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Fig. 1. Trajectory of a marker near a lung tumor in a patient with
lung cancer before and after four-dimensional setup. Each spot
corresponds to the position of the marker as detected by the
real-time tumor-tracking radiotherapy system. In this case, Point P
and the gating window (box) were set at the isocenter with 2 mm
isotropical “permitted dislocation” from Point P. The actual posi-
tion of the marker at the end of expiration, Point A, in the
trajectory of the marker is adjusted to Point P by moving the
treatment couch. The x, y, and z are consistent with the right-left,
craniocaudal, and anteroposterior directions, respectively.

tween markers are measured to rule out the possibility of the
migration of the markers. The 3D coordinates of the marker that is
closest to the tumor are automatically detected 30 times per second
by using a real-time pattern-recognition algorithm in which image
processors compare the digitized image and the template image of
a metallic marker to detect the location of the marker (6). The
coordinates of the center of the gold marker were determined using
a 16 X 16 pixel image template of the marker. The accuracy of the
measurement was estimated to be 0.5 = 0.2 mm in phantom
experiments (4).

In our protocol for lung cancer using the 4D setup, the following
steps are involved.

1. After the insertion of the fiducial markers, a multidetector CT
is taken as the patient holds his or her breath at the end of
expiration, where a previous study of ours found that gating
efficiency is highest (7). Transaxial reconstructed CT with a
slice thickness of 1 mm is used for treatment planning. Three-
dimensional conformal radiotherapy is planned on a 3D radi-
ation treatment planning system. The fiducial marker is con-
toured on the 3D radiation treatment planning system, and its
coordinates relative to the isocenter are transferred to the 4D
setup system in the RTRT system. The planned coordinates of
the fiducial marker relative to the isocenter are visually dem-~
onstrated in a room’s-eye view on a display of the 4D setup
system as Point P in Fig. 1. The x, y, and z axes correspond to
the right-left (RL), craniocaudal (CC), and anteroposterior
(AP) directions, respectively. The size of the gating window
around Point P can be determined anisotropically in the RL,
CC, and AP directions and visualized as a box in the room’s-
eye view on the display (Fig. 1). In our protocol for lung
tumors, the gating window is selected to be isotropic +2.0 mm
for the RL, CC, and AP directions.

2. The RTRT system records the coordinates of the internal
fiducial marker for 1 to 2 min at the rate of 30 times per second
before the start of treatment. The recorded 3D coordinates of
the internal marker are visually demonstrated as the trajectory
of the marker in the room’s-eye view on a display of the 4D
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setup system (Fig. 1). Each spot in Fig. 1 corresponds to the
coordinates of the marker as detected by the RTRT system 30
times per second.

3. The operator can determine which part of the trajectory is to be
used for gating, as follows. One can select the actual coordi-
nates of the marker in the trajectory (Point A). This point can
be selected so as to maximize the gating efficiency according
to computer guidance. The selected Point A is usually near the
end of the expiration phase or near the maximum CC coordi-
nates (the most cranial position) in the trajectory. If the se-
lected point is not near the end of the expiration phase, one can
change the position of Point A to be compatible with the point
at the end of the expiration phase that was used in the CT
planning.

4. Tn daily radiotherapy, patients are first positioned on the treat-
ment couch with the use of skin markers and lasers in the
treatment room.

5. For 1 to 2 min, the coordinates of the fiducial marker, or 3D
trajectory, are recorded using the 4D setup system before daily
irradiation. This trajectory usuaily has some interfractional
deviation, so the operator needs to determine every day which
part of the trajectory, or Point A, would be compatible with the
trajectory in the 4D setup system recorded in Steps 1 to 4,
according to computer guidance.

6. The table position is shifted by adjusting Point A in the
trajectory to the planned position of the marker, Point P, which
has been determined in 3D conformal radiotherapy.

7. Real-time tumor-tracking radiotherapy is started using the gat-
ing window around Point P. A therapeutic beam is delivered
only when the actual position of the marker is within the gating
window or within the permitted distance from Point P, as we
have reported (1, 4, 6). The linac is enabled during the period
that the fiducial marker is within the gating window and
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Fig. 2. (a) Absolute amplitude determined from the time signal of
the tumor motion in x, ¥, and z directions. The absolute amplitudes
of marker movement were defined as the distance between the
maximum and minimum coordinates along each of the axes (x, y,
and z) in each log file. (b) Speed of the marker determined from the
trajectory of the marker. (c) Efficiency of irradiation determined
from the trajectory of the marker and the gating window. We
estimated the maximum possible efficiency achieved for each
patient with a +2 mm gating window for the right-left, craniocau-
dal, and anteroposterior directions.



4DRT @ H. SHIRATO ef al. 1231

unenabled when the marker is out of the gating window with
the delay of 0.05 s.

Amplitude and speed of the tumor motion

The following study was performed using the data gathered in
21 patients in the 4D setup. The patients were treated with 1 to 8
fractions each for their peripheral lung tumors. The patients were
examined with the 4D setup using the RTRT system for 5 days in
2 patients, 4 days in 7 patients, 3 days in 2, 2 days in 6, and 1 day
in 4. In total, 60 treatment days, or 3 treatment days on average for
each patient, were used for the analysis. The reason why 4D setup
was not performed in some treatments was that the researcher was
absent on that day; there was no intentional withdrawal of data.

The length of the Jog file for each 4D setup ranged from 60.8 to
412.1 s, with a mean of 136.4 s. The absolute amplitudes of marker
movement were defined as the distance between the maximum and
minimum coordinates along each of the axes (x, y, and z) in each
log file (Fig. 2a). This definition of absolute amplitude is different
from the definition of amplitude in our previous paper, where
amplitude was determined as the parameter in a fitting curve
assuming sinusoidal respiratory motion (7, 8). Variations in am-
plitude among patients and also among treatment days for the same
patient were examined. The speed of the marker in a 3D trajectory
can be determined by dividing the distance between two points by
the fluoroscopic imaging pulse sequence of 1/30 s (Fig. 2b). The
maximumn, minimum, and median speeds of the marker in each log
file were examined for each of 60 treatment days in 21 patients.
Because RTRT is one type of gating irradiation, it is crucial to
estimate the efficiency of therapeutic beam delivery during each
treatment session. The 4D setup system can estimate the efficiency

of gated irradiation at Point P at a predetermined gating window
(Fig. 2c).

In this study, we estimated the maximum possible efficiency
achieved for a patient with a =2 mm gating window for the RL, CC,
and AP directions. The actual treatment time using the +2 mm gating
window was recorded in 18 of the 21 patients and compared with
the prediction in the 4D setup. The number of readjustments on the
treatment couch needed per treatment was recorded in 6 recent
patients to figure out the practical effect of baseline shifting and
the importance of fine on-line remote control of the treatment
couch.

RESULTS

The absolute amplitudes of the trajectories in the x, y, and
z directions in 21 patients are shown in Table 1. When the
4D setup data for multiple treatments were available, the
absolute amplitude was averaged. In 60 absolute amplitudes
along the RL, CC, and AP directions in 21 patients, the number
of average absolute amplitudes longer than 10 mm-—at which
length we found, in a previous study, that gating allowed a
meaningful reduction in safety margins (9)—was 20 (33%)
(Table 1). The standard deviation of the absolute amplitude
was larger than 5 mm in 14 (23%) of 60 (Table 1).

The absolute amplitudes of the trajectories in the x, y, and
z directions for 60 treatments in the 21 patients are shown in
Fig. 3. When the 4D setup was used several times in the
same patient, multiple spots were plotted vertically for that
same patient in Fig. 3. Figure 3 shows that the absolute

Table 1. Absolute amplitude and speed of the internal fiducial marker detected in 4D setup system. Average and standard deviation are
shown for patients for whom 4D setup was used at least twice. The average at “Total” was calculated as (the sum of the average of
each patient)/(number of patients). The standard deviation at Total was for the average of each patient.

4D setup used

Average absolute amplitude (mm)

Average speed (mm/s)

during
Patient no. irradiation Right-left Craniocaudal Anteroposterior Max. Median * Min.
1 4 47+12 47 +20 53+26 113 +37 82=x 1.1 6.6 £0.7
2 5 48+ 0.5 42*09 55=*08 43.6 + 3.6 23.7£0.8 16.2 = 0.6
3 4 8072 17.3 £ 11.0 7.1+22 247 = 8.2 108 =04 6.2+04
4 1 2.6 3 44 11.6 7.6 5
5 2 816 8423 117 +03 36 £ 04 10.8 2.0 103+ 1.0
6 2 6.9 6.1 15.1 = 13.8 11.2 £ 0.0 28.8 02 143 +32 93=x12
7 2 29+ 16 42+23 44 =17 8323 5%02 3905
8 1 9.5 13.1 13.7 36.1 26.8 9.1
9 2 2243 107 £ 1.7 52x52 8.5*03 5904 4.6 £ 0.6
10 4 62*25 17.8 = 10.1 62*+29 115+ 39 71+14 4.8 07
11 4 3403 3606 3803 102 *+0.8 74 £04 604
12 1 6.4 8.6 5.8 27.6 23.3 18.7
13 4 17.6 £ 99 28+32 28.4 + 6.4 543 =319 9.7+04 412
14 2 104 + 10.1 9.9+ 85 804 23.6+0.3 125 £ 06 6+0.3
15 5 3914 57x13 32207 6.6 = 0.6 55+x04 43+ 0.6
16 1 6 3.6 2.9 10 7.6 6.1
17 4 19.1 =37 159 +£77 16 =55 436+ 114 23.7+04 16.2 = 2.8
18 2 246 =175 183£172 19+ 6.6 72.6 = 22.5 13.5+89 72+62
19 3 8326 21443 115 %31 113 %35 6.9+05 5108
20 3 7.4 +0.8 21+02 24+0.8 8302 6.6 =03 54+05
21 4 g+ 11 8406 117+ 15 12.6 = 3.4 74 *+36 4+22
Total 60 82*6.5 10.7 = 8.6 88+170 21.1 £ 189 99 54 6.6+ 3.6

Abbreviation: 4D = four-dimensional.
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Fig. 3. The absolute amplitudes of the trajectories in right-left, craniocaudal, and anteroposterior directions for 60
treatment days in 21 patients. When the four-dimensional setup was used several times in the same patient, multiple
spots were plotted vertically for that same patient. AP = anteroposterior; CC = craniocaudal; R-L = right-left.

amplitude of the marker varied considerably from patient to
patient and among treatment days for the same patient. In
RTRT, this variation of the absolute amplitude does not
worsen the accuracy of the treatment, because the therapeu-
tic beam is delivered only when the marker is within the
gating window. However, the larger the absolute amplitude,
the longer treatment time tends to be, because the size of the
gating window is the same every day.

Some degree of interfractional change in the 3D trajec-
tory of the marker was seen in all patients (Fig. 4). Figure 4
shows typical interfractional and intrafractional changes in

(a)Day 1

(b) Day 2

Fig. 4. Interfractional change between Days 1 and 2 in the three-
dimensional trajectory of the marker in a patient with lung cancer.
The gray box is the gating window. The dots are consistent with
the actual positions of the internal fiducial marker detected 30
times per second.

marker trajectory from Day 1 to Day 2 in the same patient
with lung cancer. Tt was apparent that the fluctuation of the
trajectory was not simple and changed in 3D.

Figure 5 shows the 3D coordinates of the marker at the
end of the exhalation and inhalation phases in one patient.
The phase in a respiratory cycle was determined by assum-
ing that the maximum and minimum y coordinates in that
cycle are consistent with the end of the exhalation and
inhalation phases, respectively. Intrafractional change in the
coordinates at the end of the inhalation phase was apparent.
In this patient, the marker positions at the end of the
exhalation phase had a smaller intrafractional variation than
those at the end of the inhalation phase.
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Fig. 5. Three-dimensional coordinates of the marker at the end of
exhale phase (blue) and inhale phase (red) in 1 patient.
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Max, Median, & Min speed (mm/s) in the trajectory
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Fig. 6. The maximum, minimum, and median speeds of the marker
for 60 treatment days in 21 patients are plotted in log scale.

Figure 6 shows the maximum, median, and minimum
speeds of the marker (log scale) for 60 treatment days in 21
patients. It was apparent that the median speed is closer to
the minimum than to the maximum speed in the majority of
patients, but the median speed is close to the maximum on
a few occasions. In 10 (16%) of the 60 treatments, the
maximum marker speed exceeded 33 mm/s, which has been
reported to be the average maximum leaf velocity at the
isocenter plane of the multileaf collimator by Wijesooriya et
al. (10). The highest average maximum speed in the present
study was 94 mm/s, whereas the average maximum speed of
the marker was more than 33 mm/s in 6 (29%) of 21 patients
(Table 1).

Figure 7 shows the maximum efficiency of the irradiation
achievable with the =2 mm gating window for the RL, CC,
and AP directions. The achievable efficiency varied consid-
erably among patients. Even in the same patient, the achiev-
able efficiency of the irradiation varied considerably among
treatment days. Figure 8 shows how the maximum achiev-
able efficiency changed with the size of the gating window
from *£2.0, 2.5, and 3.0 mm for Point A, which is determined
using 4D setup, and +£2.0, £3.0, and 4.0 mm for Point B,
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Fig. 7. The maximum efficiency of the irradiation achievable with
the *2 mm gating window for x, y, and z directions for 60
treatment days in 21 patients.
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Fig. 8. The relationship between the size of the gating window and the
maximum efficiency achievable in 1 patient. Point A is the maximum
efficiency achievable as predicted by the four-dimensional setup sys-
tem and examined at the gating window of +2.0, 2.5, and +3 mm.
Point B is a point arbitrarily determined by an operator without the
help of the system at the gating window of 2.0, =3.0, and
+4.0 mm.

which is arbitrarily determined, respectively. Higher gating
efficiency was predicted when we determined the Point A for
gating using the 4D setup system rather than when we
selected an arbitrary Point B without the help of this system.
The larger gating window would be needed for Point B to
achieve similar efficiency, so that normal tissue would be
irradiated more when we use Point B for gating rather than
Point A.

Table 2 shows the number of readjustments of the table
position needed as a result of the baseline shift of the marker
trajectory during RTRT in 6 patients. The achievable effi-
ciency of the gated radiotherapy was 62.4% * 19.0% pre-
dicted by the calculation of the 4D setup system if we used +2
mm for the gating window. The actual treatment time was
25 £ 13 min for 10.5 = 1.7 Gy. The actual efficiency was
grossly estimated as 28% (10.5 Gy in 7 min vs. 10.5 Gy in
25 min), assuming a dose rate of 1.5 Gy/min, the most
frequent rate of the linear accelerator in gating mode. The
number of readjustments needed during irradiation as a
result of a baseline shift of the tumor position in most
patients was 4.1 = 4.1 times per treatment day. One patient
needed 21 readjustments on his initial treatment day, be-
cause he had difficulty resting quietly on the treatment
couch.

DISCUSSION

Engelsman et al. assessed the impact of both setup errors
and respiration motion on the cumulative dose delivered to
a clinical target volume in the lung and found that system-
atic setup errors have a dominant effect on the cumulative
dose to the clinical target volume; random setup errors and
breathing motion have smaller effects (9). Accordingly,
they recommended minimizing systematic setup errors for
lung tumors in motion. Bony landmarks have been used as
surrogates for the setup of the lung tumor by comparing
megavoltage portal images with simulation film or digitally
reconstructed radiographs (11). Reports using CT simula-
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Table 2. Number of treatments, daily dose, achievable efficiency estimated by the four-dimensional
setup system, actual total treatment time, and readjustments of the treatment couch per treatment. The
mean total treatment time was calculated as (total treatment time)/(number of patients examined).
The standard deviation in the “Total” row was for the mean time of each treatment. The number

in the column “Readjustments per treatment” is the number of readjustments per treatment day

including the initial setup. Each number corresponds to the number of required
readjustments on the 1st, 2nd, 3rd, and 4th treatment days from left to right.

Patient Number of Daily

Achievable

Total treatment Readjustments per treatment

no. treatments dose (Gy) efficiency (%) time (minutes) (including one setup time)
1 4 10 59.7 35 =27 —*
2 6 814 — —#
3 4 12 43.1 36+ 8 —*
4 4 10 69.4 10+1 —H
5 4 12 44.9 34+ 13 —#
6 4 12 48.1 23+ 4 —k
7 4 10 77.8 121 —#
8 4 10 23.5 173 —*
9 4 10 44.1 14=x1 —*
10 4 10 57.6 193 —*
11 4 10 90.4 9+1 —*
12 1 15 62.9 — —*
13 4 10 59.2 — —*
14 4 10 38.3 28 =7 —*
15 4 12 82.4 17x0 —*
16 4 10 791 15+ 4 2,3,3,2
17 4 10 459 28+3 21,6,3,2
18 4 10 43.7 31%5 4,5,3,2
19 4 12 75.7 17+2 2,2,5,2
20 4 10 75.3 21+ 4 2,3,3,2
21 4 10 48.9 41 = 18 5,5,2,10
Total 85 10517 624 =*190 25+ 13 d1x41

* No data available.

tion did, however, raise questions about the reliability of
bony landmarks for the positioning of lung tumors (12, 13).
The present findings showed that the variation of the
absolute amplitude of the trajectory among patients was
remarkable not only in the craniocaudal direction but also in
the lateral and anterodorsal directions. Four-dimensional
planning using CT images at different respiratory phases, or
usage of 4DCT, has been useful for determining the differ-
ent internal target volumes for individual patients, incorpo-
rating changes in the position and shape of the tumor
(14-17). These techniques are useful for assessing the mag-
nitude of respiratory motion, to the extent that the motion is
reproducible or negligible. However, we have found that the
magnitudes of the interfractional and intrafractional changes
in the same patient were often remarkable in terms of
absolute amplitude. The variation was large not only in the
CC direction but also in the RL and AP directions. Our
study suggests that, in planning with 4DCT, it is important
to estimate the residual uncertainty of tumor motion with
respect to its interfractional and intrafractional changes.
To reduce interfractional and intrafractional errors due to
variation in the motion of the tumor, real-time tracking
technology is now expected to be useful and practical. In the
use of real-time tracking technology in radiotherapy, two
concepts have been reported. One is intercepting radiother-
apy, in which a therapeutic beam is gated to irradiate a

tumor at a planned position by intercepting the trajectory of
the tumor motion. This has been used for lung tumors with
the RTRT system developed at our institution. The short-
coming of the intercepting radiotherapy is lower efficiency
than conventional nongated radiotherapy. The present study
showed that even with a table shift, the achievable gating
efficiency is only 62.4% = 19%, which has room for
improvement. The other method reported is pursuing radio-
therapy, in which the position of the tumor is monitored
using real-time tracking technology, and the moving aper-
ture of a linear accelerator is synchronized with the tumor’s
motion to irradiate the tumor continuously (5, 18, 19). The
latter method is expected to increase efficiency and decrease
treatment time. Precise prediction of tumor motion is ex-
pected to be useful to decrease treatment time (20). Previous
data have been predicted well with some mathematical
models (21, 22). However, the present study showed that the
speed of the tumor varied considerably during a single
treatment session and among treatment days in the same
patient. Some patients’ tumors move as fast as 90 mm/s, so
mechanical control of the aperture for pursing radiotherapy
may be difficult without some cutoff level for the speed to
follow, as Wijesooriya et al. reported (10). Interestingly
enough, the present study showed that the variation in
median and minimum speeds was not as large as that in
median and maximum speeds (Table 2). This finding is
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consistent with the steadiness of the 3D tumor position at
the expiratory phase shown in Fig. 5 and in our previous
analysis (7). The relative steadiness of the speed and the
position at the expiratory phase shown in this study will be
important in the design of 4DRT in future. Meanwhile,
intercepting radiotherapy rather than pursuing radiotherapy
is safer and most cost-effective in clinical use.

Frequent correction of the treatment couch during the
delivery of irradiation was as important as the setup at the
start of irradiation. Any emotional change of the patient, as
well as any unintentional sigh, cough, or abdominal disten-
tion, can induce a change in the tumor trajectory (8). The
need for frequent and prompt correction strongly suggests
the importance of fine on-line remote control of the treat-
ment couch from outside the treatment room in intercepting
radiotherapy. Otherwise, radiotherapists would be required
to go into the treatment room too many times to adjust the
treatment couch during the delivery of radiotherapy. The 4D
setup system was useful for increasing the efficiency of
gated irradiation by selecting the best position for gating.
The actual efficiency of 28% in the 21 patients in our study
was not detrimental, although it was less than the best
achievable efficiency, 62.4%, predicted by the 4D setup.
The reason why actual efficiency was lower than the pre-
dicted one may be explained by the learning curve neces-
sary to use the 4D setup system efficiently. Otherwise, it
may be due to the difference in the trajectory between the
prediction and the actual treatment, because of the large
intrafractional change of the trajectory. If the latter is the
main reason, the 4D setup system is to be modified for
increasing efficiency. However, we are not yet certain
which explanation is correct, because only a few researchers
have had the opportunity to use the 4D setup system so far.

Four-dimensional setup using the tumor trajectory in the
RTRT system can minimize the systematic setup error be-
tween the tumor position at the planning CT and the tumor
position at the actual treatment at the same respiratory
phase, as long as the fiducial marker is stable. Even if there
is a large interfractional change in the tumor position rela-
tive to bony landmarks, the risk of geographically missing
the target volume will be reduced with the 4D setup. The
main limitations of this setup are as follows: (I) possible
migration of the fiducial marker from the implanted posi-
tion, (2) possible deformation of the tumor during radio-
therapy, and (3) lack of awareness about the relationship
between the marker and the critical organ. The first two
limitations could be reduced by using 3 fiducial markers
around the tumor or by adding CT-on-rail in the treatment
room. We reported earlier that the reliability of the marker
position lasts for 2-4 weeks from the start of radiotherapy,
beyond which the deformation of the lung due to inflam-
mation and tumor shrinkage makes the position unreliable
(23). Now at our institution, 3 or 4 markers are implanted
around the tumor and used to detect the possible migration
before treatment (23).

In conclusion, substantial interfractional and intrafrac-
tional changes in the absolute amplitude and speed of lung
tumors were detected. Because the determination of internal
target volume using 4DCT, prediction models of respiratory
motion, and pursuing RT systems are all vulnerable to these
changes in the absolute amplitude and speed of lung tumors,
more work is required to polish 4DRT. The 4D setup using
the trajectory of tumor motion with fine on-line remote
control of the treatment couch was shown to be useful for
reducing the uncertainty of tumor motion and for increasing
the efficiency of gated irradiation.
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BACKGROUND

To find possible risk factors for symptomatic radiation pneu-
monitis (RP) after stereotactic irradiation (STI) for peripheral
non-small cell lung cancer (NSCLC), pre-treatment pulk
monary function test and dose volume statistics in patients
who developed RP requiring steroid intake were retrospec-
tively compared with statistics of those who did not develop
RP

MATERIALS AND METHODS

From 1996 to 2002, 156 patients with Stage | NSCLC re-
ceived ST| at 5 hospitals in Japan. Of those patients, 12
were medicated with steroids for RP after treatment (RP
group). For comparison, 31 patients were randomly selected
from the remaining 144 patients who received ST! but did
not receive steroids (control group).

RESULTS

There were no statistical differences in age, sex, tumor size,
performance status, forced expiratory volume in 1 sec
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(FEV, o%), or percent vital capacity (%VC) between patients
medicated with steroids for RP and those who did not have
RP and received no steroids. V,, (%) was 7 to 18% (median
8%) in patients medicated with steroids for RP and 2 to 16%
(median 7%) in those who did not have RP No difference was
observed in V,,, the biologically effectively dose (BED) at the
periphery of the planning target volume, or the dose per frac-
tion between the two groups.

CONCLUSIONS

Pre-treatment pulmonary function test (%VC, FEV, ;%), and
dose volume statistics (V,,, total dose, BED, dose per frac-
tion, peripheral dose) were not predictive of RP requiring
steroid intake after STI for stage | NSCLC. (Cancer J
2006;12:41~46)

KEY WORDS

Stereotactic irradiation, radiation pneumonitis, respiratory
function

Three-dimensional conformal radiotherapy has been
expected to improve the outcome of stage I non-small
cell lung cancer (NSCLC) but has often failed" possi-
bly because of the inadequate dose for local control.2
Stereotactic irradiation (STI), or small-volume high-
dose hypofractionated irradiation in a short treatment
time, has been shown to be effective with a low risk
of symptomatic radiation pneumonitis (RP) for pe-
ripheral stage I NSCLC.*® :
Recently, nine Japanese institutions have cooper-
ated on retrospectively analysis of treatment out-
comes of STI for 245 patients with stage I NSCLC.®
The general treatment outcome has already been pub-
lished.® In short, during follow-up (median, 24
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months; range, 7-78 months), the local recurrence
rate was 8.1% for biologically equivalent dose (BED)
of 100 Gy or more compared with 26.4% for < 100 Gy
using o/ of 10 (P < 0.05). The 3-year overall survival
rate of medically operable patients was 88.4% for BED
of 100 Gy or more compared to 69.4% for BED < 100
Gy (P < 0.05). Grade 2, Grade 3 and 4 (National Can-
cer Institute Clinical Toxicity Criterfia, Version 2.0)
RP was observed in 4.1%, 1.3%, and 1.3% of cases, re-
spectively. A small proportion of the patients were re-
ported to have received steroids for their symptomatic
RP>-® Although the symptoms have been reported to
be transient, there is great interest in predicting the
onset of symptomatic RP after STL

In this study, to find possible risk factors for symp-
tomatic RP after STI, the pulmonary function and
dose volume statistics in patients who developed RP
were retrospectively investigated. Five of the nine in-
stitutions mentioned above agreed to participate in
this retrospective study to analyze the dose volume
statistics as well as other characteristics of the pa-
tients.

The risk of RP requiring steroids was known to be
related to the percent of volume that was irradiated by
20 Gy relative to the bilateral total lung volume minus
planning target volume (V,,).” Multivariate analysis
revealed V,, to be the sole independent predictor of
RP in Graham et al.’s analysis.’

Although other parameters, such as mean lung
dose or mean of normalized total dose,'° could predict
the risk of RP better than V,,, we selected V,, in this
study since V,, had been routinely measured in these
five institutions during the actual treatment. We have
used steroid intake for RP treatment as an objective
indicator of the severity of RP.

MATERIALS AND METHODS

Stereotactic techniques fulfilled three requirements:
1) reproducibility of the iso-center <5 mm, as con-
firmed in every fraction; 2) slice thickness on CT scan
<3 mm for three-dimensional treatment planning; and
3) irradiation with multiple non-coplanar static ports
or dynamic arcs.® To fulfill the first requirement, CT
images using either CT on rail, two-directional portal
graphs, or fluoroscopic verification of a fiducial
marker near the tumor, were acquired before every
treatment.

Treatment planning with irregularly shaped beams
using non-coplanar multiple dynamic arcs or multiple
static ports (6-20 ports) was established with the help
of a 3D treatment-planning computer. Beam shaping
was performed using an integrated motorized multi-
leaf collimator with 0.5- to l-cm leaf width at the
isocenter. Various techniques using breathingcontrol

Volume 12 Number 1 January/February 2006

or gating methods and immobilization devices such
as a vacuum cushion with or without a stereotactic
body frame were utilized to reduce respiratory inter-
nal margins. The periphery of the planning target vol-
ume received 80%-90% of the prescribed dose.

Planning CT scans were generally performed with
2- or 3-mm slice thickness and displayed using a win-
dow level of ~700 Hounsfield units (HU) and a win-
dow width of 2000 HU. Irradiation and planning CT
scans were performed under breath-hold conditions
in two institutions and under free shallow breathing
with images taken using slow scanning (4 seconds per
slice) in three institutions.

The clinical target volume (CTV) marginally ex-
ceeded the macroscopic target volume by 0-5 mm.
The planning target volume (PTV) comprised the
CTV, a 2- to 5-mm internal margin, and a 5-mm set-
up margin. Using STI, a high dose was concentrated
on the tumor-bearing area while the surrounding nor-
mal lung tissues were largely spared.

Irradiation schedules also differed among institu-
tions. The number of fractions ranged between 2 and
25, with single doses of 3-12 Gy. A total dose of
18-75 Gy at the isocenter in 2-25 fractions was ad-
ministered with 6-MV X-rays within 20% heterogene-
ity in the PTV dose. No chemotherapy regimens were
administered before or during radiotherapy.

To compare the effects of various treatment proto-
cols with different fraction sizes and total doses, BED
was utilized in a linear-quadratic model.'! BED was
defined as nd(1+d/(o/B)), with units of Grays, where
n is the fractionation number, d is the daily dose, and
/P is assumed to be 2 for normal lung tissue. BED
was not corrected with values for tumor doubling
time or treatment term.

From 1996 to 2002, in 156 patients receiving STI
for peripheral NSCLC at 5 hospitals, 12 (7.6%) were
medicated with steroids for post-treatment RP. These
12 patients (8 male, 4 female) are the subjects in this
study. Their median age was 72 and ranged from 56 to
86. There were 6 TINOMO and 6 T2NOMO patients.
The maximum diameters of the tumors ranged from
12 to 46 mm, with a median of 32 mm. The respira-
tory function data and dose volume statistics were ob-
tained retrospectively and thus not all the data were
corrected for all parameters.

For comparison, the remaining 144 patients who
received STI but did not receive steroids can be con-
sidered as a control group. However, the present se-
ries contains patients treated between 1996 and 2002.
Graham et al’s paper about V,, has published in
1999.° Many of the patients were treated without tak-
ing the V,, data at the time of treatment. Thus, we
needed to re-load the CT and treatment planning data
for this retrospective analysis. Statistical evaluation
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persuades us to select 31 patients randomly from the
remaining 144 patients who received STI but did not
receive steroids as a control group (Table 1). There
were 18 TINOMO and 13 T2NOMO patients. The max-
imum diameters of the tumors ranged from 13 to 58
mm, with a median of 30 mm in the control group.

RESULTS

There were no statistical differences in age, sex, tumor
size, and performance status between patients med-
icated with steroids for RP (RP group) and those who
did not have RP and consequently received no steroid
treatment (control group) (Table 1).

Pulmonary function tests before STI and dose vol-
ume statistics are shown in Table 1. There was no dif-
ference in the mean value of FEV, % before STI
between the 6 patients in the RP group and the 26 pa-
tients in the control group for whom pre-STI respira-
tory function data had been collected. Also, there was
no difference in the mean value of volume capacity
(%VC) between two groups. The number of patients
for whom diffusion capacity for carbon monoxide
(DLco) had been examined was too small to make a
comparison on that basis. Three patients in the RP
group had used oxygen intake before STI for poor res-
piratory function, compared to one patient in the con-

trol group. None of these patients required an in-
crease of oxygen supply after STIL. One patient in the
RP group who did not initially require oxygen began
to receive oxygen after STI. Thus, the overall inci-
dence of RP requiring oxygen was 0.6% (1/156).

Distribution of FEV, % and %VC, which are
known to be related to the characteristic of the un-
derlying lung disease, were not different between the
6 patients in the RP group and the 26 patients in the
STI group, as shown in Figure 1.

Total physical dose, dose per fraction, BED with
the o/ ratio of 2 at the isocenter and at the periphery
of the PTV were not different between two groups
(Table 2). In the RP group, V,, was distributed from 7
to 18% with a median of 8%, while in the control
group it was distributed from 2 to 16% with a median
of 7%. There was no statistically significant difference
in V,,. Distribution of BED at the periphery of PTV
and V,, were not different between the RP and control
groups as shown in Figure 2.

DISCUSSION_

Graham et al. found by multivariate analysis that V,,
was the best predictor of RP requiring steroid therapy
after three-dimensional radiotherapy’ They have
shown that RP requiring steroids by 24 months de-

Nils L Characterlstics of Patlents
Characteristics RP Group Control Group Pvalue
Number of patients .12 31 -
Gender Not significant
Male 8 22 -
Female 4 9 -
Median age in years (range) 72 (56 ~ 86) 49 ~ 87 (76) 0.1364
Median tumor size (mm) (range) 32 (12 ~ 46) 30 (14 ~ 58) 0.4606
Clinical stage Not significant
1A 6 18
B 6 13
Performance States 0.8555
0 1 10
1 9 12
2 0 7
3 0 2
Unevaluated 2 0
Pretreatment %VC 0.3087
N 6 26
Median (range) 79.1 (45.4-153) 92.6 (60.0-119)
Pretreatment FEV, ,% 0.484
N 6 26
Median (range) 73.6(56.6-83.9) 64.5(28.1~100)
Pretreatment DLco (mL/min/mmHg) 0.1649

N 4
Median (range)

10.02 (5.79-13.5)

9
5.03 (2.50-16.7)

Abbreviations: %VC, % vital capacity; FEV, ¢%, forced expiratory volume in 1 sec %; N, number of patients measured; DLCo, diffu-

sion capacity for carbon monoxide.
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FIGURE 1 Distribution of %VC and FEV, % for the RP and
control groups.

veloped in 0%, 7%, and 13% in patients who had Vy,
at <22%, 22%-31%, and 32%-40%, respectively and
grade 3~5 RP (requiring oxygen therapy or more se-
vere) developed in 0%, 8%, 5% (1 fatal), and 23% @3
fatal) of patients who had V,, at <22%, 22%-31%,
32%-40%, and > 40%. Other studies have confirmed
the relationship between V,, and incidence of symp-
tomatic RP2H

Because none of the patients in the present study
had V,, more than 22%, there theoretically should
have been no patients who required intake of steroids.
However, 7.6% of patients in the present series re-
quired steroid intake. This contradicts the prediction
from Graham et al’s study.’ There were only.a small
number of patients (around 10) who had V,, < 22 Gy
in Graham et al.’s series, so that there was a large con-
fidence interval at the low dose area of their analysis.
This may be the reason for the discrepancy of the pre-
diction. Another possibility is the large fractional
doses administered to our subjects. The biologically
equivalent dose must have been larger than that of
three dimensional conformal radiotherapy (3D-CRT),
which is used in conventional fractionation: the vol-

a0 71 Dose Volume Statlstics

FIGURE 2 nDistribution of BED at the periphery of PTV and V.,
(%) for RP and control groups.

ume receiving a lower total dose such as V5 or V,
might have been more predictive of the incidence of
RP after STI. Lee et al have found that addition of
chemotherapy to radiotherapy is required when using
V, rather than V,, to find statistically significant dif-
ferences in the incidence of RP'; however, there were
no patients who received chemotherapy in our series.
There are other studies which have suggested that the
mean lung dose is also a predictor of RP requiring
steroids.'®>'® Seppenwoolde et al have suggested that
the underlying dose-effect relation for RP was linear
rather than a step function showing the mean lung
dose would be the useful predicting parameter.'
Prospective analysis is needed to find the answer to
this question.

In the literature, it is still debatable whether pul-
monary function tests are predictive of RP. Robnett et
al. have reported that when analyzed by the median
FEV,, (1.9 liters), patients with pulmonary function
below the median had a severe-RP rate of 13%, com-
pared with 6% for patients with an FEV, , above the
median.!” FEV, ; was not associated with a risk of se-

RP Group Control Group P value
Isocenter Dose
Median physical dose (Gy) {range) 48 (40-75) 60 (40-72.5) 0.7452
Median BED (range) [a/p = 2] 290 (165-382.5) 290 (165-510) 0.0986
Median dose per fraction (Gy) (range) 6 (3-15) 7.5 (3-15) 0.4628
Peripheral dose
Median physical dose (Gy) (range) 46 (38-71) 48 (32-63) 0.9676
Median BED (range) [a/p = 2} 231 (152-343) 231 (148-463) 0.1014
Median dose per fraction (Gy) (range) 6 (3-15) 7.5 (3-15) 0.3573
N 7 18
Median V,,(%) (range) 8 (7-18) 7 (2-16) 0.15
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vere RP in their series (P < 0.90). Inoue et al have
shown that PO, < 80 torr and high CRP (>1.0 ng/mL)
were associated with a higher rate of RP'® However,
they have found no relationship between FEV, % or
%VC and RP. Pulmonary symptoms were associated
with a DLco loss of >30% (P = 0.003) in Gopal et al.*®
The existence of a clinical diagnosis of chronic ob-
structive pulmonary disease was reported to be a
prognostic factor in one study.'® Patients with lung
cancer had a significantly higher risk of RP than pa-
tients with lymphomarbreast cancer, which may re-
flect differences in baseline pulmonary function.'
However, other studies did not see any relationship
between these factors.”***! Marks et al have suggested
the use of multiple factors for prediction.! Recently,
Lind et al have assessed the utility of dosimetric/func-
tional metrics as predictors of symptomatic RP using
receiver operating characteristic curves for 277 pa-
tients.” They have found that the models using pre-
treatment pulmonary function, mean lung dose, and
perfusion-weighted lung dose were best correlated
with outcome (ROC area: 0.7) but were still not suf-
ficient to be recommended as predictors. Many of the
patients in this study have not examined pulmonary
function testing before the treatment and thus
prospective study is required to examine the predic-
tive value of pulmonary function tests before STI.

This study demonstrated that pre-treatment pul-
monary function was poor in many patients with
stage I NSCLC who received STI. The minimum %VC
and FEV| ,% values were as low as 45.4% and 28.1%,
respectively. We did not see any relationship between
pre-existing pulmonary function, FEV, ;% and %VC,
and the incidence of RP requiring steroids after STI
for stage 1 NSCLC. Our study could not address the
exclusion criteria of %VC, FEV, %, and DLco from
the viewpoint of the risk of RP requiring steroids or
oxygen. In other wards, patients with stage I NSCLC
are very likely to be good candidates for STI even with
poor pulmonary function unfit for the standard treat-
ment, lobectomy. In fact, patients with stage I NSCLC
were often inoperable because of poor pulmonary
function, and these patients were often referred to
STL. Also, not a small proportion of the patients de-
velop secondary NSCLC, not metastasis, after their
previous surgery for stage 1 NSCLC. These patients
have poor pulmonary function because of the previ-
ous lobectomy, and this study suggests that these are
also good candidates for STIL.

CONCLUSION

In conclusion, pre-treatment pulmonary function test
(%VC, FEV, ,%), and dose volume statistics (V,,, total
dose, BED, dose per fraction, peripheral dose) were

not predictive of RP requiring steroid intake after STI
for stage 1 NSCLC, It is still not certain what is the
predictor of grade 2 RP in STI from our study. We be-
lieve that there must be dose-volume parameters
which predict the incidence of RP. Based on the pres-
ent study, we have started pre-treatment examination
of the pulmonary function tests and centralized qual-
ity-control study for dose volume statistics including
mean lung dose in multi-institutional studies for STI
of stage I non-small cell lung cancer. Careful prospec-
tive study is mandatory for STI to become a standard
treatment for stage I NSCLC.
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Simple Technique to Visualize Random Set-up Displacements Using
a Commercially Available Radiotherapy Planning System

Hiromichi Ishiyama,* Masashi Kitano,* Yuzuru Niibe,*
Mineko Uemae,** and Kazushige Hayakawa*

Purpose: To visualize random set-up displacements in isodose distribution images, we introduce
a simple technique using a commercially available radiotherapy planning system (RTP).
Materials and Methods: A distribution of set-up displacement is known to be compatible
with that of a Gaussian distribution. Based on that assumption, 41 intentionally misaligned
beams with 1-mm intervals were planned in the respective weights according to Gaussian
distribution. “Modified” isodose distributions were then visualized using a commercially
available RTP. In the next step, only two beams misaligned with one standard deviation (SD)
of the Gaussian distribution were used in place of 41 beams, as a {arge number of beams
increases the workload and is unsuitable for clinical use. Differences between the two versions
of isodose distribution images were assessed visually.

Results: In modified dose distribution images, the edge of distribution was dull compared to
normal images. These images show that the larger SD of set-up displacement dulls the edge of
dose distribution. Images from two beams were not significantly different to those from 41
beams.

Conclusion: Using this technique, the impact of random set-up displacements was effectively

reflected in isodose distribution images.

Key words: set-up displacement, radiotherapy, treatment simulation

INTRODUCTION

EOMETRICAL UNCERTAINTIES IN RADIOTHERAPY CAUSE

differences between intended and actual delivered
dose distributions. One of the major causes of uncer-
tainties is set-up displacement.

Set-up displacement can involve systematic and/or
random displacement.' Systematic displacement
comprises the same displacement for each fraction of
treatment, whereas random displacement varies from day
to day. By measuring set-up displacement several times,
the typical sizes of systematic and random displacement
can be determined,? and the standard deviation (SD) of
set-up displacement is reportedly 1.0-5.0 mm for
currently applied treatment techniques.’ In addition,
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distributions of set-up displacements for all three
directions are compatible with that of a Gaussian distri-
bution because of a large number of set-up procedures,’*
and the average and SD of Gaussian distributions are
compatible with systematic and random set-up displace-
ment, respectively.

Usually, the margin to expand clinical target volume
(CTV) to obtain sufficient tumor coverage is planned
empirically by physicians. However, empirical methods
could represent a cause of decreased tumor control and
increased complications involving normal tissues. In
particular, with the recent advent of computed
tomography (CT) simulations, isodose distribution
images are crucial because of heavy dependence on them
by physicians and physicists. For more precise and
reasonable planning, we believe that visualization of
set-up displacement in isodose distribution images is
needed.

This report introduces and assesses a simple technique
for visualizing random set-up displacements using a
commercially available radiotherapy planning system
(RTP).

RADIATION MEDICINE

- 215 -



MATERIALS AND MEETHODS

Phantom study ;
A solid water phantom (Solid Water®, Gammex RMI,

Middleton, WI, USA) was scanned with a CT simulator
using a slice thickness and interval of 5 mm. All images
were transferred to a three-dimensional treatment
planning system (Pinnacle®®, version 6.5b, ADAC Co.,
USA). Anterior 10 cmx10 cm irradiations with 4 MV
photons were planned. Isodose curves of 110%, 107%,
100%, 95%, 90%, 80%, 70%, 60%, 50%, 40%, 30%,
20%, and 10% relative to an isocenter dose were
displayed as a “normal” isodose distribution.

On the assumption that translations of set-up
displacements would occur between —20 mm and +20
mm, 41 intentionally misaligned beams were planned
with 1-mm intervals along the horizontal axis.
Considering the isodose distribution of a total treatment
course all at once, the number of fractions at each
misaligned beam could be considered the weight of those
respective beams. To calculate the weight of each
misaligned beam, values of density function of the
Gaussian distribution were used. The operational
window of Excel software (Microsoft, USA) was used
for value calculations (Fig. 1). The average of Gaussian

.......... TECHNICAL NOTE
distributions was set on 0 mm, and SDs were set on 1-5
mm, with 1-mm intervals. The five Gaussian distribu-
tions were therefore calculated for different SDs and
were visualized as “modified” isodose distributions.
Modified isodose distribution images were visually
compared with normal isodose distribution images.

Simplification for clinical use 4

Although a greater number of intentionally misaligned
beams makes the Gaussian distribution smoother and
more accurate, the workload of operators would be
significantly increased. We therefore needed to decrease
the number of misaligned beams for clinical use. In
principle, as few as two symmetric beams misaligned
within 1 SD can be used as a substitute for the large
number of misaligned beams, because SD is statistically
defined in the literature as a “standard” of deviations.
Modified isodose distribution images from two beams
were visually compared with those from 41 beams.

ResuLts

“Normal” and “modified” isodose distributions were
calculated from 41 beams or two beams (Fig. 2). In
modified images, the edge of the distribution was dull
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Fig. 1. Values of density function of the Gaussian distribution were calculated using the “NORMDIST”
function of Excel software (Microsoft). For calculating the modified isodose distributions from two beams,
a pair of symmetric beams misaligned with 1 SD was used (large points in the distribution).

Volume 23, Number 3

217

- 216 -



ISHIYAMA erat

compared to normal images. These images show that a
larger SD of set-up displacement dulls the edge of dose
distribution. Isodose distribution based on 2 beams was
not significantly different from that based on 41 beams.

Clinical case

A case involving prostatic cancer is shown in Fig. 3.
The prostate and rectum were manually contoured and
planned using a 4-field box technique with 10-MV
photons. On the assumption that random set-up
displacement within 5-mm SD occurred along all three
axes, the isodose distribution image and dose-volume
histogram were calculated. Although differences were
relatively slight, the impact of random set-up displace-
ment was reflected in both the isodose distribution
image and dose-volume histogram.

Discussion

Detailed calculations based on dose coverage of the CTV
have been given in a previous report.® According to this
report, if the SD of systematic errors (2) and of random
errors (p) are known for a specific patient group, the
margin M to expand the CTV to a safe planning target
volume (PTV) may be expressed as M=2%, + 0.7p. With
this calculated margin, CTV would be covered with a
95% isodose curve. However, to adapt this calculation
to clinical use, manual input of tumor contours is
essential. Due to the huge volume of CT data, manual
input of all tumor contours for all cases is impractical.

The technique introduced in this report is useful for
visually comprehending random set-up displacements,
and allows the use of commercially available RTP. Using
this technique, it is sufficient to take account of only
systematic displacement that is constant during therapy
and predictable, rather than random. Systematic
displacement of an individual patient can be estimated
during the first few fractions, and couch corrections can
be applied for subsequent irradiations, although random
displacements remain unchanged.** More precise and
reasonable planning may be achievable using this
technique.

Although this study showed that the isodose distribu-
tion based on two beams was not significantly different
from that based on 41 beams in a homogeneous phantom
study, different distributions may be shown in clinical
use with electron density correction. There is need to
take account of this point, and further examination is
recommended.

Whatever is done to minimize geometrical uncertain-
ties, inaccuracies are to some extent unavoidable. Once
typical values for a specific group of patients are known,
these should be included in treatment planning for
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Fig, 2. Modified isodose distributions were calculated from two
beams or 41 beams. The portal size was 10 emx10 cm,

individual patients from that group. Patient set-up
displacement not only affects dose in the tumor region,
but in neighboring, possibly critical, organs as well.
However, the typical size of set-up displacement differs
in each institution, as methods of patient fixation and
set-up verification systems vary. In addition, beam
profiles of linear accelerators differ in each institution.
Simulations of data for typical set-up displacement
therefore need to be performed at each institution. For
this reason, availability of a simple, standard technique
is crucial, and our technique can be applied to any
institution. Using the technique introduced in this paper,
the impact of random set-up displacements can be
effectively reflected in isodose distribution images.
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TECHNICAL NOTE

Dose-volume histgram

Dose-velume histgram
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Fig. 3. Edge of the isodose distribution was sharp in normal distribution (A) and dull in medified distribution (B). Al B
Dose-volume histograms of the prostate and rectum reflect differences between normal (C) and modified (D) clb
distributions.
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Mitochondria have their own genome encoding
subunits of the electron transport chain. Using cells
lacking mitochondrial DNA (mtDNA, ¢’ cells), we stud-
ied the role of mtDNA in irradiation. Loss of mtDNA
inhibited cell growth and reduced the level of reactive
oxygen species (ROS) as compared to p* cells. p* cells
were more resistant to irradiation than p° cells. Upon
irradiation, p° cells showed delayed G2 arrest and de-
creased ability of a cell to recover from the G2 check-
point compared to p* cells. Irradiation increased the
generation of ROS even more in p* cells. Irradiation
markedly increased the levels of phosphorylated forms
of extracellular-regulated Kkinases, p42 and p44
(ERK1/2) in p* cells, whereas phosphorylated levels of
the kinases were affected slightly in p° cells. Further-
more, inhibition of the ERK pathway led to a delayed
G2 arrest and a delayed recovery from the arrest in
irradiated p* cells, and treatment with NAC also in-
duced dysfunction of the G2 checkpoint in irradiated
p* cells. These results suggest that the accumulation of
ROS potentiated ERK1/2 kinases after irradiation in
p* cells, leading to less sensitivity to irradiation. Thus,
mtDNA is important for the generation of ROS that
act as second messenger.

Key words mitochondrial DNA, irradiation, reac-
tive oxygen species, checkpoint

INTRODUCTION
Mitochondria have their own DNA (mtDNA) of
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16 kilo base pairs in human cells. mtDNA encodes
subunits of the mitochondrial electron transport
chain. These subunits are essential for normal oxi-
dative phosporylation and also adenosine triphos-
phate (ATP) production in a cell. Oxidative phos-
phorylation in mitochondria produces the large part
of the energy required within a cell.” Human mtDNA
has a mutational rate at least 10 times higher than
nuclear DNA,? and somatic mutations in mtDNA
have also been observed in human neoplasms.” Re-
cently, there have been reports using cells lacking
mtDNA that studied its roles in cell death or sensi-
tivity to various external insults. Studies have shown
that mtDNA-depleted cells are susceptible to cell
death by serum-deprivation, tumor necrosis factor
(TNF) and staurosporine.*® On the other hand, stud-
ies found that these cells were more resistant to in-
sults such as tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), anti-cancer reagents, and
reactive oxygen species (ROS) than their parental
cells.”® Thus, the roles of mtDNA are still not clear,
and the mechanisms for the sensitivity to external
insults remain unresolved. '

The respiratory chain in mitochondria is a source
of ROS.*2 On the other hand, studies have shown
that ROS generated in mitochondria can modulate
signaling cascades.'*' The pathway of the mito-
gen-activated protein kinase (MAPK) family is in-
volved in growth factor-mediated regulation of di-
verse cellular events such as proliferation, senes-
cence, differentiation and apoptosis.'® Exposure of
cells to oxidative stress such as irradiation induces
activation of multiple MAPK pathways; these sig-
nals play critical roles in controlling cell survival
and repopulation effects following irradiation.'® The
MAPK superfamily is composed of several signal-
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ing pathways: mitogen-activated extracellular-regu-
lated kinases, p42 and p44 (ERK1/2), c-Jun N-ter-
minal kinase (JNK), and p38 pathways. ERK1/2 are
serine/threonine kinases that are regulated by mito-
gen-activated/extracellular-regulated kinase 1/2
(MEK1/2) through phosphorylation. The activation
of ERK1/2 protects cells against noxious stimuli in
several ways and inhibits apoptosis through the ac:
tivation of caspase or the inhibition of cytochrome ¢
release.!”'® Furthermore, ERK1/2 activation has
been reported to promote several transcriptional fac-
tors such as nuclear factor-kappa B (NF-xB) and
cyclic adenosine monophosphate responsive element
binding protein (CREB), which then stimulate
the expression of anti-apoptotic genes.!” The acti-
vation of ERK1/2 has been reported to abrogate the
G2/M phase arrest after irradiation in some cell
types.?®?" In contrast, JNK and p38 MAPK have
been reported to mediate caspase activation, result-
ing in apoptosis.'® However, the roles of mtDNA
and how ROS generated in mitochondria affect sig-
naling pathways are not fully understood in cells
exposed to irradiation.

The recent progress in studies of mitochondria
has allowed us to use mtDNA-depleted cells (p°cells)
and their control cells (p* cells). Elimination of
mtDNA from cells can be performed by long-term
exposure to a low concentration of 3,8-diamino-5-
ethyl-6-phenylphenanthridinium bromide (ethidium
bromide; EtBr).?? p* cells are produced by the fu-
sion of cytoplasts from the parent cells with p° cells,
and these cells possess normal mtDNA. By com-
paring p° to p* cells, the roles of mtDNA can be de-
termined. Irradiation is well known to induce
apoptosis and cause DNA damage. However, there
are few studies on the roles of mtDNA in irradiated
cells. In the present study, we investigated the roles
of mtDNA in irradiated cells by comparing p° cells
lacking mtDNA and their control p* cells. We found
that p° cells were more radiosensitive than p* cells,
and demonstrated that homeostatic mitochondrial
ROS production may have a protective effect on cells
exposed to irradiation through MEK activation and
cell cycle control.

MATERIAL AND METHODS

Cells and Cell Culture Cells used in this study
originated from Hel.a cells: p° cells (EB8-C) lack-
ing mtDNA, and p* cells (HeEBS5) cybrid clones pro-
duced by fusion of EB8-C cells and cytoplasts of

HeLa cells.** For cell culture, the medium con-
sisted of RPMI 1640 (Gibco, Invitrogen Corp., CA,
U.S.A.) supplemented with 10% (v/v) fetal bovine
serum (INTERGEN, Purchase, NY, U.S.A.), 50 ug/
ml of uridine (Sigma, St. Louis, MO, U.S.A)) and
1 mM of sodium pyruvate (Gibco).

Polymerase Chain Reaction (PCR) Total
DNA was extracted by the phenol/chloroform
method. Primers were specific for the segment of
mitochondrial DNA: forward, 5’-atg ccc caa cta aat
act acc g-3” and reverse, 5'-gtg gtg att agt cgg ttg ttg
a-3’. After electrophoresis on 2% agarose, the 298-bp
fragment was analyzed with ethidium bromide
(Sigma) under UV light.

Clonogenic Assays For colony formation as-
say, 10* to 5 x 10° cells were seeded in 60-mm cul-
ture plates 18 hr before irradiation at various doses.
Colonies were stained and counted afier 14 days;
groups of cells containing at least 50 cells were de-
fined as a colony. Colonies with diameter greater
than 1.2 mm were defined as “larger colonies” us-
ing Intelligent Quantifier™ (Bio Image Systems,
Inc., Jackson, MI, U.S.A.). Survival curves are rep-
resentative data from three independent experiments.
Radiation Setting —— '¥Cs source emitting at a
fixed dose rate of 10 Gy/min was used for y-ray ir-
radiation.

Cell Cycle Analysis After irradiation, cells
were fixed with 70% ethanol at the times indicated.
Then the cells were incubated for 30 min at 37°C
with 1 ug/ml RNase A, stained with 50 pg/ml
propidium iodide and filtered through nylon mesh
with a pore size of 50-70 um. Cell cycle profiles
were evaluated by FACScaliber flow cytometry
(Becton Dickinson, Bedford, MA, U.S.A.).
Analysis of Intracellular ROS Production
2’,7’-dichlorofluorescein (DCF) is one of the most
prevalent oxidant-sensitive fluorescent dye. Acetyl
ester derivative of dihydro-DCF diacetate (CM-
H,DCFDA, Molecular Probes, Eugene, OR, US.A),
a derivative of DCF, was used in this study. Cells
were prepared 18 hr before the treatment to a cell
count of 6 X 10° for each 60-mm diameter dish. Af-
ter irradiation, cells were stained with 10 UM CM-
H,DCFDA at 37°C for 5 min. Fluorescence inten-
sity was measured by flow cytometry with excita-
tion at 488 nm and emission at 530 nm.
Western-Blot Analysis The cells were lysed
in buffer containing 50 mM Tris-HCI (pH 8.0),
150 mM NaCl, 3 mM NaN,, 0.1% (w/v) sodium
dodecyl sulfate (SDS), 1% (v/v) Nonidet P-40 and
0.5% sodium deoxycholate. The protein concentra-

- 220 -



