fraction size of 1.8 Gy.

(2) Influence of segment number. In an IMRT plan, a
large number of segments are normally used. The number of
segments can range from 50 to more than 200. In the above
calculation with the simple dose protraction model, the
effect of segment numbers was ignored. To take into ac-
count this effect, we assume each fraction is divided into n
segments with a fixed dose rate of 1 Gy/min for each
segment. For simplicity, the n segments are assumed to
distribute uniformly within the delivery time t0. By varying
n, we can identify any influence from the segmentation of
fractions. Figure 1 shows an IMRT plan of four different
segmentation patterns delivering 1.8 Gy per fraction. The

number of segments was 6, 12, 24, and 36 respectively.
These segments were distributed uniformly within a deliv-
ery time of 30 min. The dose per segment varies inversely
with the total number of segments. Based on these dose-
time patterns, the values of EUD were calculated.

(3) Simulation of IMRT treatment plans. The above calcu-
lation considered a fixed dose rate. For a realistic IMRT
delivery, the instantaneous dose rate in each voxel is a function
of time. That is, the pattern of radiation delivery in each voxel
may be very different in both time and space. The fraction
delivery time, the number of segments that contribute nonzero
dose to the voxel, and the delivered dose to the voxel by each
segment may also be quite different. We used the simulations
to investigate the potential impact that these phenomena may
have on IMRT treatment effectiveness.

For a given voxel, first we randomly pick a number n for the
segments with nonzero dose in a range [N1, N2], where N1, N2

are the lower and upper limits of the number of the nonzero
dose segments, respectively. Second, we assign a dose rate Ii

for the ith segment according to a uniform dose-rate distribu-
tion in [0.5, 1.5] 	 I� (where I� is the mean dose rate in Gy/min).
Third, we determine the duration pi and the interval qi (the time
interval between the ith and (i 
 1)th segments) for the ith
segment according to Gaussian distributions (p� � d0 /(I� � n), 
p

� p�/2; q� � (t0 � np�)/n, 
q � q�/2, where p� and 
p are the mean
value and standard deviation of the segment duration respec-
tively, q� and 
q are the mean value and standard deviation of
the segment intervals respectively, d0 is the prescribed dose per
fraction, and t0 is the total delivery time for each fraction.
Finally, the dose rate is normalized to ensure a total dose of 1.8

Fig. 1. Four IMRT fraction delivery patterns in a voxel. The 1.8 Gy fractional dose is delivered in 30 min by 6, 12, 24,
or 36 segments. Note that the dose per segment varies inversely with the number of total segments. This is represented
by the width of the bars in the plots.
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Gy delivered for each fraction. The dose-time patterns gener-
ated following the above method for 9 voxels are displayed in
Fig. 2. The corresponding values of EUD were calculated.

(4) Clinical IMRT plan. A realistic IMRT plan generated
for a prostate cancer case was used to study the overall
effects identified in the above calculations. The IMRT plan
consists of five fields with each field containing 35–45
segments (total 195 segments). The prescription dose was
81 Gy with 1.8 Gy per fraction. The voxel size was 0.5 cm
	 0.5 cm 	 0.3 cm, which was small enough to ensure
similar dose-time pattern throughout the entire voxel. A
total of 96 voxels within a volume of 2 cm 	 2 cm 	 1.8
cm in part of the target were selected for this calculation.
The dose-time distributions in nine randomly selected vox-
els are presented in Fig. 3. A clear picture of the five fields
can be seen from these dose-time patterns.

The distributions of the actual fraction dose delivered,
delivery time, and beam-on time for the 96 voxels are
shown as histograms in Fig. 4. The fraction dose delivered
distributes from 1.6 Gy to 2.0 Gy, with a mean value of 1.8
Gy. The actual fraction delivery time is similar for all 96
voxels (around 27–28 min). The beam-on time is in the
range of 2.2 to 3.0 min.

RESULTS

Effects of dose protraction
Figure 5 shows the EUD and TCP values calculated for

the simplified IMRT plans as a function of the fraction
delivery time. All calculations are based on the generalized

LQ parameters for prostate cancer (� � 0.15 Gy�1, �/� �
3.1 Gy, and a 16-min repair half-time) (18). The prescrip-
tion dose is 81 Gy with fraction size of 1.8 Gy (45 frac-
tions). The intermediate-risk patient group was selected for
the TCP calculation. The calculations shown in Fig. 5
clearly demonstrate that both the EUD and TCP decrease
with increasing fraction delivery time. When the delivery
time increases from 2–5 min (conventional EBRT) to 30
min (typical IMRT), the EUD for prostate cancer decreases
from 78 Gy to 69 Gy (a reduction of 12%), and the TCP
decreases from 95% to 73%. A reduction in the EUD or
TCP of this magnitude may be clinically significant. For a
given prescription dose, these predictions suggest that the
static IMRT (e.g., step-and-shoot IMRT), as currently prac-
ticed, is less effective at local tumor control than conven-
tional EBRT or dynamic IMRT. The prescription dose for
static IMRT (either dose per fraction or the number of
fractions) may need to be higher than the prescription dose
for either conventional EBRT or dynamic IMRT to account
for their differences in fraction delivery times. For prostate
cancer, the total dose may need to be escalated by as much
as 5 to 12 Gy (for 15 to 45 min fraction delivery times), as
demonstrated in Fig. 5.

Figure 6 shows how the calculated EUD depends on
intrinsic radiosensitivity (�/� ratio) and the repair half-time
Tr. The dashed and solid curves are for delivery times of 2
and 30 min, respectively. The EUD is very sensitive to the
�/� ratio. A lower �/� ratio, such as 1.5 Gy reported for
prostate cancer by several investigators (19–21), leads to an
even lower EUD (64 Gy) for a 30-min delivery time. The

Fig. 2. Simulated segment distributions. Plots (a)–(i) represent the dose-time patterns for nine individual voxels. The
variable n represents the number of segments that contribute nonzero dose to the voxel. The dose per fraction is 1.8 Gy.
The fraction delivery time is 30 min.
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effects of the delivery time decrease as the �/� ratio or the
repair half-time of sublethal damage increases. For an
IMRT with a delivery time of 45 min, the EUD is reduced
by 3.5 Gy as compared to the conventional EBRT treatment
even if the half-time for repair is 1 h. For such a situation,
a dose escalation of about 3.5 Gy may be needed to com-
pensate for the dose protraction effect.

Figure 7 shows the EUD calculation using the LQ pa-
rameters that are often considered typical for many tumors
(i.e., � � 0.4 Gy�1, �/� � 10 Gy, Tr � 20 min) (11, 27).
Because the �/� ratio is large, the influence of dose pro-
traction is small. However, the results shown in Fig. 7
suggest that an additional 2 to 4 Gy overall may still be
needed to correct the dose protraction effect. When the

repair half-time increases over 1 h, this dose protraction
effect becomes negligible.

Influence of segment number
EUD was calculated for simulated IMRT prostate plans

with varying number of segments. Figure 8 shows the EUD
values as a function of the number of segments with the
same overall fraction delivery time. A prescription dose of
81 Gy and a fraction size of 1.8 Gy were assumed. The
delivery time was assumed to be 30 min. The EUD quickly
approaches an asymptotic value of 68.3 Gy when the num-
ber of segments becomes larger than 10. This EUD value is
consistent with the general results presented in Fig. 5. These
calculations suggest that, for a given IMRT fraction delivery

Fig. 3. Clinical IMRT plan: dose-time patterns in nine individual voxels [plots (a)–(i)] within the target for a prostate
patient case. The fraction of 1.8 Gy was delivered with a delivery time of 33 min.

Fig. 4. Clinical IMRT plan: histograms of (a) delivered dose, (b) beam-on time, and (c) delivery time per fraction for
96 voxels within the prostate target.
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time, the number of segments has little impact on cell
killing. The present observation on the effect of segment
number is similar to that observed in animal experiments
using pulsed-dose-rate (PDR) brachytherapy. Armour et al.
(32) have reported that for late rat rectal injury, there is no
distinguishable difference among dose responses in various
PDR with pulse sizes up to 1.5 Gy.

Simulation of IMRT
Following the simulation procedure described in the

“Methods and Materials” section, we have generated
dose-time distributions for 1000 voxels. The dose-time
pattern in each voxel was similar to those presented in
Fig. 2. A time of 30 min was assumed for the fraction
delivery, but the actual fraction delivery time might vary
from voxel to voxel. The EUD calculations are based on

a prescription dose of 81 Gy (1.8 Gy fractions). Figure 9
shows a scatter plot of EUD values in these 1000 voxels
vs. the delivery time. The mean EUD in voxel is approx-
imately 69 Gy with a standard deviation of 0.6 Gy. This
figure clearly indicates that the EUD for a given voxel is
mainly determined by the fraction delivery time for the
voxel. The EUD is almost independent of the instanta-
neous dose rate, the beam-on time, and the number, size,
and distribution of segments.

Clinical IMRT plan
Similar analysis has been performed for the clinical

IMRT prostate case. The EUD values for the selected 96
voxels in the target were calculated. Figure 10 shows the
scatter plots of these EUDs vs. the delivered dose per
fraction. Results are shown for all 96 voxels. Because the

Fig. 5. (a) Equivalent uniform dose (EUD) and (b) tumor control probability (TCP) for an intermediate-risk patient group
as a function of IMRT fraction delivery time for prostate cancer. The prescription dose is 81 Gy in 1.8 Gy fractions.
Except where explicitly noted otherwise, the following LQ parameters were used in this study: � � 0.15 Gy�1, �/� �
3.1 Gy, Tr � 16 min, and clonogen number K � 3.0 	 106 (18).

Fig. 6. EUD as a function of (a) �/� ratio and (b) repair half-time Tr for prostate cancer. The prescription dose is 81
Gy in 1.8 Gy fractions. The LQ parameters of Wang et al. (18) were used except for the �/� ratio in plot (a) and the
repair half-time Tr in plot (b), where they are free parameters, respectively. The fraction delivery time is 2 min (dashed
curve) and 30 min (solid curve), respectively.
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delivery time is approximately 28 min for most voxels, the
EUD for voxels with 1.8 Gy fraction dose is about 68.5 Gy
regardless of any differences in the dose-time patterns
among these voxels. Again it is consistent with the general
results shown in Fig. 5. The calculations for this clinical
case provide additional support for the hypothesis that frac-
tion delivery times may impact EUD and TCP. Given the
same overall fraction delivery time, the effects of instanta-
neous dose rate, beam-on time, and the number, size, and
distribution of segments can be reasonably neglected in
IMRT treatment planning.

CONCLUSIONS AND DISCUSSION

The potential impact that fraction delivery time has on
local tumor control has been studied using the LQ formal-
ism and the radiosensitivity parameters derived from clini-
cal data for prostate cancer. The modeling studies predict
that the time to deliver a fraction using static IMRT may

decrease the EUD and TCP. Tumors with a low �/� ratio
and a short half-time for sublethal damage repair, such as
prostate cancer, will likely be more sensitive to fraction
delivery time than tumors with larger �/� ratios and/or
longer repair half-times. These effects, if confirmed by
clinical studies, should be considered in designing IMRT
plans.

Several different approaches could be used to negate the
decreases in tumor-cell killing associated with increasing
fraction delivery times. For example, if technology permits,
one could use dynamic, instead of static (step-and-shoot)
IMRT to shorten the fraction delivery time. Dynamic IMRT
has been shown to result in 2–2.5 times less total delivery
time compared with static IMRT (33). An example of dy-
namic IMRT is intensity-modulated arc therapy (IMAT). It
has been shown that a typical IMAT treatment can be
delivered in equal or less time as compared with conven-
tional treatments (34, 35).

Another way to reduce IMRT delivery time is to optimize

Fig. 7. EUD as a function of (a) fraction delivery time and (b) repair half-time Tr for typical tumors. The prescription
dose is 81 Gy in 1.8 Gy fractions. The LQ parameters used are as follows: � � 0.4 Gy�1, �/� � 10 Gy, Tr � 20 min
(11, 27). In plot (b), the repair half-time Tr is a free parameter. The fraction delivery time is 2 min (dashed curve) and
30 min (solid curve) respectively.

Fig. 8. EUD vs. the number of IMRT segments for prostate cancer.
The prescription dose is 81 Gy in 1.8 Gy fractions. The fraction
delivery time is 30 min.

Fig. 9. Scatter plots of EUD in voxel vs. delivery time per fraction
for 1000 voxels simulated. The prescription dose is 81 Gy in 1.8
Gy fractions.
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the leaf sequencing and reduce the number of segments (3, 36,
37). New inverse planning algorithms that use fewer segments
while not sacrificing too much on dose uniformity and confor-
mity are being developed (36, 37). An example of such algo-
rithms is the direct aperture optimization (DAO) method. The
IMRT plans generated by DAO can be delivered within 10 min
using step-and-shoot technology (37).

Our results suggest that if IMRT with a delivery time
longer than 10–15 min is employed, the prescription dose
may have to be increased to compensate for the reduction in
cell killing due to the increased sublethal damage repair.

The prescription dose can be escalated by increasing frac-
tional dose and/or by increasing the number of fractions.

It has been argued that hypofractionation may be preferred
for tumors with low �/� ratio (38). Increased effectiveness of
hypofractionation for prostate cancer has been shown in a
calculation based on radiosensitivity parameters derived from
clinical data (29). A clinical study on hypofractionated IMRT
that delivers 70 Gy at 2.5 Gy per fraction has shown a com-
parable biochemical relapse profile with the three-dimensional
conformal radiotherapy of 78 Gy in 2.0 Gy fractions, but with
more favorable late rectal toxicity profile (39). The IMRT dose
was delivered using a dynamic MLC in this study.

The present study focuses on local tumor control. In
contrast to tumor control, the prolonged fraction delivery
time may have a positive impact on normal tissue sparing
because more time is available for sublethal damage repair.
There is clinical evidence and in vitro data (40–43) show-
ing that the normal tissues, such as rectum, may possess a
much longer repair half-time than tumor cells. Therefore,
the fraction delivery time should have less impact on the
normal tissue based on this study. With the improved nor-
mal tissue sparing of IMRT, it may be possible to substan-
tially improve the overall treatment outcome by reducing
the fraction delivery time.

The results generated in this study may be limited by the
approximations used in the models and by the lack of more
reliable model parameters. Dose inhomogeneity was con-
sidered with a representative DVH for both conventional
EBRT and IMRT. Both intra- and intertumor variations
were ignored. Caution needs to be exercised in using the
presented data for clinical decision-making purpose.
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