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Purpose: To evaluate the natural history, behavior of progression, prognostic factors, and
treatment-related adverse effects of primary ocular adnexal mucosa-associated lymphoid tissue
(MALT) lymphoma (POAML).

Methods and Materials: Eighty-six patients with histologically proven stage I POAML treated
with radiation therapy at National Cancer Center Hospital, Tokyo between 1990 and 2010 were
retrospectively reviewed. The median age was 56 years (range, 18-85 years). The median dose
administered was 30 Gy (range, 30-46 Gy). Seventy-seven patients (90%) were treated by radi-
ation therapy alone.

Results: The median follow-up duration was 9 years (range, 0.9-22 years). The 5- and 10-year
overall survival (OS) rates were 97.6% and 93.5%, respectively, and no patients died of lym-
phoma. Patients with tumor sizes >4 cm showed a greater risk of contralateral relapse
(P=.012). Six patients with contralateral relapse were seen and treated by radiation therapy
alone, and all the lesions were controlled well, with follow-up times of 3 to 12 years. There
was 1 case of local relapse after radiation therapy alone, and 3 cases of relapse occurred in a
distant site. Cataracts developed in 36 of the 65 eyes treated without lens shielding and in 12
of the 39 patients with lens shielding (P=.037).

Conclusions: The majority of patients with POAML showed behavior consistent with that of
localized, indolent diseases. Thirty gray of local irradiation seems to be quite effective. The
initial bilateral involvement and contralateral orbital relapses can be also controlled with radi-
ation therapy alone. Lens shielding reduces the risk of cataract. © 2014 Elsevier Inc.
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Introduction

The incidence of ocular adnexal lymphoma is reported to be less
than 10% in all extranodal lymphomas {1}. More than one-half of
the cases of ocular adnexal lymphoma are mucosa-associated
lymphoid tissue (MALT) lymphomas (2). MALT lymphoma,
first described in 1983 by Isaacson and Wright (3}, is believed to
have a tendency to remain localized to the primary site for a long
time {4}). Therefore, local therapy has usually been applied for this
disease (3, 6). Among several treatments, radiation therapy has
been generally considered the most effective for localized disease
(1. 4, 5, 7-9). The objective of our study was to analyze the
characteristics of primary ocular adnexal MALT lymphoma
(POAML), including its natural history, behavior of progression,
prognostic factors, and treatment-related adverse effects.

Methods and Materials

Eighty-six patients with histologically proven stage IPOAML treated
with radiation therapy at National Cancer Center Hospital, Tokyo
between 1990 and 2010 were retrospectively reviewed. The median
age was 56 years (range, 18-85 years). There were 49 male (57%) and
37 female (43%) patients. The pathologic diagnosis of MALT lym-
phoma was established by biopsy or surgical resection sample.
Staging workups included physical examination; complete blood
count; magnetic resonance imaging (MRI) or computed tomography
(CT) of both orbits; CT of the neck, thorax, abdomen and pelvis; and
bone marrow biopsy. Tumors classified as stage I in this study were
unilateral or simultaneous bilateral diseases that did not have extra-
orbital extensions. Twelve patients had simultaneous bilateral le-
sions. These bilateral lesions were both treated by radiation therapy,
and the total number of the eyes undergoing radiation as a primary
therapy was 98. Additionally, all the 6 relapses in the contralateral
eyes underwent radiation therapy. Therefore, the total number of eyes
treated by radiation was 104 (unilateral primary, 74; bilateral primary,
12 x 2; contralateral relapses, 6). As for subsites of the 104 eyes,
conjunctiva and eyelid involvement was seen in 46 eyes, lacrimal
gland involvement in 7 eyes, and nonconjunctival/eyelid/lacrimal
gland involvement in 51 eyes.

The total of 77 patients, including 66 with unilateral and
11 with bilateral lesions, were treated by radiation therapy alone
(Table 1). Among the patients with unilateral tumors, 3 received
chemotherapy followed by radiation therapy, and the other 5 un-
derwent surgery (macroscopically complete excision) before
radiation. Also, 1 bilateral tumor was treated with radiation and
chemotherapy. Among those treated with radiation and chemo-
therapy, 2 patients had 4 or 6 cycles of cyclophosphamide,
hydroxydaunorubicin, oncovin, and prednine (CHOP), 1 patient
had 4 cycles of rituximab + CHOP (R-CHOP), and 1 patient had
1 cycle of cyclophosphamide, oncovin, and prednine. A total of
4 patients received chemotherapy.

The radiation doses varied between 30 and 46 Gy in 2 Gy per
fraction, and the median dose was 30 Gy. No eyes were treated by a
dose lower than 30 Gy. Direct appositional electron irradiation with 3

70

to 12 MeV was used in 41 eyes. The remaining 63 eyes were treated
with 4- or 6-MV photon beams with a single anterior field or a wedged
pair of anterior and oblique fields. A lens block made of lead was used
in 39 of 104 eyes (photon beam, 27; electron beam, 12), and a bolus
with 5 mm in water-equivalent thickness was used in 41 of 104 eyes
(photon beam, 13; electron beam, 28).

Local relapse-free survival (LRFS) was calculated from the
last day of radiation therapy until the date of the first documented
relapse, with death and last follow-up visit without local relapse
considered to be censored. Contralateral relapse-free survival
(CRFS) was defined as the time from the last day of radiation
therapy until the date of the first documented contralateral relapse,
with death and last follow-up visit without contralateral relapse
considered to be censored. In the analysis of contralateral relapses,
24 eyes of simultaneous bilateral diseases were not included
because there was no contralateral eye for primary bilateral le-
sions. Overall survival (OS) was defined as the time from the last
day of radiation therapy until the date of death of any cause or

Table 1  Patient characteristics
Characteristic No.

Sex o

Male 49 patient (57%)

Female ¥ paﬁ°nts (43%)

Age,y o o

Medxan (range) 561 8-8.1) :
Bilateral presentatlon - 12 pdtlcmb -
Contralateral relapse .. 6 patients
No. of irradiated eyes 104 eyes =

Umlateml 1nvolvement
Bllatera] involvement
Cont1 a]ateral ije}apse

‘ anary si -

~ Conjunctiva and eyelid
Lacrimal gland ,
NOHCODJI nctiva/eyelid/lacrimal
e

k‘Treatmf” o

Radlatlon dose, |
~ Median (rar ’
Treatmer' - (total no.
. heded

X-ray o -
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until the date of the last follow-up visit for patients who were
alive. Cataract incidence was calculated from the last day of ra-
diation therapy to the date of cataract diagnosis. All the survival
curves and the incidence of cataracts were calculated by the
Kaplan-Meier method, with a statistical difference tested by log-
rank test. A P value of less than .05 was considered to be statis-
tically significant. All the statistical analyses were performed with
Predictive Analytic Software (PASW), version 18.0 (SPSS Inc.,
Chicago, IL).

Results

The median follow-up time for all patients was 9 years (range,
0.9-22 years). The 5- and 10-year OS rates were 97.6% and
93.5%, respectively (Fig. 1). Also, the 5- and 10-year LRFS rates
were 98.7% and 98.7%, and the CRFS rates were 97.0% and
90.8%, respectively. No patients died of the disease; the deaths of
6 patients were of causes unrelated to lymphoma. The number of
total relapses was 10. Among them, 1 relapse occurred locally
within the radiation field, and contralateral relapses were seen in
6 patients. The other 3 patients had distant relapse. The patient
who experienced local relapse had had simultaneous bilateral
tumors at presentation, and both tumors were treated by radiation
therapy. Only her lymphoma in the conjunctiva of the right eye,
with a size of several millimeters, relapsed 45 months after
electron beam irradiation of 30 Gy. The 6 contralateral relapses
were also treated by radiation therapy alone, and all those lesions
were controlled with follow-up times of 3 to 12 years. Patients
with tumor sizes >4 cm showed a greater risk of contralateral
relapse, with 5- and 10-year CRFS of 100% and 55.6%, respec-
tively, for tumors >4 cm, and 96.7% and 94.3%, respectively, for
tumors <4 cm (P=.012) (Fig. 2). Other factors, such as sex, age,
and tumor location, were not significant for relapse in the
contralateral orbit.

The clinical characteristics of the simultaneous bilateral le-
sions are shown in Tuble 2. No clinical factors affected the
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Fig. 1.  Overall survival (OS) (n=86), local relapse-free survival

(LRFS) (n=104), and contralateral relapse-free survival (CRFS)
(n=74) in patients with primary ocular adnexal MALT lymphoma
(5- and 10-year OS rates, 97.6% and 93.5%; LRFS rates, 98.7% and
98.7%; and CRFS rates. 97.0% and 90.8%, respectively).
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Fig. 2. Contralateral relapse-free survival rates according to

tumor sizes.

bilateral lesions except for tumor size. Bilateral lesions were seen
in 6.9% of the patients with tumors >1 cm and in 28.6% of the
patients with tumors 1 cm (P=.007).

Among the patients who experienced distant relapse, initial
therapy was radiation alone for 2 patients and surgery followed by
radiation for 1 patient. Of those, 2 experienced relapse at the
medijastinum, and 1 at the left pleura. All of them underwent
additional treatment. One patient with mediastinal disease was
treated with 6 cycles of R-CHOP, and another patient with
mediastinal disease underwent 6 cycles of R-CHOP followed by
30 Gy of radiation. The patient with pleural disease underwent
surgery. All the patients achieved complete response with no ev-
idence of disease at an additional 24 to 132 months of follow-up.
There were no statistically significant prognostic factors that
influenced distant relapse (Tabie 3).

Risk factors for cataract were retrospectively evaluated in 104
eyes, including eyes treated for primary diseases and 6 eyes
treated for contralateral relapse. Cataracts occurred in 48 of 104
eyes. Of those, 31 eyes underwent surgery. Among 4 patients who
were treated with chemotherapy including steroids, only 1 patient
experienced a cataract without the use of a lens shielding. A lens-
shielding technique was used in 39 of 104 eyes. Cataracts devel-
oped in 36 of the 65 eyes without lens shielding, with a 5-year
cataract incidence of 50.9%, whereas 12 of the 39 patients with
lens shielding experienced cataracts, with a 5-year cataract inci-
dence of 27.4% (P=.037) (Fig. 3). The radiation dose was not a
risk factor (65 eyes were treated with 30 Gy vs 39 eyes were

of unilateral and bilateral lesions
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Table 3  Clinical features of distant metastasis
~ Feature Distant relapse Others P value
Age,y 50.3 535 725
Sex. 730
Male 47
Female ! 1 36 :
Size, cm it .629
<4 3 77
>4 0 6
Location 068
Lacrimal gland 1 5
Other than lacrimal gland 2 78

treated with >30 Gy; P=.843). Also, the use of a bolus did not
influence the risk of cataracts.

Discussion

In this study, excellent LRFS of 98.7% in 5 and 10 years was
achieved, and a moderate dose of 30 Gy was effective for stage I
POAML (10-13). The predominant site of relapse was a contra-
lateral orbit. However, even those contralateral relapses were
controlled well by radiation therapy alone.

Most previous studies have analyzed the prognostic signifi-
cance of tumor subsite at the conjunctiva or other locations (1, 9.
14). Some studies have suggested that tumor at the conjunctival
location may have a better prognosis than those at other anatomic
subsites of the orbit, whereas other studies have not found such a
difference between the conjunctival location and other sites. In our
study, we did not see any differences of prognosis between the
conjunctiva and the other sites. Also, Nam et al {15) have stated
that primary lacrimal involvement may be related to future relapse
more frequently than other orbital subsites. In our study, there
were 6 patients with lacrimal primary tumors. One patient had
bilateral lacrimal involvement, and the total number of eyes with
lacrimal involvement was 7 in 6 patients. Among them, only 1
patient with lacrimal tumor experienced distant relapse 12 years

Cataract
1.0~
08~
Without block
Z 08 t
=z
[
£
2
o 04-
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N 1 i EH i 1 i [
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Fig. 3. Cumulative incidence of cataract according to whether

lens shielding was used.
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after radiation therapy. Also, a distant relapse rate according to
conjunctiva and eyelid versus lacrimal gland and other orbital
involvements was analyzed, and there was no significant differ-
ence between them. Because of the small number of the patients
with distant relapse, a statistically significant influence of the
primary orbital subsite on distant relapse could not be seen.

Some reports of POAML have shown distant relapse other than
ocular relapse, and a possible role of immunochemotherapy in
reducing distant relapse has been suggested. Hashimoto et al {13}
reported that 30.6 Gy combined with rituximab successfully
decreased the risk of systemic relapse. However, our study
demonstrated, after extensive staging, that distant relapse of stage
I POAML is rare, and immunochemotherapy seems to have only a
small role in stage I POAML. Additionally, most reported series
have demonstrated excellent OS, with only a small number of
deaths attributed to POAML. The treatment with immunoche-
motherapy of all patients with localized POAML is cost
demanding and is out of consideration. Contralateral orbital
relapse was seen most often, but the median time to contralateral
relapse was as long as 84 months after radiation therapy. There-
fore, patients with stage I POAML must be followed up longer
than 5 years, with meticulous attention to the contralateral eye.
There are few reports on the management and prognosis of
contralateral relapse of POAML. In our study, all the 6 contra-
lateral relapses were treated by radiation therapy, and all were
controlled for 3 to 12 years without local or extraorbital relapses.
Goda et al {16) have stated that an isolated contralateral relapse of
MALT lymphoma in the paired organ could be successfully
managed with another course of RT and often did not result in
further disease relapse in distant sites (16). Solitary contralateral
relapse of stage I POAML should be treated by a repeated course
of radiation therapy. Although anatomic site of tumor location,
sex, and age were not significant for relapse in the contralateral
orbit, the patients with tumor sizes >4 cm showed a greater risk
for contralateral relapse more than 5 years after treatment.
Therefore, long term follow-up is mandatory for patients with a
larger tumor, attention being given to the contralateral eye.

In our series, primary bilateral lesions were small at presen-
tation. POAML often presents as a salmon-pink lesion that is
sometimes misdiagnosed as other ocular surface diseases, such as
allergic or chronic conjunctivitis, and it is sometimes challenging
to recognize the small tumor (17;. There is a possibility that pa-
tients with bilateral lesions might draw the ophthalmologist’s
attention to the symptoms including irritation, epiphora, and mass
sensation compared with patients with unilateral lesions. This
might have resulted in an early diagnosis with relatively small size
in our bilateral lesions. All of the bilateral lesions were controlled
well by radiation except for 1 case of local relapse. Also, the
NCCN Guidelines Version 1.2013 ¢(i8) recommends radiation
therapy to both lesions in bilateral POAML.

A total dose of around 30 Gy in a conventional fractionation
seems to be the present standard in radiotherapeutic management
of POAML.. Hashimoto et al {13} reported that 30.6 Gy combined
with rituximab successfully decreased the risk of systemic relapse.
By contrast, Tsang and coworkers (§} reported that for local
control of POAML, the results of a slightly lower dose of 25 Gy in
30 patients with orbital lymphomas remained excellent. Recently,
low-dose radiation has become increasingly used in the manage-
ment of indolent non-Hodgkin lymphoma (NHL) (19-24}. Fasola
et al (25) recommended 2 Gy in 2 fractions as excellent treatment
of NHL of the ocular adnexa for the purpose of disease control in
patients with advanced stage disease, with the option of
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reirradiation in the case of locoregional relapse. However, there
are few data regarding how much the dose could be reduced safely
in radical radiation therapy of POAML. Therefore, future clinical
trials seem to be necessary to reduce the optimal doses in radiation
therapy for POAML.

The use of the shielding block reduced the incidence of cata-
ract, with a statistically significant difference. However, because
cataract was effectively managed by surgery with a resultant
restoration of vision, a shielding block must be inserted only in the
lesions that can be treated with easy insertion of the shielding
block. Although there was no evidence of any complication of
cataract operations after radiation therapy during the follow-up
period, cataract operations should be cautiously applied in clinics.

Conclusion

Local radiation therapy up to 30 Gy can attain excellent local
control and overall survival of POAML. The predominant site of
relapse was in the contralateral eye, which can be also controlled
by local radiation. Because the median time to contralateral
relapse was 84 months, long term follow-up of POAML is
mandatory.
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The influence of deviations in dwell times and source positions for '**Ir HDR-RALS was investigated. The
potential dose errors for various kinds of brachytherapy procedures were evaluated. The deviations of dwell
time A7 of a '*?Ir HDR source for the various dwell times were measured with a well-type ionization chamber.
The deviations of source position AP were measured with two methods. One is to measure actual source pos-
ition using a check ruler device. The other is to analyze peak distances from radiographic film irradiated with
20 mm gap between the dwell positions. The composite dose errors were calculated using Gaussian distribu-
tion with AT and AP as 1o of the measurements. Dose errors depend on dwell time and distance from the point
of interest to the dwell position. To evaluate the dose error in clinical practice, dwell times and point of interest
distances were obtained from actual treatment plans involving cylinder, tandem-ovoid, tandem-ovoid with
interstitial needles, multiple interstitial needles, and surface-mold applicators. The AT and AP were 32 ms
(maximum for various dwell times) and 0.12 mm (ruler), 0.11 mm (radiographic film). The multiple intersti-
tial needles represent the highest dose error of 2%, while the others represent less than approximately 1%.
Potential dose error due to dwell time and source position deviation can depend on kinds of brachytherapy

techniques. In all cases, the multiple interstitial needles is most susceptible.

Keywords: dwell time; source position;

INTRODUCTION

The radioactive source and seed used in brachytherapy can emit
photons or electrons in all directions. Dosimetrically, this means
that the dose gradient around a brachytherapy source is very
steep, and the dose decreases exponentially with the thickness
of the material or tissue. Therefore, by implanting the source
near or into the tumor region, high conformity of prescribed
dose to the target and reduction of unwanted dose to healthy
organs surrounding the tumor region can be obtained.

The use of CT or MR images in treatment planning for
brachytherapy has been widely employed as image-guided
brachytherapy (IGBT). Over the past few years, a number of
studies have been conducted on various IGBT techniques [1-4].
Dose distributions can be customized to fit the target for each
patient by referring to actual anatomy from CT or MR
images instead of film-based planning. Furthermore, recently,
sophisticated dwell time optimization techniques, such as
graphical optimization and inverse planning anatomy-based

1921p- dose error; RALS

dose optimization, has been implemented in commercial treat-
ment planning systems (TPSs) [5-9].

Treatment parameters (including dwell times and dwell
positions of the radioactive source calculated by TPSs) are
transferred to the treatment machine, such as a remote after-
loading system (RALS), manufactured e.g. by Nucletron, an
Elekta company (MicroSelectron®, Stockholm, Sweden),
Varian Medical Systems Inc. (VariSourceTM, Palo Alto, CA,
USA), or Eckert & Ziegler Bebig SA (MultiSource®, Seneffe,
Belgium). The RALS should provide high precision control of
the movement of the radioactive source as planned in terms of
the dwell times and dwell positions in the applicators in
which the source moves. Mechanical accuracies of move-
ment of the radioactive source have been referred to in some
quality assurance/quality control (QA/QC) guidelines for
high-dose-rate (HDR) RALS [10-13]. For example, AAPM
Task Group 40 and Task Group 56 refer to a tolerance of
source positioning of 1 mm [10, 11]. ESTRO Booklet No. 8
recommend an action level of source positioning accuracy
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of +2 mm [12]. The tolerance or action level can be applic-
able for the scheduled QA/QC treatment machine. However,
it is not obvious how these figures relate to clinical practice,
and they lack practical value in terms of clinical influence. It
has been further suggested that these values can be applied
to all of the irradiation techniques in brachytherapy, such as
surface-mold and interstitial brachytherapy, etc. Actually,
dose error due to deviation of the source position depends on
the distance from the source according to the inverse square
law. A large dose error can be observed near the source, but
the dose error far from the source is less.

Similarly, the impact of dose change caused by dwell time
error can be expected to be linearly dependent on total dwell
time. For instance, a tiny dwell time error can have a large
impact in the case of low dwell time. In particular, the graph-
ical optimization and inverse-planning anatomy-based dose
optimization of the commercially available TPSs performs
calculations of the dwell times without putting a lower limit
on dwell time. Therefore, it is important to investigate dose
error for such brachytherapy techniques, which freely use a
low dwell time.

Dose error from mechanical uncertainties of movement of
the source can depend on the kind of irradiation technique used,
and its clinical influence is not fully understood. Our purpose in
this study was to evaluate the dose error for clinical treatment
plans involving a range of irradiation applicators/catheters, such
as cylinder, tandem/ovoid, tandem/ovoid with a small number
of interstitial needle applicators (‘Combination-brachytherapy’),
multiple interstitial needle applicators, and surface-mold appli-
cators for scalp tumors.

In this study, deviations in dwell time and source position
were measured for a number of techniques. Finally, the influ-
ence of the dose error due to both deviations was investigated
for actual treatment plans involving the various applicators
or catheters listed above.

MATERIALS AND METHODS

Measurements of deviation of dwell time and source
position

For '°’Ir HDR-RALS (MicroSelectron® V2, Nucletron, an
Elekta company), the deviation in dwell time AT and source
position AP were measured for a range of techniques [12-16].
For two measurements, the air kerma strength was ~30.0 mGy
m? h™™. The Nucletron RALS has a nominal time resolution of
0.1 s. As shown in Eq. (1), dwell time, 7,,, was obtained from
the amount of electric charge measured by a well-type ioniza-
tion chamber (WIC) and an electrometer (HDR-1000 plus and
MAX-4000, Standard Imaging Inc., Middleton, WI, USA).
The correction factor kzp was applied to convert the cavity air
mass at the reference conditions (temperature 7y 22°C and
pressure Py 101.3 kPa) [13].
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Dwell time T, can be obtained from the amount of net
electric charge (M — Mgp) and the current Ay of the WIC
during the irradiation, as shown in the following equation.

M- Mg

Mgr means amount of electric charge in the end effect of a
source, and it can be regarded as a constant independent of
dwell time. Therefore, a standard deviation of dwell time T,
can be equal to that of M/Ay. The dwell time deviation AT
was defined as a maximum value for a standard deviation of
10 measurements of M/A, for nominal dwell time T of 0.1,
0.2,0.5,1.0,5.0,15.0 and 30.0 s.

The deviations in the source positions were measured with
two methods. One method involved measuring the position
of the source with a source position check ruler device spe-
cifically developed for MicroSelectron® and provided by
Nucletron, an Elekta company. The MicroSelectron® was set
up to place the source in a certain position via the ruler con-
nected by a straight transfer tube. By reading the actual
source position, the standard deviation of the position devi-
ation was obtained. A total of 11 measurements were per-
formed to obtain a standard deviation. The other method
involved irradiation of radiographic film (EDR2, Carestream
Health Inc., Rochester, NY, USA) with applicators tightly
attached to it. Irradiation was performed with 2-cm gaps
between the dwell positions, and the number of gaps was
198. The exposed films were digitized with an EPSON
ES-8500 flatbed scanner under resolution conditions of
600 dpi (equivalent to 0.042 mm/pixel) and a 16-bit gray
scale. The digitized images were analyzed using film QA soft-
ware (DD-system Ver. 10.21, R-TECH Company, Tokyo,
Japan) as shown in Fig. 1. The source position deviation AP
was defined as the maximum of a standard deviation for two
tests (ruler and radiographic film).

Ty

Evaluation of dose error in single catheter method
As shown in Fig. 2, we calculated the dose errors at the
points of interest due to deviations in both dwell time AT and
source position AP, using the methods as described in the
previous section. Two deviations were used as a standard de-
viation (according to Gaussian distribution) in the develop-
ment environment of Microsoft Visual Studio 2010 instead
of the commercial TPS. Dose calculation with a grid size of
1.0 mm was performed according to AAPM TG-43 protocol -
[17-19], as is typically used for dose calculation in brachy-
therapy TPS. Points of interest were placed at a distance L
from each dwell position in the perpendicular direction of a
catheter. A total of 10 dwell positions with a 2.5-mm dis-
tance from each source was investigated. Dose deviations
were defined as the mean value for a standard deviation of
the dose at the points of interest in 10 trials.
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Fig. 1.
software DD-system Ver. 10.21 (R-TECH Company).
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A standard deviation of dwell time AT
A standard deviation of source position AP
in direction of transfer of source.
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-
,
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Fig. 2. Dose errors at points of interest for a single catheter
calculated according to the AAPM TG-43 protocol [17-19] due to
the two deviations: dwell time deviation AT and source position
deviation AP.

Radiographic film EDR2 (Carestreamn Health Inc.) was analyzed for the measurement of source position accuracy using film QA

Evaluation of dose calculation error in various
clinical treatment plans

Dose error at the points of interest is affected by two factors:
dwell time and distance of the point of interest from the source.
In order to evaluate the influence of the two deviations, AT and
AP, for a clinical treatment plan, we measured the dwell times
and distance to points of interest in the actual treatment plan
for a range of applicator types, such as cylinder, tandem/ovoid,
combination-brachytherapy, multiple interstitial needle appli-
cators, and surface-mold applicators for scalp tumors, in TPS
Oncentra Brachy Ver. 4.1.0.132 (Nucletron, Veenendaal,
Netherland). Table 1 provides information about the treatment
plans for the various applicator types investigated here.

As time passes, dwell times for the same treatment plan
must be increased in order to compensate for the decay of the
radioactivity source (half-life of '**Ir = 73.83 d). In other words,
air kerma strength is higher, e.g., just after the replacement of an
21t source. A maximum value Sk of 48.56 mGy m* h™" was
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Table 1. Treatment plans using various kinds of applicators or catheters

Applicators or catheters # treatment Prescribed dose Method of optimizing dose distribution
plans Gy)
Cylinder 16 Dose point optimization to 5 mm under vaginal surface
Tandem/ovoid 17 Manchester system
Combination-brachytherapy 9 Inverse planning based on dose—volume histogram
and graphical optimization
Multiple interstitial needle 8 6
applicators
Surface-mold for scalp tumor 5 2-2.5 Dose point and graphical optimization

obtained from the 43 measurements taken between February
2002 and December 2012 in our institute (average+ 1SD,
42.21 +3.06 mGy m? h™"). Dwell times for all of the treatment
plans listed in Table 1 were recalculated using the maximum
Sk of 48.56 mGy m? h™}, because a large dose error can be
observed in the case of low dwell time.

In this study, the distance to the point of interest was
defined by the equation below. We used the geometrical
averaged distance 7, of the point of interest from catheter, 7.

rg =, /Vloo%/z wl; 2)

This equation can be derived from Y wrf X J; = Vigoy.
Vioos means the irradiated volume receiving the prescri-
bed dose or more, and it can be obtained from the dose—
volume histogram in the TPS. The /; is assumed to be the
length of treatment region of the ith catheter. The gap
between the dwell positions was set to a 2.5-mm interval.
Therefore, the length of treatment region I; could be
expressed as a multiplication of the 2.5 mm interval by the
number of dwell positions.

RESULTS

Measurements of deviation of dwell time
and source position
Dwell time deviation was measured with a WIC. The stand-
ard deviations of dwell time for 10 measurements are shown
in Table 2. From these results, the maximum standard devi-
ation was found to be 32 ms for a dwell time of 30.0 s.
Deviation of the source position in the Nucletron RALS
was measured using the two methods. The standard deviation
of the source position was 0.12 mm and 0.11 mm in mea-
surements using either the source position check ruler device
(n=11) or radiographic film (n=198), respectively. The
dwell time and source position deviation in this study were
regarded as a standard deviation according to Gaussian distri-
bution, AT = 32 ms and AP =0.12 mm (worst case scenario).

717

Table 2. Dwell time deviation for Nucletron RALS
measured with a WIC

Dwell time (s) 01 02 05 1.0 50 150 300
Deviation (ms) 18 17 23 23 29 23 32

Dose error in a single catheter by calculation

Figure 3a depicts the calculated dose errors as a function of
dwell time with points of interest placed at a fixed distance of
5 mm with the measured two deviations, using AT =32 ms
and AP =0.12 mm as the standard deviation according to the
Gaussian distribution. Dose errors were calculated with three
conditions: with either AT, AP, or both of them to reveal the
contribution of each deviation to the total dose error. Using
only AP, the dose error was constant independent of the
dwell time. Using only A7, the dose error decreased with an
increased dwell time. For both two deviations, the dose error
also decreased with an increase in dwell time, and was a com-
posite of the graphs when using only AP and only AT. Figure
3b depicts the calculated dose errors as a function of distance
L to the point of interest with a fixed dwell time of 2 s and the
two measured deviations, AT =32 ms and AP =0.12 mm gen-
erating the standard deviation according to Gaussian distribu-
tion. Dose errors were also calculated according to these
assumptions in Fig. 3a. With only AP, the dose error decreased
with an increase in distance L to the point of interest. The dose
error approached zero, because AP is less influential for a
point distant from the source. Using only A7, the dose error
remained constant, because dose was linearly proportional to
the dwell time. With both deviations, the dose error also
decreased with increase in distance to the point of interest, and
was a composite of the graphs with only AP and only AT.

As shown in Fig. 3, the dose error depended on two factors:
dwell time and distance to the point of interest. Figure 4
depicts a 2D-plot of the dose errors with the two measured
deviations, AT=32 ms and AP =0.12 mm. As shown in the
figure, a high dose error could be observed near the source for
a small dwell time.
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Fig. 3. Dose error for AT=32 ms and AP=0.12 mm: (a) dose
error at points of interest placed at a fixed distance of 5 mm as a
function of dwell time by calculation. (b) Dose error for a fixed
dwell time of 2 s as a function of distance to points of interest by
calculation.

Dwell time and distance to the point of interest
for clinical treatment plans
Figure 5 depicts the box-and-whisker plot of dwell times per
dwell position in the actual clinical treatment plans as
described in Table 1. The median dwell time for each dwell
position was 27.18, 19.10, 5.74, 0.73 and 0.95 s for the cylin-
der, tandem/ovoid, combination-brachytherapy, multiple inter-
stitial needle applicators, and surface-mold applicators for
scalp tumors, respectively. The lower quartile of dwell times
was 20.96, 13.26, 1.97, 0.34 and 0.69 s, respectively. For in-
stance, Fig. 6 depicts a distribution of dwell times for the mul-
tiple interstitial needle applicators (n = 8 treatment plans).
Figure 7 depicts the box-and-whisker plot of the geometrical
averaged distance to the point of interest 7, derived from Eg.
(2) for the clinical treatment plans (see Table 1). The median
value of r, was 30.73, 29.06, 17.01, 8.08 and 20.10 mm in the
cylinder, tandem/ovoid, combination-brachytherapy, multiple
interstitial needle applicators, and surface-mold applicators for
scalp tumors, respectively. The lower quartile of r, was 30.14,
28.51, 16.37, 7.44 and 15.70 mm, respectively. Furthermore,
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Fig. 4. 2D-plot of dose error for dwell times and distance to point
of interest L for AT =32 ms and AP =0.12 mm.
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Fig. 5. The box-and-whisker plot of the dwell times per source
position for the clinical treatment plans (see Table 1).

minimum r, was 27.03, 2722, 1472, 6.47, and 15.29 mm,
respectively.

Potential dose error for clinical treatment plans

We adopted the results of the dose error for a single catheter
by calculations from clinical treatment plans. We introduced
the median value of Figs 5 and 7 as a representative expres-
sion of the treatment plans. This condition assumed that the
dwell time and the distance to the point of interest for all acti-
vations can be considered equivalent to the median value.
Table 3 lists the potential dose errors that were obtained from
the 2D-plot of the dose error indicated by the two median
values.



