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Figure 3. An 81-year-old man with NPC (T4N3aMOo). This patient was treated with 66 Gy/35 fractions without concurrent chemotherapy. (A) MRI before
IMRT showing primary tumor invading to the clivus. (B) Red line indicates PTV, which misses the right posterior edge of the clivus. (C) Isodose curves. The
right posterior edge of the clivus was covered only by the 80% dose line (outer pink line). (D) Ten months after the start of IMRT, MRI showed recurrence
from the right posterior edge of the clivus. No recurrence was noted on the mucosal surface of the nasopharynx. (E) MRI before IMRT showing bilateral three
upper jugular neck lymph nodes (Level Ila,b). (F) Red line indicates PTV for the initial plan. (G) Red line indicates PTV for the boost plan after 47 Gy. The
right posterior lymph node (Level IIb) was not included in the PTV. (H) Ten months after the start of IMRT, MRI showed recurrence from the smallest right
posterior lymph node, although the other two lymph node metastases were controlled by IMRT. NPC, nasopharyngeal cancer; MRI, magnetic resonance
imaging; IMRT, intensity-modulated radiotherapy; PTV, planning target volume.
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Figure 4. A 63-year-old man with NPC (T4N2MO). This patient was treated with 66 Gy/35 fractions and concurrent cisplatin of 370 mg in three courses. (A)
Computed tomography before IMRT showing It periparotid lymph node of 7 mm in diameter. (B) Red line indicates PTV, which misses the periparotid lymph
node. (C) Isodose curves. The It periparotid lymph node was located at the dose gradient region between PTV and the It parotid grand. (D) Fourteen months
after the start of IMRT, computed tomography showed recurrence of the It periparotid lymph node. Re-irradiation was done for the recurrent lymph node.

Table 3 shows the acute toxicities associated with IMRT
with or without concurrent chemotherapy. Hematological
toxicities were mild, and no Grade 4 hematological tox-
icity was noted. Two patients showed Grade 4 mucositis.
One patient with Grade 4 mucositis refused CRT after
60 Gy with two doses of concurrent cisplatin, and this
patient required interruption of RT for 22 days. Sepsis
with high fever of Grade 4 toxicity was noted immediately
after the first chemotherapy in one patient. RT was inter-
rupted for 10 days for this patient. Except for the two
patients, no treatment interruption due to acute toxicities
was necessary, and the median overall treatment time was
51 days (Table 2).

Late toxicities associated with IMRT with or without con-
current chemotherapy are shown in Table 4. Hearing diffi-
culty, tinnitus and otitis were common late toxicities.
However, most patients with auditory toxicities had the same
symptom at presentation. Although several patients com-
plained of dysphagia after treatment, no patient needed per-
cutaneous endoscopic gastrostomy. One patient died of
suffocation by food 3 months after the end of IMRT without
evidence of disease. Except for the patient with early death,
xerostomia scores at 1—2 years were: Grade 0, 11; Grade 1,
17; Grade 2, 5; Grade 3, 1. The patent with Grade 3 xerosto-
mia was treated by conventional RT followed by boost
IMRT.
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Table 3. Acute toxicities (CTCAE, version 3.0)

Toxicities G2 G3 G4
WBC 16 10 0
Hb 11 0 0
Plt 0 1 0
Mucositis 16 13 2
Dysphagia 19 14 0
Dermatitis 8 2 0
Nausea 22 9 0
Vomiting 16 1 0
Infection 0 1 1
Fever 3 0 1
Fatigue 0 1 0
Creatinine 1 0 0
Liver 2 0 0

CTCAE, Common Toxicity Criteria for Adverse Events; WBC, white blood
cells; Hb, hemoglobin; Plt, platelets.

Table 4. Late toxicities (CTCAE, version 3.0)

Toxicities Gl G2 G3 G4 G5
Hearing 0 5 1 1 0
Tinnitus 0 6 0 0 0
Otitis, middle ear 1 5 0 0 0
Xerostomia at 12—24 months 17 5 1 0 0
Dysphagia 4 3 0 0 1?
Pharyngeal wall 5 0 1 0 0
Larynx 11 0 0 0 0
Hypothyroidism 0 2 0 0 0
Skin 1 0 0 0 0
Creatinine 1 0 0 0 0
DISCUSSION

Clinical results of our adaptive RT scheme of a two-step
IMRT method for NPC were analyzed in the present study,
and excellent overall survival and loco-regional control rates
were obtained when concurrent chemotherapy was combined
with IMRT. When introducing IMRT for head and neck
cancers at our hospital, we chose a most conservative
method, although it is a time-consuming strategy. Inverse
planning for IMRT was performed twice. This two-step
IMRT method obviously took a longer time for the treatment
planning and QA than a single-step simultaneous integrated
boost (SIB) method which gives several dose levels for
CTVs and GTV simultaneously (8,10,11,14). It took 5
working days at our institution for the inverse planning and
its verification, and the IMRT plan was started 7—10 days
after CT simulation. Because CT-2 for boost IMRT plan was

performed at an RT dose of 36—40 Gy, no treatment inter-
ruption due to treatment planning was inserted for all
patients. A two-step IMRT method has an advantage, in that
it can adapt the treatment to changes in body contour, target
volumes and risk organs during IMRT. As patients with
locally advanced NPC frequently appeared with large neck
lymph nodes swelling and as both primary tumors and neck
lymph nodes regress rapidly by RT, a two-step IMRT
method is especially desirable for locally advanced NPC. In
the only other report of a two-step IMRT method, Lee et al.
(13) described a Phase I/II study of a two-step SIB method
for 20 patients with NPC.

No direct comparison in terms of clinical or DVH results
between a single-step and a two-step IMRT was shown in
the present study, because all patients with NPC were treated
with a two-step IMRT method at our institution. We do not
argue a two-step IMRT method is a new standard method of
IMRT. A two-step method has been used in the conventional
RT for head and neck cancer. Thus, a two-step IMRT
method is a conventional and conservative method of IMRT
compared with a single-step SIB IMRT method with larger
fraction sizes for GTV. For early-stage NPC with T1,2NOMO
disease, effects of tumor regression during IMRT may be
small, and a single-step method may be applicable. In fact, a
single-step SIB IMRT method is applied for early orophar-
yngeal cancer (T1,2N0,1MO0) at our institution. However,
even for patients with early NPC, body weight and contour
can be changed when concurrent CRT is used. Therefore, we
consider that a two-step IMRT method is one of the safe
methods of IMRT for patients with NPC treated by concur-
rent CRT.

In our early cases, PTV marginal recurrence was noted in
three patients (9%). There may be several reasons for the
early marginal recurrence. In our first TPS (Cadplan Helios),
the function of adding a margin to CTV or GTV was
lacking, i.e. PTV was contoured directly at that time (Figs 3
and 4). In two of the three patients with marginal recur-
rences, pre-treatment MRI or CT scan of the patients could
depict the involved nodes or the extension of the primary
tumor. Precise contouring of CTV and PTV based on
various imaging modalities including MRI and FDG-PET is
most important for the success of IMRT. TPS was changed
to the second generation type (Eclipse) in 2004 and PTV
margins of 3—5 mm were added to CTV (28). In addition,
an integrated PET-CT simulation was started in 2006
(22,23). PET-CT simulation was especially effective to
depict GTV invading the skull base. Along with improve-
ments in equipment and knowledge of contouring, PTV mar-
ginal recurrence has never occurred since 2003.

Only six patients (18%) complained of Grade 2 or 3 xer-
ostomia 1-2 years after IMRT. Thus, a two-step IMRT is
also effective for preventing xerostomia. One notable late
toxicity is dysphagia. Recently, several investigators have
noted the importance of the RT dose to the pharyngeal con-
structors (30—32). Seven patients complained of Grade 1 or
2 dysphagia, and one patient died of suffocation by food
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3 months after the end of IMRT without evidence of the
disease. As this patient had complained of dysphagia, this
accident may have been a treatment-related death (Grade 5
toxicity).

In conclusion, excellent overall survival and local-PFS
rates were obtained by a two-step IMRT method with con-
current chemotherapy for NPC. This two-step IMRT method
as an adaptive RT scheme could correspond to changes in
body contour, target volumes and risk organs during IMRT.
A prospective multi-institutional clinical trial of a two-step
IMRT method for NPC is warranted.
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Abstract

The purpose of the study is to evaluate the limiting velocity (LV) of a multileaf
collimator and the leaf position in various collimator and gantry angles. Both
leading leaves and trailing leaves began to move with a constant acceleration
from 0 to 4 cm s™'. When the beam hold occurred, the leaf velocity was
defined as the leaf LV. Dynamic irradiation was performed at eight gantry
angles of every 45° with three different collimator angles. The analysis of
the LV and the leaf position was performed with a log file from a leaf motion
controller, The mean LVs for Varian Clinac 21EX (21EX) ranged from 2.51 to
3.10 cm s!.  The mean LVs for Clinac 600C ranged from 291 to
3.12 cm s~!. When only central 5 mm leaves of 21EX moved, LVs were
significantly higher than those when all 60 pairs of leaf moved, while the leaf
position inconsistencies of the two accelerators were within 1 mm at the leaf
velocities from 0.5 t0 2.0 cm s~!. It was recognized that the LV was affected by
gravity. This measurement method can be utilized as routine quality assurance
for a dynamic multileaf collimator (DMLC) is and easily reproducible.

1. Introduction

Intensity-modulated radiation therapy (IMRT) has been widely used and clinical advantages
have been demonstrated for some anatomic sites (Mell ef al 20035, Lee et al 2002, Mundt ef al
2002, Chao et al 2001, Zelefsky et al 2002). Nearly all IMRT is delivered using a multileaf
collimator (MLC), which can be employed in two basic modes, segmental IMRT (also known
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as step and shoot), in which the leaves do not move while the beam is on, and dynamic MLC
(DMLC) IMRT, in which the leaves move during irradiation. In DMLC-IMRT, leaf velocity,
leaf position accuracy, leaf gap width and dose rate stability all affect the dose distribution and
radiation output. Even an error of 0.2 mm in the gap width causes a significant dose error
of approximately 3% (Ezzell et al 2003, LoSasso et al 1998, Zhu ef al 2002, Chui et af 1996).
Compared with segmental MLC-IMRT, in DMLC IMRT the tolerance level and action level of
the MLC position and gap width require a twofold constriction in accuracy (Palta et al 2003).
Before the clinical delivery of an optimized and approved IMRT plan, it is recommended
that the dosimetry of the IMRT plan should be verified. The dose distribution and radiation
output of each beam are generally measured at a gantry angle of 0° using an ionization chamber
dosimeter, films, electronic portal-imaging device (EPID) and/or a 2D array detector (LoSasso
et al 2001, Jursinic and Nelms 2003, Greer and Popescu 2003, Buonamici et al 2007),

In the current Varian architecture (Varian Medical Systems, Palo Alto, CA), a leaf motion
controller (LMC) controls the position and motion of each leaf. During a DMLC delivery,
the LMC monitors the actual leaf position against the expected position every 50 ms, and
corrects any discrepancy by pausing the beam, issuing a ‘beam hold’ condition. This beam
hold depends on the physical maximum velocity and the travel distance during each segment
of the DMLC delivery, and the selected dose rate in the treatment planning system (TPS). For
a given plan, since the leaves are always set to move toward the same direction relative to the
isocenter, the leaf movement for the gantry angle of 90° is opposite to that required for 270°.
The load on the leaf motor due to gravity of the leaf can be changed because of differences
in the leaf speed (Wijesooriya et al 2003). Recently, intensity-modulated arc therapy (IMAT)
or volumetric-modulated arc therapy (VMAT), which also uses dynamic beam irradiation,
has been commercialized (Yu 1995, Otto 2008). However, the gantry or collimator angular
dependence on the actual DMLC delivery is not corrected by the TPS.

In the present study, a DMLC file in which the leaf velocity is constantly accelerated was
created using the Shaper software (Varian Medical Systems, Palo Alto, CA), and the dynamic
irradiation was delivered at various collimator and gantry angles. Special attention was paid
to assess the angular dependence of the physical characteristics of the MLC using a log file
(Varian Medical Systems, Palo Alto, CA).

2. Materials and methods

2.1. Linear accelerators and the DMLC file

A Varian Clinac 21EX accelerator (CLINAC-21EX) and Clinac 600C accelerator (CLINAC-
600C) (Varian Medical Systems, Palo Alto, CA) were used in the present study. The x-ray
energy for the CLINAC-21EX was 6 MV and that for CLINAC-600C was 4 MV. Our CLINAC-
21EX is equipped with a Millennium 120 leaf MLC (40 central pairs of 5 mm width leaves
and 20 peripheral pairs of 10 mm width leaves) and CLINAC-600C with Millennium 80 leaf
MLCs (40 pairs of 10 mm leaves). Both of the MLC software versions were 6.8. When
the carriage supporting the MLC was fixed, the maximum range of the leaf movement was
15.0 cm at the isocenter.

In the DMLC file plan made for this study, the range of movement for the leading leaf
bank was from —6.20 to 6.25 cm and that for the trailing leaf bank was from —6.25 to
6.20 cm. The DMLC file was divided into 166 control points. The gap width for all leaves
was 0.05 cm at the beginning, and leading leaves started to move when the radiation beam was
turned on. When the leaves’ gap width became 5 mm, both leading leaves and trailing leaves
began to move parallel with a constant acceleration from 0 to 4 cm s~! at the isocenter. For
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Figure 1. (a) The leaf positions of each control point of the DMLC files (the leaf positions show
the distance from the central axis). (b) Calculated intensity profile for 6 MV x-ray along the leaf
motion direction at the depth of the peak.

the CLINAC-21EX, two DMLC files were made: one in which all 60 pairs of 5 and 10 mm
leaves were moved, and one in which only the 40 central pairs of 5 mm leaves were moved.
For CLINAC-600C, one DMLC file was made for the movement of all 40 pairs of 10 mm
leaves. The dynamic leaf position tolerance was set at 2 mm. This means that radiation beam
hold occurred when the difference between the expected leaf position and the actual position
exceeded 2 mm.

Figure | shows the leaf positions of each control point of the DMLC files and calculated
intensity profile for 6 MV x-ray along the leaf motion direction at the depth of the peak.
Figure 2 shows the planned velocity of the leading leaves according to the elapsed time. When
the leaf velocity was accelerated constantly from O to 4 cm s~! for the distance of 12 cm
at the isocenter, in the case of a constant dose rate, the monitor unit (MU) was determined
directly. In other words, the rate of acceleration can be changed by varying the value of the
dose rate or MU. In this study, the calculated MU for CLINAC-21EX was 40 at a dose rate of
300 MU min—!, and that for CLINAC-600C was 34 at a dose rate of 250 MU min~!. The
dynamic irradiation was performed every 45° between 0° and 315° of gantry angle with

—444—



3104 M Okumura

5
Leading leaves velocity
4 curve.of.
<> CLINAC-21EX
‘E (Millennium120)
g3
£
3 2
g
-
1
0

Figure 2. The planned velocity of the leading leaves according to the elapsed time.

collimator angles of 0°, 45° and 315°. For each gantry and collimator angle, the dynamic
irradiation was given 15 times and their log files were obtained.

2.2. Analysis of log files

Log files recorded in the LMC were used to evaluate MLL.C performance. The accuracy of the
log files for the linear accelerators was previously verified by film, diode array and electronic
portal imaging devices (Stell et al 2004, Li et al 2003, Zygmanski et al 2003, Zeidan et al
2004). Log files consist of a text format which includes the leaf positions of the MLC, the
beam state and other information, and they have been used for the physical evaluation and
validation of MLC performance (Litzenberg et al 2002b). During the dynamic irradiation,
expected and actual positions of leaves were recorded every 50 ms by signals from the MLC
motor (primary feedback). The 50 ms in the log file is a delay time between the accelerator
and LMC response to a given condition. Therefore, the expected and actual positions of the
leaves from the log files created from each delivery show that actual leaf positions always lag
their expected positions for at least one check cycle (Litzenberg et al 2002a).

For this study, we wrote an in-house program which extracted the data on the beam state,
as well as the expected and actual positions of the leaves every 50 ms, from the log files. To
calculate positions and velocity of leaves at the isocenter level, leaves’ position data in log
files were multiplied by a geometric magnification factor of 1.96 based on the relationship of
the radiation source-to-MLC-isocenter distance (the radiation source to the MLC distance was
51.0 cm and the MLC to isocenter distance was 49.0 cm),

Figure 3 shows an example of the relationship between the planned leaf velocity of the
DMLC file, the actual leaf velocity and the actual beam state (beam hold). When the leaf
velocity increased and the position error between the expected and actual positions is beyond
the dynamic leaf tolerance, beam hold occurs. In the present study, when beam hold occurred,
the leaf velocity was defined as the leaf limiting velocity (LV). Leaf LVs, the difference in the
gap width and leaf position inconsistencies were measured for eight gantry angles of every
45° with three different collimator angles. The leaf LVs of two accelerators were calculated
from the time of beam hold. The LV of the leaf was measured 15 times for each gantry angle.
The difference in the leaf gap widths and leaf position inconsistencies were calculated at leaf
velocities of 0.5 cm s™!, 1.0cm s™!, 1.5 cm s™!, 2.0 cm s~ and 2.5 cm s™! in log files.
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Figure 3. An example of the relationship between the planned leading leaf velocity, the actual
leading leaf velocity and the actual beam state (beam hold).

3. Results

The mean leaf LVs at each gantry angle with three collimator angles of 0°, 45° and 315° were
measured. Figure 4 shows the mean leaf LVs for CLINAC-21EX when all leaves were moved.
Figure 5 shows the mean leaf LVs for CLINAC-600C. The mean leaf -LVs for CLINAC-21EX
ranged from 2.51 to 3.10 cm s~!, and the minimum LV was observed at a gantry angle of 270°
with a collimator angle of 0°. The mean leaf -LVs of CLINAC-600C ranged from 2.91 to
3.12 cm s}, and the minimum LV was noted at a gantry angle of 315° with a collimator angle
of 0°. The gantry angle and collimator angle dependence of the LV were not as apparent for
CLINAC-600C as for CLINAC-21EX. For both accelerators, the minimum LVs were noted
when the leaves moved upward against gravity. The gantry angle dependence of the leaf LV
was also affected by the collimator angles, and a decline in the LV was most significant at
collimator angles of 45° and 315° compared with a collimator angle of 0°. LVs at the gantry
angles of 45-135° (n = 45) and 225-315° (n = 45) were compared for both accelerators.
For CLINAC-21EX with all three collimator angles, the mean LV at angles of 225-315° was
significantly lower than that at angles of 45-135° (Student’s t-test; p < 0.001). A significant
difference for CLINAC-600C was also noted (p < 0.01).

Figure 6 shows results of LVs for CLINAC-21EX when all 60 pairs of leaves or only
40 central pairs of 5 mm leaves moved. When only central 5 mm leaves moved, LVs were
significantly higher than those when all 60 pairs of leaves moved. In addition, the dependence
of LVs on the gantry and collimator angle was decreased when only 5 mm leaves moved,
although a significant difference between 45-135° of gantry angle and 225-315° of gantry
angle was still noted (p < 0.01). Table 1 is a summary of the LVs of leaves in three collimator
angles for two accelerators obtained from figures 4, 5 and 6.

Figure 7 shows the difference in the MLC position between the expected and actual
position for each leaf pair for CLINAC-21EX when beam hold occurred. The measured data
in figure 7 show one example of 15 measurements. For most instances in CLINAC-21EX, the
beam hold occurred due to a leaf position error in the peripheral leaves, while leaf position
inconsistency was predominantly noted for the peripheral 10 mm leaves compared with the
central 5 mm leaves. All results measured with CLINAC-21EX showed the same trend.
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Figure 4. The mean leaf LVs at each gantry angle with three collimator angles of 0°, 45° and 315°
for CLINAC-21EX when all leaves were moved. Error bars shown correspond to one standard

deviation.
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Figure 5. The mean leaf LVs at each gantry angle with three collimator angles of 0°, 45° and 315°
for CLINAC-600C. Error bars shown correspond to one standard deviation,

Figure 8 shows the percentage of beam hold time of the elapsed time at 0° of collimator
The percentages and bars show mean values and standard deviation (SD) of

15 measurements. The percentage of beam hold time was maximum at a gantry angle of
270° for all three conditions. In CLINAC-21EX, the percentage of beam hold time was
approximately half that when only central 5 mm leaves moved compared to that when all

leaves moved.
Figure 9 shows the leaf position and gap width inconsistencies for various leaf velocities

of 1.5cm s™! and 2.5 cm s~! with a collimator angle of 0° for CLINAC-21EX. These measured
data in figure 9 show an example of 15 measurements, and show the mean values of twenty
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Figure 6. Results of LVs for CLINAC-21EX when all 60 pairs of leaves or only 40 central pairs
of 5 mm leaves moved. Error bars shown correspond to one standard deviation.
Table 1. Summary of limiting velocity of leaves in three collimator angles for the two accelerators.
0° 45° 315°
Collimator Ave. £+ Range Ave. £ Range Ave. + Range
angle SD(ms™!) (cms™) SD(ms™') (cms™)  SD(ecms™!) (cms™)

CLINAC- Al 290 £0.20 2.51-3.10 294+£0.16 2.70-3.11 2.90=+0.18 2.62-3.08
21EX leaves
Smm 3.33+£0.09 3.18-3.46 3.34+0.06 3.25-343 3.37+0.07 3.27-3.46
leaves
CLINAC-600C 3.01 £0.08 291-3.12 3.04+0.07 2.92-3.14 3.05%£0.06 2.94-3.10

1 cm leaves and forty 5 mm leaves. The horizontal axis shows gantry angles, while the vertical
axis shows the difference between the expected and actual leaf positions. The difference in
the gap width was calculated by subtracting the gap width of the actual position from that
of the expected position. Asterisks (*) indicate results when only 5 mm leaves were moved.
As mentioned above, due to the delay time of 50 ms, the actual position is always delayed
against the expected position for both leading and trailing leaves. While relative leaf position
inconsistencies were within 1 mm at leaf velocities from 0.5 to 2.0 cm s~ !, they were more
than 1 mm when the leaf velocity exceeded 2.0 cm s~!. In addition, the deviations in the
leaf relative position inconsistencies tended to increase as they traveled against gravity, in this
case at gantry angles around 270°. At 90°, the leaves also experience gravitational effects, but
since the leaves are traveling with the gravitational force, the position differences are not as
pronounced. The inconsistencies in the gap width were negated by position inconsistencies
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Figure 7. The differences in the MLC position between expected and actual positions for each
leaf pair for CLINAC-21EX when the beam hold occurred.
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Figure 8. The percentage of beam hold time of the elapsed time at 0° of collimator angle. (a)
CLINAC-21EX, (b) CLINAC-600C.
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Figure 9. The leaf position and gap width inconsistencies for various leaf velocities of 1.5 cm s~

and 2.5 cm s~! with a collimator angle of 0° of CLINAC-21EX.

of the leading and trailing leaves. Therefore, the gap width showed acceptable values. Also,
the CLINAC-600C accelerators showed a similar tendency. The maximum inconsistency in
the gap width of —0.39 mm was recorded for 1 cm leaves of CLINAC21EX with a velocity of
1.5 cm s~! and a gantry angle of 225°.

4. Discussion

Many publications have documented the evaluation of DMLC quality assurance (LoSasso
et al 1998, 2001, Chui et al 1996, Ling et al 2008). In the present study, we created a DMLC
file in which the MLC velocity was constantly accelerated, and the dynamic irradiation was
delivered at various collimator and gantry angles. We used of a log file to evaluate leaf LV
and leaf position at various collimator and gantry angles.

Litzenberg et al described ‘effective limiting velocity’ using the DMLC tolerance, the
delay time and « (a factor to account for the variation in the delay) (Litzenberg et al 2002a). As
noted by their report, the effective limiting velocity (ELV) of the MLC was shown by ELV =
Xiol/ (& tgetay), Where X is DMLC tolerance, fge1ay is the delay time between accelerator control
and LMC and « is a factor to account for the variation in the delay. According to Litzenberg
et al, the ELV is defined as the maximum leaf velocity within the leaf position tolerance,
and « has been determined to be 1.4. Although the leaf LV in this study was defined when
beam hold occurred, we tried to estimate o with the same equation for the measured LVs.
Figure 10 shows the calculated « of each gantry angle and collimator angle = 0° of CLINAC-
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Figure 11. An example of the original DMLC file, and the expected leaf positions at 90° and
270°gantry angles with a collimator angle of 0° for CLINAC-21EX when all 60 pairs of leaves
moved.

21EX when all leaves were moved. Fifteen measurements were performed for each gantry
angle. The mean value and SD of « at a gantry angle = 0° for the DMLC tolerance of 2 mm
was 1.34 & 0.08. The o values ranged from 1.29 to 1.59. These values almost agreed with the
«a of Litzenberg et al. Therefore, these values should be measured and applied appropriately
to each accelerator.

The minimum LV of CLINAC-21EX and CLINAC-600C were observed at a gantry angle
of 270° or 315° with a collimator angle of 0°, which corresponds to a situation where the
leaves are traveling opposite to the gravitational force. The LMC recorded signals from
primary feedback every 50 ms during the dynamic irradiation and calculated the expected leaf
position after 50 ms. Figure 11 shows an example of the original DMLC file, and the expected
leaf positions at 90° and 270° gantry angles with a collimator angle of 0° for CLINAC-21EX

—45]1—



The effect of gantry and collimator angles on leaf LV and position 3111

O Trajectory of forward direction
Trajectory of inverse direction

I

w W
8 &

pow
g 8
,
2
i
i

2.60 -+

Leaf limiting velocity (cm/sec)
[
=

220

2.00

0 ' 90 270
Gantry angle (degrees)

Figure 12. Comparison of leaf limiting velocities between trajectory in the forward direction and
inverse direction at gantry angles of 0°, 90° and 270° when all leaves of CLINAC-21EX moved.

when all 60 pairs of leaves moved. The difference between the original DMLC file and the
expected position of each leaf reveals the dependence of LV on the gantry and collimator
angles. Before getting these position data, calibration of MLCs was carried out. The result of
the 1 mm wide picket fence pattern (Chui et al 1996) and the stability of MLC output (LoSasso
et al 2001) at gantry angles of 0°, 90°, 180° and 270° were taken as tolerance levels. As for
gantry angles of 0°, 90° and 270° of CLINAC-21EX, we measured the leaf LV of trajectory in
the forward direction and the trajectory in the inverse direction for 15 measurements when all
leaves of CLINAC-21EX were moved. As a result, the leaf LV between gantry angles of 90°
and 270° reversed (as shown in figure 12). Therefore, it seems that the expected position of
the leaves was modified at all times for the difference in the influence of gravity and the load
to the control motor of the MLC. The cause of the reduction in the LV for CLINAC-21EX
was a delay in the motion of 1 cm leaves (as shown in figure 6). Therefore, when the planning
of IMRT includes a large field or an off-axis field using 1 cm leaves, it is necessary to pay
attention to the setting of the maximum leaf velocity and the dose rate related to the velocity,
as well as to the relationship of the MU and DMLC segments in the TPS.

The actual position is always delayed against the expected position for both leading and
trailing leaves, and the position differences of leading leaves and trailing leaves with respect
to the plan increased with the acceleration of the leaf velocity. However, the differences in
the gap width were negated by position errors of leading and trailing leaves (figure 9). The
expected and actual leaf positions at same time of the log files disagreed due to the delay time
between the accelerator controller and LMC. The monitor of dynamic leaf tolerance controls
the leaves using the difference in the expected and actual positions at same time. Therefore, it
is difficult to present the absolute positioning error of the leaves. In this study, the leaf position
error of log files was estimated with relative inconsistency between the expected and actual
leaf positions, but from results of figure 9, a relative inconsistency between the expected and
actual leaf position can be shown by leaf velocity (cm s~!) x delay time (s). For evaluation
of the DMLC performance, the measurements changed with the influence of gravity, and
therefore the mechanical loads of the leaves at various gantry and collimator angles must be
considered, and this measurement method can be utilized for routine DMLC quality assurance
and reproduced easily.
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When the leaf position errors between the expected and actual positions are beyond the
dynamic leaf position tolerance, beam hold occurs. When beam hold occurs frequently, the
accuracy of the delivered dose becomes inferior and the treatment time increases (Litzenberg
et al 2002a, LoSasso et al 1998). Therefore, the setting of treatment parameters without beam
holds is necessary. The cause for the gantry angle and collimator angle dependence of the LV
is the variation in the gravitational force relative to the leaf travel direction. Therefore, the
verification for dose distributions on a per-field basis should be measured at the same gantry
and collimator angles as they are planned. If unacceptable leaf position errors are observed,
MLC maintenance may be warranted, for example to relieve stickiness of the leaves. In
general, the performance will be better if the leaves in the sliding pattern are not required to
move against gravity, so it is recommended to reverse the travel direction in the treatment plan,
delivering the same fluence pattern, such that it is in the same direction as gravity.
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CLINICAL INVESTIGATION Lung

RADIATION TREATMENT PLANNING USING POSITRON EMISSION AND COMPUTED
TOMOGRAPHY FOR LUNG AND PHARYNGEAL CANCERS: A MULTIPLE-
THRESHOLD METHOD FOR [**FIFLUORO-2-DEOXYGLUCOSE ACTIVITY

Mitsuru OkuBo, M.D.,* Yasumasa Nisuimura, M.D., Pu.D.,* Kivosar Nakamatsu, M.D., Pu.D.,*
MasaHIKO OKUMURA, R.T.,Jr Toru SHIBA'TA, M.D., Pu.D.,* Snuicat Kanamori, M.D., Pu.D.,*
Kouner HANAOKA, R.T.," aAND Makoto Hosono, M.D., Pu.D.}

Departments of *Radiation Oncology, ! Central Radiological Service, and }PET, Kinki University School of Medicine,
377-2 Ohno-Higashi, Osaka-Sayama, Osaka 589-8511, Japan

Purpose: Clinical applicability of a multiple-threshold method for [lsF]ﬂuoro-Z-deoxyglucose (FDG) activity in
radiation treatment planning was evaluated.

Methods and Materials: A total of 32 patients who underwent positron emission and computed tomography
(PET/CT) simulation were included; 18 patients had lung cancer, and 14 patients had pharyngeal cancer. For tumors
of =2 ¢m, 2 to 5 cm, and >5 cm, thresholds were defined as 2.5 standardized uptake value (SUV), 35%,and 20 % of the
maximum FDG activity, respectively. The cervical and mediastinal lymph nodes with the shortest axial diameter of
=10 mm were considered to be metastatic on CT (LNCT). The retropharyngeal lymph nodes with the shortest axial
diameter of =5 mm on CT and MRI were also defined as metastatic. Lymph nodes showing maximum FDG activity
greater than the adopted thresholds for radiation therapy planning were designated LNPET-RTP, and lymph nodes
with a maximum FDG activity of =2.5 SUV were regarded as malignant and were designated LNPET-2.5 SUV.
Results: The sizes of gross tumor volumes on PET (GTVPET) with the adopted thresholds in the axial plane were
visually well fitted to those of GTV on CT (GTVCT). However, the volumes of GTVPET were larger than those of
GTVCT, with significant differences (p < 0.0001) for lung cancer, due to respiratory motion. For lung cancer, the
numbers of LNCT, LNPET-RTP, and LNPET-2.5 SUV were 29, 28, and 34, respectively. For pharyngeal cancer, the
numbers of LNCT, LNPET-RTP, and LNPET-2.5 SUV were 14, 9, and 15, respectively.

Conclusions; Our multiple thresholds were applicable for delineating the primary target on PET/CT simulation.

However, these thresholds were inaccurate for depicting malignant lymph nodes. © 2010 Elsevier Inc.

FDG, Threshold value, Radiation treatment planning, Positron emission tomography.

INTRODUCTION

Positron emission and computed tomography (PET/CT)
fusion is used for the purpose of radiation treatment planning
(RTP) in patients with non-small-cell lung cancer (NSCLC),
esophageal carcinoma, head and neck cancer, rectal cancer,
etc. (1-12). The benefits of using PET/CT for RTP are obvi-
ous. In the delineation of the gross tumor volume (GTV),
['sF]ﬂuoro-2-deoxyglucose (FDG)-PET/CT images can sig-
nificantly reduce interobserver variation (13). Faria et al. (1)
and Erdi et al. (14) reported that RTP based on CT and PET
fusion images was useful for delineating tumors from atelec-
tasis in patients with NSCLC,

Because the size of the GTV derived from FDG accumula-
tion changes significantly depending on the threshold value,
the threshold value can affect the clinical target delineation.
Exdi et al. reported that 36% to 44% of the maximum FDG
activity was appropriate for delineating target volumes larger
than 4 cm?, in a static phantom study (15).Recently, thresh-
olds calculated by more complex algorithms containing the
mean activity of spheres and background activity were pro-
posed (Table 1) (16-18). However, an appropriate threshold
value for the target delineation has not been defined.

The planning target volume (PTV) contains margins for
internal motion and setup error. For lung tumors, respiratory
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Table 1. Literature review of thresholds for contouring phantoms or GTVs with PET

Study (ref.)

No. of patients or phantom

Threshold

Erdi et al. (15)

Nestle et al. (16)

Black et al. (17)

Davis et al. (18)

Ford et al. (20)
Deniaud-Alexandre er al. (21)

Static phantom
25 (NSCLC)

Static phantom
Static phantom

101 (NSCLC)

Caldwell ez al. (22) Moving phantom
Nagel et al. (23) Moving phantom
Hong et al. (24) 19 (NSCLC)
Biehl ez al. (25) 20 (NSCLC)

Yaremko et al. (26) Static and moving

phantom

Ashamalla et al. (27) 19 (NSCLCO)

42%*

(015 X Imean) + Ibackgmund

0.307 x (mean target SUV) + 0.588
Bgd + 0.41 X (Sigmax — Bgd)

Static phantom 8 (head and neck cancer) 42%*

50%*
15%*
34%*
2.5 8UV
<3 cm: 42%*
3-5 cm: 24%*
>5 cm: 15%*
Static: 50%%*
Moving: 25%*
Gated breath hold
Visual interpretation

* Percentage of maximal FDG activity.

motion is the major contributor to internal motion. Presently,
CT simulation is the standard for RTP. However, conven-
tional CT images cannot refiect internal motion because CT
provides only snapshot images of a moving tumor. On the
other hand, it takes a few minutes to acquire PET images.
Thus, PET images are influenced by internal motion and
have the potential to delineate an internal target volume
aTv) (19, 22).

Previously, we performed static and moving phantom
experiments and determined an appropriate threshold value
for target delineation in PET images at our institution (19).
Appropriate threshold values for target delineation ranged
from 30% to 40% of the maximum FDG activity for spheres
of 22 to 37 mm. Table 1 summarizes the various thresholds
for target delineation with PET proposed by various inves-
tigators. In several studies, the target was delineated by PET
using a simple threshold: a percentage of the maximum
FDG activity (15, 20-24). However, several investigators
have reported that the use of a single-threshold model for
delineating the GTV with PET/CT is not sufficient because
of the effects of target size, motion, and image reconstruc-
tion parameters (25, 26), Thus, we adopted multiple thresh-
olds for target delineation with PET, dependent on the
target size, according to our phantom studies (19) and pub-
lished our findings (25). The purpose of this study was to
evaluate the clinical applicability of our multiple-thresholds
method in RTP, using PET/CT for lung and pharyngeal
cancers,

METHODS AND MATERIALS

Study population

This study population consisted of 32 patients who underwent
PET/CT simulation between January 2006 and September 2007.
Eighteen patients had lung cancers, and 14 patients had pharyngeal
cancers. Performance status for most patients was 0 or 1. No distant
metastatic lesions were detected by pretreatment examination in-

cluding physical examinations and CT scans of the chest and upper
abdomen. Bone scintigraphy and brain CT or MRI were not rou-
tinely performed. Patient characteristics are shown in Table 2. In-
formed written consent for PET/CT simulation was obtained from
all patients.

Table 2. Patient and tumor characteristics

No. of patients No. of patients

with pharynx with lung

Patient or tumor tumors tumors
Total no. of patients 14 18
Age (y)

Median 56 69

Range 19-79 44-83
Gender

Male 11 16

Female 3 2
Performance status

0 12 11

1 2 4

2 0 3
Stage before

PET/CT simulation*

I 4 2

o 1 2

m 4 14

v 5 1]
Histology

Sqce: 13 Sqce: 8
Lymphoepithelioma: 1 Adenocarcinoma: 6
Scc: 2
Carcinoma: 2

Primary site

Nasopharynx: 10
Oropharynx: 3
Hypopharynx: 1

Upper lobe: 8
Middle lobe: 8
Lower lobe: 2

Abbreviations: Sqcc = squamous cell carcinoma; Scc = small-cell
carcinoma.

* According to the 2002 International Union Against Cancer clas-
sification.
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