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Fig. 2 Relative mean measured standardized uptake value (SUV)-
p-max of six spheres for each source-to-background (S/B) ratio.
For spheres (less than 22 mm), the measured SUV-p-max decreased
dependent on the size of the sphere
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Fig. 3 Appropriate threshold values for each S/B ratio. For spheres
(22 mm or more), appropriate threshold values were relatively
constant independent of the S/B ratio ranging from 30% to 400
of the measured SUV-p-max

maximum "*FDG activity was inaccurate because of the
partial volume effect. Thus, we analyzed only spheres of
22 mm or more in the subsequent experiments.

Figure 3 is a plot of appropriate threshold values of
spheres of 22 mm, 28 mm, and 37 mm for each S/B ratio.
The appropriate threshold values ranged from 30% to
40% of the SUV-p-max, independent of the S/B ratio.
Therefore, we adopted a threshold value of 35% of the
measured SUV-p-max.

Figure 4 shows the averages of the measured SUV-p-
max of spheres of 22 mm, 28 mm, and 37 mm for an S/B
ratio of 20 in moving phantom experiments. For a sphere
of 37 mm, the measured SUV-p-max did not decrease
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Fig.4 Averages and standard deviations of the measured maximum
["*F] fluoro-2-deoxyglucose activity for spheres of 22 mm, 28 mm,
and 37 mm in moving phantom experiments. For spheres of 22 mm
and 28 mm, the measured SUV.p-max decreased significantly
dependent on the translation distance

significantly, and ranged from 9.5 to 10.4 SUV-p. But
for spheres of 22 mm and 28 mm, the measured SUV-p-
max decreased significantly dependent on the translation
distance.

CT and PET images

Examples of delineation with CT and PET are shown in
Fig. 5. Figure 5a, b shows an anterior-posterior digitally
reconstructed radiograph (DRR) image of a sphere of
28 mm from CT images in the static and moving phantom
experiments. The DRR image of a static sphere is circu-
lar and smooth, but that of a moving sphere is distorted.
For a moving sphere, two separate elliptical CT images
were generated in some cases. In such cases, maximum
sizes delineated by CT were measured from the top of
the upper ellipse to the bottom of the lower ellipse.
Figure 5c, d shows an anterior-posterior DRR image of
a sphere of 28 mm from PET images depicted with a
threshold value of 35% in static and moving phantom
experiments. The DRR image of a static sphere is a
circle, but that of a moving sphere is delineated length-
wise and an oval.

The averages of the maximum size of CT and PET
delineation of spheres of 22 mm, 28 mm, and 37 mm in
both the axial and sagittal planes are shown in Table 2.
In the axial plane, all sizes of CT delineation were smaller
than the actual sphere size, with a difference of 0.4-
1.2 mm. In the sagittal plane, sizes of CT delineation
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Fig. 5 Digitally reconstructed radiographs (DRRs) of a 28-mm-
diameter sphere generated from computed tomographic (CT)
images and positron emission tomographic (PET) images in a
sagittal plane. The total translation in the moving experiment was
20 mm. a, b DRRs of CT images generated from static and moving

sphere images, respectively. A DRR image of a static sphere is
circular and smooth, but that of a moving sphere is distorted. ¢, d
DRRs of PET images generated from static and moving sphere
images, respectively. A DRR image of a static sphere is a circle,
but that of a moving sphere is delineated lengthwise and an oval

Table 2 The averages of the maximum diameter of static and moving spheres on PET and CT images

Sphere size (mm) Translation (mm)

Diameter of PET/CT images

Difference between PET/CT and

(mm) actual diameter (mm)
PET image* CT image* PET image* CT image*
Axial plane
2 10 24%1.1 21405 04 0.6
20 220+ 0.7 21.2204 2.0 0.8
30 28+08 08%1.1 0.8 1.2
28 10 27804 276%£05 02 0.4
20 258+04 27010 22 1.0
30 2624 1.3 272408 1.8 0.8
37 10 37.2+04 36.6 0.5 0.2 0.4
20 3500 362104 2.0 0.8
30 338204 364£0.5 32 0.6
Sagitral plane
22 10 242204 16.6 £ 6.9 78 154
20 Jl4x1.1 178+ 11.6 10.6 242
30 434109 31818 8.6 29.8
28 10 298+04 26%57 8.2 154
20 35208 27486 12.8 20.6
30 448+18 336117 13.2 244
37 10 319.0+0.7 B6+22 8.0 8.4
20 442+08 44+11.7 12.8 12.6
30 51019 40,6 £12.0 16.0 26.4

PET positron emission tomography, CT computed tomography

* Averages and standard deviations of the maximum size from five measurements

deviated significantly with large standard deviations
(SDs). The difference between the average sizes of CT
delineation and the corresponding real ITV (an actual
sphere diameter plus moving distance) ranged [rom
8.4 mm to 29.8 mm.

In the axial plane, the sizes of PET delineation tended
to be smaller than the actual sphere sizes, whereas in the
sagittal plane all sizes of PET delineation were larger
than the actual sphere sizes and increased dependent on
the translation distance with small SDs. However, these
values were smaller than the real ITV, and the difference
between the average sizes of PET delineation and the
real ITV ranged from 7.8 mm to 16.0 mm.

Discussion

Table 1 summarizes the various thresholds for the target
delineation with PET proposed by various investigators.
Although there are many reports on this matter, most
reports are based on static phantom experiments or a
limited number of patients. Of the three reports using
moving phantoms, two are basic experiments for respi-
ratory gating 4D-PET images. Only one study described
the benefit of PET images in delineating 1TV [23].
However, appropriate threshold values for moving
phantoms have never been reported. In the present
phantom experiments, the PET delineations with a 35%
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threshold fitted well to the actual spheres from 22 mm
to 37 mm in an axial plane for both static and moving
phantoms.

In several studies, the target was delineated by PET
using a simple threshold, a percentage of the maximum
FDG activity [21-25]. In other studies, a complex thresh-
old computed from the mean activity of a target and
background was used [26-28]. However, a standardized
method for optimal PET delineation in RTP has not yet
been established. Recently. 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 the target size, motion, and
image reconstruction parameters [29, 30]. For example,
Biehl et al. [30] reported that the threshold for delineat-
ing the target should be changed dependent on the target
size. Thus, we consider that a threshold of 35% of mea-
sured maximum FDG activity is only a provisional cri-
terion for small tumors of 2-4 cm, and adjustment of the
threshold is required for larger tumors in the clinical
setting. .

As one notable finding of the present study, the mea-
sured maximum FDG activity of the spheres decreased
significantly dependent on the translation distance.
Although this result is quite reasonable on the basis of
an understanding of the characteristics of radioactivity
measurement, to our knowledge there are no prior
reports on this finding. Sasaki et al. [36] reported that
the maximum FDG activity of the target is a strong
prognostic factor for NSCLC regardless of whether
curative surgery or radiation treatment is undertaken.
They suggested that tumors with high FDG activity have
the potential to be resistant to cancer therapy. However,
our experiments demonstrated that the maximum FDG
activity decreased according to the size and motion dis-
tance of spheres. As the maximum FDG activity can be
changed dependent on the size and motion of tumors,
absolute values do not necessarily represent biological
features of tumor cells.

Recently, RTP using four-dimensional CT (4D-CT)
has been investigated to improve target delineation [37-
39]. Certainly, 4D-CT can provide more accurate delin-
eation of moving targets, and comparison between PET
images and 4D-CT is desirable. However, at present, the
availability of RTP on the basis of 4D-CT is limited to
only a few advanced institutions in the world, and RTP
is performed by using conventional CT images at most
institutions. In addition, our PET/CT system does not
correspond to 4D-CT. For the above reasons, we com-
pared PET images with conventional CT images.

Computed tomographic-based targets in moving
phantom experiments were distorted and/or separated
(Fig. 5b). These distortions have the potential to cause

Espringer

a geographic misalignment. However, PET-based targets
in the moving phantom experiments were smooth and
elliptical in the sagittal view, and the diameter increased
dependent on the translation distance (Fig. 5d), Because
they take a few minutes to acquire, PET images include
numerous respiratory cycles. Thus, elliptical PET-based
targets in a sagittal plane include ITV and can eliminate
the geographic error [23].

The present results suggest that PET has the potential
to provide individual ITVs. However, the diameters of
PET-based targets were smaller than the real ITV includ-
ing the actual sphere plus movement distance in the
translation direction. Therefore, in RTP with PET/CT,
the PTV margin for the sagittal direction should be
larger than that for the axial direction. As this study was
performed using a phantom with a known size and
motion distance, clinical validation for appropriate PTV
margins will be required.

Conclusions

When a threshold value of 35% of the measured
maximum FDG activity was adopted, the sizes of PET
images were almost the same for static and moving
phantom spheres of 22 mm, 28 mm, and 37 mm in the
axial plane. As appropriate threshold values can be
changed on the basis of the tumor size. the threshold of
35% of measured maximum FDG activity is only a pro-
visional criterion for tumors of 2-4 cm, and adjustment
of the threshold may be required for larger tumors in the
clinical setting. In addition, sizes of PET delineation in
the sagittal plane were larger than the actual sphere and
increased dependent on the translation distance, indicat-
ing that PET images have the potential to provide an
individualized ITV. Thus, PET/CT simulation seems to
provide a strong benefit for lung tumors.
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ILT2RB2 and ABCAT Genes Are Associated with Susceptibility

to Radiation Dermatitis
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Abstract Purpose: Severe acute radiation dermatitis is observed in approximately 5% to 10% of patients

wha receive whole-breast radiotherapy. Several factors, including treatment-related and patient-
oriented factors, are involved in susceptibility 10 severe dermatitis. Genetic factors are also
thought to be related to a patient’s susceptibility to severe dermatitis. To elucidate genetic
polymorphisms associated with a susceptibility to radiation-induced dermatitis, a large-scale
single-nucleotide polymorphism (SNP) analysis using DNA samples from 156 patients with
breast cancer was conducted.

Experimental Design: Patients were selected from more than 3,000 female patients with early
breast cancer who received radiotherapy after undergoing breast-conserving surgery. The derma-
1itis group was defined as patients who developed dermatitis at a National Cancer Institute
CommonToxicity Criteria grade of =2, For the SNP analysis, DNA samples from each patient were
subjected to the genotyping of 3,144 SNPs covering 494 genes.

Results: SNPs that mapped to twa genes, ABCAT and /L12RB2, were associated with radiation-
induced dermatitis. In the ABCAT gene, one of these SNPs was a nonsynonymous coding SNP
causing R219K (P = 0.0065). As for the /L72RB2 gene, the strongest association was observed
at SNP-K (rs3790568; P = 0.0013). Using polymarphisms of both genes, the probability of severe
dermatitis was estimated for each combination of genotypes. These analyses showed that indi-
viduals carrying a combination of genotypes accounting for 14.7% of the Japanese population
have the highest probability of developing radiation-induced dermatitis.

Conglusion: Our results shed light on the mechanisms responsible for radiation-induced derma-

titis. These results may also contribute to the individualization of radiotherapy.

Breasr.—conserving therapy, consisting of breast-conserving
surgery and prophylactic breast irradiation, is the standard
therapy for patients with early breast cancer. In most insti-
tutions, a total dose of 45 to 50 Gy is delivered to the whole
breast with a daily fraction of 1.8 to 2 Gy; this dose frac-
tionation is regarded to be effective and safe, considering both
the excellent local control rate and the low probability of severe
radiation-related toxicity (1).
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Mild acute radiation dermatitis is commonly observed during
or shortly after the completion of radiotherapy. However, large
interindividual variations in the severity of dermatitis exist even
when the patients have been uniformly irradiated. Approxi-
mately 5% to 10% of patients develop moderate to severe acute
radiation dermatitis following whole-breast radiotherapy (2, 3).

Variations in the severity of radiation dermatitis are
influenced by both treatment-related and patient-related
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factors. Treaunent-related factors include radiotherapy variables
(e.g, beam energy, radiation dose, dose fractionation, overall
treatment time, heterogeneity in dose distribution, and con-
current chemotherapy). Hotspots produced by radiation dose
heterogeneity often result in focally enhanced dermatitis,
Patient-related factors include patient age, menopausal state,
physique, and coexistent diabetes mellitus or collagen disease.
In addition, several genetic syndromes such as ataxia telangi-
ectasia (4, 5), Fanconi anemia (6, 7), and Nijmegen breakage
syndrome (8, 9) have been reported to account for a small, but
prominent, percentage of the hyperradiosensitive population.

In the majority of patients with moderate to severe radiation
dermatitis, however, the cause of the radiosensitivity is
unknown, implying the existence of undetermined intrinsic
factors (10). Establishing a system for predicting patients with
intrinsic radiosensitivity before subjecting them to convention-
al radiotherapy would be clinically useful for the individual-
ization of radiotherapy and, consequently, for improving the
treatment outcome.

The aim of the present study was to identify radiation
dermatitis-related single-nucleotide polymorphisms (SNP) us-
ing peripheral lymphocytes from patients who developed
radiation dermatitis after whole-breast irradiation.

Materials and Methods

Patient selection and study design. A multi-institutional, case-control
study comprehensively analyzing SNPs and comparing alleles between
control patients and patients who were considered 10 have intrinsic
radiosensitivity was conducted. This study was approved by the
institutional review board of each institution involved in the study.
Candidate patients were selected from a pool of more than 3,000
female patients who had undergone whole-breast radiotherapy
following breast-conserving surgery for the treatment of early breast
cancer since June 1991 at nine institutions. The cllg:bthly criteria were
as follows: (a) p who had undergone a q my or wide
excision for unilateral early breast cancer, (b) pﬂllmls who had received
traditional tangential whole-breast irradiation at a total radiation dose
of 44 10 52 Gy at a daily fraction of 1.8 10 2.2 Gy over a period of less
than 8 wk using a cobalt-60 source or a linear accelerator generating 4
10 6 MV X-rays, (¢) patients whose radiation dose distribution was
available, (d) patients who did not receive systemic chemotherapy or
hormonal therapy except for oral fluorouracil or tamoxifen during the
radiotherapy period, and (¢) patients whose skin reactions were
followed-up for at least 6 mo after the completion of radiotherapy.

The severity of dermatitis was graded according 10 the National
Cancer Institute Common Toxicity Criteria. The dermatitis group in the
present study was regarded to represent patients with intrinsic
hypersensitivity. Clinical records, photographs of the skin before and

after imadiation, and the radiaton dose distribution chans were
carefully reviewed 1o exclude confounding external factors. To exclude
patients with treatmeni-related dermatitis, patients with focal dermatitis
that could be explained by comparing the dose distribution and the
dermatitis distribution 1o reveal focal hotspots or focal boost irradiation
were strictly excluded from the present study. For example, localized
dermatitis of grade =2 that was limited to the axilla, the submammary
fold, or the nipple was regarded as indicating ineligibility for inclusion
in the dermatitis group. Only patients with acute radiation dermanitis
of grade 22 distributed evenly over the irradiated skin were ded
as having intrinsic radiosensitivity and were included in the dermatitis
group.

‘The control group was determined by selecting patients from the
pool of patients who developed grade 0 10 1 dermatitis. Patient-to-
patiemt matching berween the dermatitis group and the conwrol group
was used 1o ensure that the two groups would be well balanced in terms
of their major characteristics and therapeutic variables. The matched
factors included the patients’ ages, menog | states, use of concurrent
oral fluorouracil, institution where the radiotherapy was done,
radiation dose fractionation, radiation quality, and the year of radio-
therapy. Two typical cases from the dermatitis group and a case from
the control group are shown in Fig. 1.

Between September 2001 and September 2003, 77 patients in the
dermatitis group and 79 patients in the control group were interviewed
to confirm their eligibility for enrollment in the study; 15 mL of
peripheral venous blood were then drawn after obtaining the patient's
written informed consent,

Single-nucleatide polymorphisms. To identify polymorphisms associ-
ated with radiation dermatitis, 494 genes were selected for analysis
(Table 1). These genes included DNA repair genes, apoptosis-related
genes, inflammation-related genes, angiogenesis-related genes, and
transporter genes. We then searched for SNPs located within or close
to these genes using the ]SNP database (11). A total of 3,144 SNPs were
selected for genotyping. A complete list of the SNP's used in the present
study is available on our Internet web page (URL to be updated).

Genotyping. After informed consent was obtained, 15 mL of
peripheral blood were oblained from each patient. DNA was extracted
from mononuclear cells using dard methods. Genotyping was done
according to the high-throughput SNP typing method developed at
Riken (12). Fluorescent signals were detected using Tecan Ultra (Tecan
Group Ltd.). The genotypes were determined using automated geno-
rypmg software (13).

istical lysis. The associati b the SNPs and radiation
dermatitis were examined using a test for independency with a
2 ¥ 3 contingency table, in which the two distributions corresponded
1o patients with and those without radiation dermatitis. As we had
already selected candidate genes that we suspected to be associated with
radiation dermatitis, the SNPs were searched for in a manner that
minimized the chance of missing any SNP associated with dermatitis,
For this reason, the antoff point was set at P < 0.01. We selected a locus
when multiple SNPs mapped to that region were associated with
radiation dermatitis at a P value smaller than the cutoff value. After

Fig. 1. Two typicel cases from the dermatitis group and a case
from the control group. Left, dermatitis group: nght. control
group.
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Table 1. List of genes investigated in this study
ABCA1 BIRC4 cp28 CYP246 FGF2 IL13RA2 MSH4 RAD18 SP1 TOP3B
ABCA4 BIRCS CDA CYP247 FLT! 4 MSHE RAD23A STATI TP73
ABCAS BIRC6 cocz CYP2B6 FMO1 16 MTIH RADS0 STAT4 TP73L
ABCB1 BIRC7 CDC25A CYP2C18  FMOS Lz MTFL RADS1 STATSA TRAF1
ABCB11 BIRCS coc258 cyp2cg FOS 1L188P MTHFR RADSILI STATE TRAFS
ABCB4 BLM €Dc2sc CYP2C9 G22pP1 IL18R1 MUTYH RADSIL3  STE TTRAP
ABCC1 BLR1 CDK1B CYP2D6 GADD45A  IL19 MVP RADS2 SULT1A2 TUBA1L
ABCC2 BMPRIB  CDK2 CYP2E GATA3 ILIA MYC RADS4L SULTIA3 TUBAZ2
ABCC3 BMPR2 CDK3 CYP3A4 GCLC s NAT2 RAD9A SULT1B1 TUBA3
ABCC4 BRAP CDK4 CYP3AS GCLM ILIR1 NBS1 RAF1 SULTICI TUBA4
ABCCS BRCAI CDKS CYP3A7 GPR81 ILIR2 NDRG1 RASA1 SULT2A1 TUBBS
ABCC6 BRCA2 CDK6 CYP7AL GPx2 Lz NEIL2 RB1 SULT2B1 TYMS
ABCG1 BUB1B COK7 CYP781 GPX3 27w NFI RBLI TAP2 UGT1
ABCG2 BUB3 CDKN1A DAXX GPX4 IL2RA NFATC2 RBLZ 8P UGT1AS
ABL1 CASP10  CDKNI1B DCK GSK3B n3 NFATC3 RECQLS TBX21 UGT2A1
ABLZ CASP3 CDKNIC  DCLRE1A  GSR e NFATCA RFC1 TCP10 UGT2B15
ADHIA CASPE CDKN2A DCLREIB  GSTMI IL4R NFKB1 RPA1 TG UGT284
ADH18 CASP7 CDKN2C ~ DCLREIC  GSTM3 ILSRA NFKB2 RPA2 TDGF1 UMPK
ADHIC cASP8 COKN2D  DCTD GSTP1 IL6 NFKBIL1 RPA3 TEADI UMPS
ADH4 CASPa CDKN3 DDB2 GSTT1 ILBRB NME1 RRM1 TERF1 VEGF
ADHE CAT CER1 DDR1 H2AFX e NQO1 RUVBL2 TERT VEGFB
ADPRT ccae2 CES1 DHFR HAVCR2 IRF1 NQOo2 SIRT! TFDP1 VEGFC
ADPRTL2  CCL1 CES2 DMC1 HIF1A mGe2 NRP1 SLC10A1 TFDP2 WEE1
ADPRTL3  CCL CFLAR DPYD HM74 JAKL NUMB SLC15A1 TGFB1 WRN
ALDH1A1  CCL13 CHEK1 DRD2 HMOX1 JAK3 OAT SLC15A2 TGFB1I1 WT1
ALDH3A1  CCL1S CHEK2 out HMOX2 KDR opci SLC16A1 TGFB2 XAB2
ALDH3A2  CCL17 CHUK E2F1 HNK-1ST ~ KIAA1821  PCAF SLC17A4 TGFB3 XCL1
ALDH3BI  CCLI18 CcIP1 E2F2 HSPA1B KITLG PCNA SLC21A11  TGFBI xcLz
ALDH3B2  CCL2 CKNI E2F3 HSPAZ LIG1 PDGFB SLC21A12  TGFBRI XPA
ALDH9AI — CCL22 COMT E2F5 HSPAS LIG3 PDGFRB SLC21A3 TGFBR2 XPC
AMHR2 ccL24 CREBBP EGF HSPAS LRDD PEMT SLC21A6 TGFBR3 XRCC1
APAF1 CCL25 CRYAB EGFR HSPA9B MADILI PGF SLC21A8 THIL XRCC2
ATIC cCL26 CSF1 EP300 HSPCA MAD2L1 PIG3 SLC21A9 THBS1 XRCC3
ATM ccL2s CSF3 EPHX1 HSPCB MAD2L2 PIK3C28 SLC22A1 THRA XRCC4
ATPIAZ ccLs CSNKIA1  EPHX2 HTFR38 MAF PIK3CA 5LC22A2 TIMP3 XRCCS
ATP1A3 ccis CSNK2A1  ERCCI HTR3A MAP2 PIK3CG 5LC22A3 TK1 Yri
ATP1BI1 ccL7 CSNK2A2  ERCC2 HTR3B MAP2K7 PMAIP1 SLC22A4 TK2 2FPM2
ATP1B2 CCNAL CSNK2B ERCC3 HUS1 MAP4 PMP22 5LC22A5 TNFRSF10A  ZNF144
ATP1B3 CCNA2 CX3CL1 ERCC4 IFNBS MAPKS PMS1 SLC22A6 TNFRSF108
ATP1B4 CCND1 CX3CRI ERCCS IFNG MAPKBIF2 ~ PMS2 SLC22A7 TNFRSF11A
ATP78 CCND3 cxcL1 ERCC6 IGFBP3 MAPT PNKP SLC22A8 TNFRSF1A
ATR CCNE2 CXCL12 ESRI IGSF& MBD4 POR SLC35A2 TNFRSF18
ATRX CCNH cXcLi3 EXO01 IKBKB MDM2 PPPIRISA  SLC38A1 TNFRSF6
BAD CCR1 cxcLi4 FAF1 110 MGMT PRKCA SMCILL TNFRSF6B
BANF1 CCR2 CXCLE FANCA I MLH1 PRKCBI sMC2L1 TNFSF10
BAX CCRS CXCR3 FANCC IL124 MLH3 PRKCG SMCAL1 TNFSF6
BCL2 CCR6 CXCR4 FANCD2 IL12B MNAT1 PRKCQ SMPD2 TOPI
BID CCR7 CXCR6 FANCE IL12RB1 MPG PRKDC sop1 TOP2A
BIRC1 CCR9 CYP17 FANCF IL12RB2 MRE11A PTGER2 s0D2 TOP2B
BIRC3 CCRLI CYP1B1 FANCG niz MSH2 RAD17 5003 TOP3A

screening the loci, a Fisher's exact text for a 2 x 2 contingency table was
done on all possible SNI's mapped to and around the loci, assuming
allele frequency, dominant, or recessive models

Estimation of probability of radiation der The probability of
radiation dermatitis was calculated for each combination of the two
SNPs selected during the second-step screening process. To compute the
probability, a logistic regression model with four indicator variables for
the two different SNPs was adopted. The allele frequencies of each
genotype combination were then calculated based on the allele
frequency of individual SNPs obtained from our genotyping data of
1,594 unrelated Japanese individuals,

pro

Results

Patient characteristics. The major patient characteristics and
therapeutic variables are summarized in Table 2. About the
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patient-related factors, age, menopausal state, and the pathologic
T and N classifications were similar in the radiation dermatitis
and control groups. The two groups were generally well balanced
with regard to the treatment-related factors such as the type of
surgery, period between surgery and the commencement of
radiotherapy, the presence of concurrent chemotherapy with
oral fluorouracil, the radiation source, the total radiation dose to
the whole breast, the dose per fraction, the overall treatment time
for whole-breast radiation, and the accumulative dose per week.
A significant difference was found for only one factor, the pre-
sence of concurrent tamoxifen chemotherapy; 51% of the radia-
tion dermatitis group and 68% of the control group (P = 0.024)
had received tamoxifen during the radiotherapy period.
Genotyping of SNPs. The genotypes of several loc were
determined using an Invader assay in 156 patients with breast
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cancer who received radiation therapy and 1,438 unrelated
subjects. Consequently, the genotypes of 3,144 SNPs covering
494 genes were determined. The genes investigated in this
study are listed in Table 1. To obtain accurate results in this
case-control study, SNPs that departed from Hardy-Weinberg
equilivbrium or that had a low minor allele frequency were
excluded from further examination. Consequently, 2,651 SNPs
were chosen for further analysis. The accuracy of the genotyping
was tested by comparing the genotypes determined using the
Invader assay with those determined using a RFLP analysis.
More than 1,000 genotypes were assayed in three randomly
chosen SNP loci. No genotypes showed any discrepancies
between the two methods, indicating that the Invader assay had
produced highly accurate genotypes (data not shown).
Identification of SNPs associated with radiation dermatitis.
As a result of the screening steps described above, two lodi were
found to be associated with an adverse effect: the IL12RB2 gene
locus and the ABCA1 gene locus. At the ILI2RB2 locus, 13
SNPs were examined (Supplementary Table S1). Among them,
five SNPs were associated with radiation dermatitis (Table 3A).
The strongest association was observed at SNP-K (rs3790568)
in recessive model (P = 0.0065). To test the possibility that
known coding SNPs mapped to the ILI2RB2 gene were

associated with radiation dermatitis, we searched a dbSNP
database and found six coding SNPs (rs2307146, 1s7526769,
152307148, rs2307145, 52307153, and rs2307154). The geno-
types of these coding SNI’s were determined, but all the patients
were wild-type (data not shown). At the ABCAT locus, 50 SNPs
were analyzed (Supplementary Table $2); 8 SNPs were asso-
ciated with radiation dermatitis, and the lowest P value of
which was 0.0013 for SNP-17 (rs2253304) in allele frequency
model (Table 3B). No other locus was associated with radiation
dermatitis.

Haplotype block structure of IL12RB2 and ABCA1 gene loci.
To narrow down the loci associated with radiation dermatitis,
the haplotype block structures of both genes were estimated.
The haplotypes and diplotypes of 13 SNPs at the IL12RB2 locus
were estimated in 1,594 unrelated individuals. Using the
diplotypes of these individuals, the haplotype block structure
of the IL12RB2 locus was estimated using AdBlock software.
Consequently, the 13 SNPs at the ILI2RB2 locus were
subdivided into three haplotype blocks. All the SNPs associated
with an adverse effect were located in the second haplotype
block (Supplementary Table S1). As for the ABCAI1 gene,
haplotype block analysis of the ABCA1 gene revealed that the
locus was subdivided into seven haplotype blocks. The SNPs

Table 2. Summary of patient characteristics and therapeutic variable
Dermatitis group Control group P
Age (y)
Median (range) 48 (30-73) 48 (23-77) NS
Menopausal state
Premenopausal 48 51 NS
Postmenopausal 29 28
pT
1 46 50 NS
2 31 28
3 0 1
pN
] 58 67 NS
1 19 12
Surgery
Quadrantectomy 16 15 NS
Wide excision 61 64
Surgery-radiotherapy interval (d)
Median (range) 28 (10-123) 30 (3-233) NS
Radiation source
S9Co y-rays 22 30 NS
4 MV X-rays 38 34
6 MV X-rays 17 15
Total radiation dose to whole breast (Gy)
Median (range) 50 (44-52) 50 (44-52) NS
Treatment time for whole-breast radiotherapy (d)
Median (range) 36 (29-48) 36 (25-51) NS
Dose per fraction (Gy)
Median (range) 2.0 (1.8-2.2) 2.0 (1.8-2.2) NS
Accumulative radiation dose per week (Gy/wk)
Median (range) 9.6 (6.6-10.8) 9.6 (6.9-12.3) NS
Concurrent tamoxifen
Yes 39 54 0.024
No 38 25
Concurrent oral luorouracil
Yes 25 32 NS
No 52 47
Total 77 79
Abbreviation: NS, not significant.
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Table 3. Association between genes and radiation dermatitis
SNP name Genotyp Der is group Control group P 0dds ratio (95% CI)
A. Assoclation between IL12RB2
and radiation dermatitis
SNP-H (rs3790566) cc 48 a2 0.0065 2.45 (1.23-4.97)
CTand 1T 28 46
SNP-1 (rs379056) GG 49 32 0.0062 2.50 (1.25-5.06)
AG and AA 28 46
SNP-K (rs3790568) GG 51 34 0.0060 2.52(1.26-5.13)
AG and AA 26 44
B. Association between ABCAL
and radiation dermatitis
SNP-15 (rs2230806) Al 13 29 0.0014 2.91 (1.30-6.78)
AG and GG 63 48
SNP-17 (rs2253304) E 5§ 13 29 0.0013 3.02 (1.35-7.04)
CTand CC 64 47
SNP-13 (rs24B87058) AA 13 28 0.0025 2.83 (1.26-6.67)
AG and GG 61 46
Abbreviation: 95% Cl, 95% confidence Interval.

associated with an adverse effect were located in the third and
fifth haplotype blocks (Supplementary Table S2).

Estimation of the probability of radiation dermatitis for
combined genotypes. To assess the probability of radiation
dermatitis precisely, the genotypes of the two loci were used in
a logistic regression model to estimate the probability of
radiation dermatitis. Model selection using Akaike information
criterion selected the best pair of SNPs, which consisted of SNP-
15 in ABCA1 and SNP-K in [L12RB2. These analyses revealed
that the genotype combination of a G homozygote at both
SNP-15 and SNP-K exhibited the highest probability (0.75)
of developing radiation-induced dermatitis (Table 4). This
result indicates that 75% of patients carrying the combination
of genotype have a chance to develop radiation-induced der-
matitis. The genotype frequencies of these two SNPs were esti-
mated based on genotyping data from 1,594 unrelated
individuals. Based on these results, the frequency of the
genotype with the highest probability of radiation dermatitis
was estimated to be 0.147 in the Japanese population (Table 4).

Discussion

In this study, we showed associations between polymor-
phisms in the IL12RB2 and ABCA1 loci and an adverse effect in
patients who received radiation therapy after undergoing
surgery for breast cancer. SNPs associated with radiation
dermatitis were observed in one or two of the haplotype blocks
of the IL12RB2 or ABCAI genes, respectively. These observa-
tions indicated that the associations between the SNPs and the
adverse effect were nonrandom events.

Interleukin-12 (IL-12) receptor is a heterodimer protein
consisting of two subunits: IL12RB1 and IL12RB2 (14). Several
studies have shown that IL12RB2 may regulate IL-12 function
(15). On the other hand, the cytokine IL-12 shows a wide
variety of biological activities both in vitro and in vive. Several
studies have shown the antitumor activity of 11-12 through an
effect on the host immune system. Schwarz et al. (16) reported
that IL-12 suppresses UV radiation-induced apoptosis. 1L-12
also prevents immunosuppression caused by UV irradiation.
They concluded that 1L-12 induces the expression of genes
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involved in nucleotide excision repair and that the activated
nucleotide excision repair system may protect UV-irradiated
cells from undergoing apoptosis. In their report, 1L-12 was
unable to suppress apoptosis caused by y-irradiation in vitro.
However, the effect of 1L-12 on y-irradiated cells in vivo remains
1o be observed. Our results may suggest that changes in the
genotype of SNPs in IL12RB2 may regulate the biological
function of 1L-12, causing differences in the biological response
to ionizing radiation.

The association between radiation-induced dermatitis and
polymorphisms in the ABCAI gene is rather unexpected
because the ABCAl gene plays an essential role in the efflux
of cholesterol to high-density lipoprotein. However, the ABCA1
gene has also been shown to be involved in the engulfment of
apoptotic cells. Hamon et al. (17) showed that the loss of
ABCA1 function impaired the engulfment of cell corpses
generated by apoptosis. This result also suggests that the
functions of the ABCA1 gene product are linked to apoptosis.
In our study, a coding SNP (SNP-15; 152230806), in which the
nucleotide polymorphisms cause an amino acid substitution
from Lys to Arg at the 219th amino acid, was associated with
radiation-induced dermatitis. Considering the link between the
ABCA1 gene and apoptosis, this amino acid substitution may
influence apoptotic reactions caused by ionizing radiation,
thereby influencing the degree of dermatitis that occurs.

Table 4. Probability of radiation dermatitis for
each genotype

rs2230806 (ABCA1) rs3790568 (IL12RB2)
GG AG or AA

GG 0.75 (0.147) 0.527 (0.093)
AG or AA 0,558 (0.466) 0.314 (0.294)

NOTE: Numbers in parentheses indicate genotype frequency in the
Japanese population.
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Data interpretation. The patient selection policy of the
present study was developed 10 minimize the problems that a
multi-institutional case-control study is liable 1o suffer. This
policy was characterized by the patient-to-patient matching
selection to avoid intergroup bias, the photograph-based con-
firmation for grading dermatitis, and the dose distribution-
based exclusion of radiotherapy-related confounding factors.

In spite of patient-to-patient matching for the major
prognostic factors, the proportion of patients treated with
concurrent tamoxifen therapy were significantly larger in the
control group than in the radiation dermatitis group (P =
0.024). This difference was the only intergroup bias observed
out of all the patient- and treatment-related factors. The clinical
significance of concurrent tamoxifen therapy in radiotherapy-
related toxicity is controversial. Several reports have shown an
increased risk of pulmonary and breast fibrosis after concurrent
treatment with tamoxifen therapy and radiotherapy (18, 19),
whereas other reports did not show any risk (20). Furthermore,
an in vitro experimental study showed that the radiosensitivity
of hormone-dependent breast cancer cells might be reduced
through the cytostatic effect of tamoxifen (21). However, no
experimental or clinical studies have suggested a radioprotec-
tive effect of tamoxifen on hormone-independent normal cells,
including lymphocytes or fibroblasts. Therefore, we suspect that
this intergroup bias did not seriously affect the interpretation of
the SNP data.

Clinical relevance. Many ex vivo prediction systems have been
developed and evaluated in which various numbers of patients
treated with radiotherapy were studied prospectively or
retrospectively using cellular or molecular ex vivo assays of
lymphocytes or fibroblasts, with acute or late adverse effects as
the clinical end points. The results of studies comparing clinical
and cellular radiosensitivity using colony assays, micronucleus
assays, and comet assays were often suggested 10 be promising.
However, as reviewed by Twardella and Chang-Claude (22), the
clinical relevance of these predictive assays should be carefully
evaluated, considering any possible bias that may arise from
inappropriate settings of patient cohorts, poorly defined
clinical end points, or contamination by confounding external
factors.

Recently, several studies have been undertaken 1o evaluate
the correlation between clinical radiosensitivity and SNPs
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IN VIVO DOSIMETRY OF HIGH-DOSE-RATE INTERSTITIAL BRACHYTHERAPY
IN THE PELVIC REGION: USE OF A RADIOPHOTOLUMINESCENCE GLASS
DOSIMETER FOR MEASUREMENT OF 1004 POINTS IN 66 PATIENTS
WITH PELVIC MALIGNANCY
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Purpose: To perform the largest in vive dosimetry study for interstitial brachytherapy yet to be undertaken using
anew radiophotoluminescence glass dosimeter (RPLGD) in patients with pelvic malignancy and to study the limits
of contemporary planning software based on the results.

Patients and Methods: Sixty-six patients with pelvic malignancy were treated with high-dose-rate interstitial bra-
chytherapy, including prostate (n = 26), gynecological (n = 35), and miscellancous (n = 5). Doses for a total of 1004
points were measured by RPLGDs and caleulated with planning software in the following locations: rectum
{n = 549), urethra (n = 415), vagina (n = 25), and perineum (n = 15). Compatibility (measured dose/calculated
dose) was analyzed according to dosimeter location.

Results: The compatibility for all dosimeters was 0.98 + 0.23, stratified by location: rectum, 0.99 + 0.20; urethra,
0.96 = 0.26; vagina, 0,91 = 0,08; and perineum, 1.25 + 0.32,

Conclusions: Deviations between measured and calculated doses for the rectum and urethra were greater than
20%, whichis nltrihul.lbl: to the independent movements of these organs and the applicators, Missing corrections
for inh ty are responsible for the 9% negative shift near the vaginal cylinder (specific gravity = 1.24),
whereas mglecl of transit dose contributes to the 25% positive shift in the perineal dose, Dose deviation of
=>20% for nontarget organs should be taken into account in the planning process. Further development of planning
software and a real-time dosimetry system are necessary to use the current findings and to achieve adaptive dose

delivery. © 2008 Elsevier Inc.

Radiotherapy, In vive dosimetry, Radiophotoluminescence glass dosimeter, Brachytherapy, High dose rate.

INTRODUCTION

Contemporary planning software for high-dose-rate (HDR)
brachytherapy enables radiation oncology teams to determine
conformal dose distribution to the target while avoiding
excessive doses to critical organs (1-4); however, reproduc-
ibility of planned doses in interstitial brachytherapy has not
been well recognized. Few studies have investigated in vivo
dosimetry for interstitial brachytherapy; previous studies
have dealt with small numbers of patients (=10 patients, to
the best of our knowledge) and have been limited to the

use of thermoluminescence dosimeters (TLD), the use of
which involves complex handling processes (5-9).

A radiophotoluminescence glass dosimeter (RPLGD) was
developed in the 1950s and has subsequently been used for
radiotherapeutic dosimetry at a small number of centers
(10-14). Irradiation of silver-activated phosphate glass con-
verts silver ions to stable luminescent centers; when exposed
1o ultraviolet light, the luminescent centers produce fluores-
cence in proportion to the absorbed radiation dose. RPLGDs
possess ideal properties for in vivo dosimetry, including small
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size, ruggedness, nontoxicity, photon-energy independence
over the energy range >0.2-0.3 MeV, high sensitivity,
good reproducibility, and repeat readability until annealing
of the detectors. Advances in technology (10-15) have
helped 10 overcome initial shortcomings in the method,
such as energy dependence in the low-energy range of
<0.1 MeV, susceptibility to spurious readings with surface
contamination, and the necessity for complex handling and
cleaning processes. Newly developed RPLGDs (Dose Ace,
Chiyoda Technol, Tokyo, Japan) were used in the current
study (10-12). In our previous study, using RPLGD, we per-
formed the largest in vivo dosimetry study examined at that
time by measuring 83 points in 61 head and neck cancer
patients (12). In the current study, we investigate the repro-
ducibility of pelvic interstitial brachytherapy by measuring
1004 points in 66 pelvic malignancy patients. On the basis
of the results, we investigated the limits of available planning
software and a potential solution for precise dose delivery.

PATIENTS AND METHODS

Patients

Sixty-six patients with pelvic malignancy underwent HDR inter-
stitial brachytherapy (HDRIB) with RPLGD at Osaka Medical Cen-
ter (OMC) between 2000 and 2003. Patient charactenslics are
presented in Table 1. The median follow-up period was 30 months
(range, 1-58 months). Forty-three patients displayed nonrecurrent
disease, and 23 patients displayed recurrent di following sur-
gery (n = 11), radiation (n = 4), or both (n = 8). All patients were
informed of the study purposes and possible consequences. Writlen
informed consent was obrained before participation.

Radiophotoluminescence glass dosimeter

The RPLGD (Dose Ace) is more robust than TLDs and is com-
posed of uniform glass with an effective atomic number of
12,039; it contains 11.00% Na, 31.55% P, 51.16% O, 6.12% Al,
and 0.17% Ag by weight (10). The element is 1.5 mm in diameter
and 8.5 mm in length, which is similar to commercially available
TLD rods. The sensitive volume is located centrally and measures
1.5 mm in diameter and 6.0 mm in length; a portion 1.5 mm in di-
ameter and 1.25 mm in length at each end is not used for dosimetry.
The dispersion of response among dosimeters is small (coefficient of
variation [ratio of the standard deviation to the mean] = 0.82%), and
the reproducibility of repeat measurements by a single element is
excellent (coefficient of variation = (.29%), being superior to that
of commercially available TLDs (10). Moreover, handling of the
RPLGD is easier than for TLDs. A reader (FGD-1000, Chiyoda

Table 1. Patient characteristics

Age Median 64 (35-81)
Sex Male 30, female 36
Follow-up Median 30 (1~38)
months
Primary site
Prostate 26
Gynecological 35 (previously

irradiated 11)

5 (previously immadiated
1)

Total 66

Miscellaneous
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Technol, Tokyo, Japan) stimulates the RPLGD using a pulsed ultra-
violet laser. Differences in fluorescence decay time between surface
contamination (0.3 us) and radiophotoluminescence (3 us) enable
discrimination between signal arising from contamination with fin-
ger grease or mucus from that due to absorbed radiation dose (10,
15, 16); thus, the new detector can be easily inserted and removed
manually into and out of vectors and can be applied to regions in
close contact with mucus because it does not require the complex
cleaning processes necessary for TLDs and early RPLGDs. The
reader repeats measurements 10-50 times within a few seconds
and averages the values to reduce random errors. The quantity of
radiophotoluminescence of a RPLGD is compared with that of
a standard detector within the reader that has been irradiated with
a known dose; the readout is exp 1 in Gy. Readout range is
10 4Gy to 10 Gy, extendable to 500 Gy with optional settings. These
new capabilities, coupled with the inherent properties of RPLGDs,
mean that the new dosimeter can be easily applied to in vivo dosim-
etry studies. A preheat process at 70°C for 30 min and a cooling pro-
cess 1o room lemperature are necessary before each reading for
which immediate reading after irradiation cannot be achieved. The
details of individual correction factors derived using 4 MV X-rays
have previously been described (12). For the 100 RPLGDs used
in the current study, the coefficient of variation was 1.41% for dis-
persion among detectors, and the mean coefficient of variation for
three-time repeat measurement was 1,.29%. The linear dose response
for RPLGD (r = 1.000, p <0.01) for 1 to 136 Gy has been confirmed
in our previous study (12).

RPLGD Vectors

Three types of vectors were developed for this study. Type 1 is
a single “RPLGD complex”, which was loaded 1o a 1.5-mm-decp
slot carved on the upper part of the vaginal cylinder or on the peri-
neal side of the template and was covered with gum paint (Fig. 1a);
the RPLGD was located centrally, with a 81-mm lead ball placed at
each end as a radio-opaque marker. A 1-mm-long urethane spacer
was placed between the RPLGD and each lead ball to avoid scratch-
ing. The Type 2 vector, used for the urethra, comprised a train of 10
“RPLGD complexes™ loaded in a 2-mm Teflon wbe (Figs. 1b and
Ic). The Type 3 vector, dedicated to the rectum, used a p4-mm Tef-
lon tube into which a train of 10 “encapsulated RPLGD complexes™
was loaded manually; each RPLGD was contained in a plastic cap-
sule to avoid excessive contamination by mucus (Fig. 1d). Three
nylon threads were sutured 1o each end and to the midportion of
the vector for fixation to the rectum,

Implaniation

Implantation was performed in a lithotomy position under general
and epidural anesthesia with or without spinal anesthesia. Before
implantation, the Type 3 vector was sutured to the anterior rectal
wall through a rigid rectoscope (Figs. 2a, 2b, and 2¢). The entire vec-
tor length was kept in contact with the mucosa using at least three
stitches; additional sutures were used if the vector was not in full
contact with the mucosa. A median of 18 metal needles (range, 5-
29) were implanted using a perineal template. Implant geometry
was preplanned to cover the clinical target volume (CTV) with
85% basal dose isodose surface (BDIS) following the extrapolated
Paris System 1o more than two-plane implants (17). Needle place-
ment was guided by palpation and transrectal/vaginal ultrasound.
For female patients, the vaginal cylinder was attached perpendicular
to the template (Figs. 2a and 2b). The vaginal cylinder and metal
needles were fixed to the template using screws and a template
cap such that they were unified as a group and could only move
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Fig. 1. (a) The Type | vector consists of a 1. 5-mm-deep slot, carved on a vaginal cylinder or on a template; this houses an
radiophotoluminescence glass dosimeter (RPLGD) complex, which consists of an RPLGD (white arrow) located centrally,
apl mm lead ball (black arrows) placed at each end, and 1-mm spacers (striped arrows) between the RPLGD and the lead
balls. (b) The Type 2 vector, dedicated to the urethra; the 82 mm Teflon tube contains 10 RPLGD complexes. (c) The Type
2 vector is inserted into the balloon catheter until the vector top touches the proximal catheter end at simulation and at each
iradiation session. The vector and the catheter are clamped together with forceps near the distal catheter end. The point
where the vector surface crosses the distal end of the catheter is marked using a felt-tip pen (arrow). (d) The Type 3 vector,
dedicated to the rectum, is shown; the g4-mm Teflon tube contains 10 encapsulated RPLGD complexes, with each RPLGD
housed in a plastic capsule. The three nylon threads sutured to each end and the midportion of the vector enable fixation of

the vector to the rectum.

synchronously. For most female patients, tumor extent involved the
vaginal wall such that vaginal wall dosimetry represented tumor
dose. The template was sutured to the perineum such that the
Type | RPLGD was in contact with the skin (Figs. 2a and 2b). Tem-
plate dosimetry represented perineal skin dose. A balloon catheter
was sutured to the urethral orifice after early experiences with the
prostate implant and anterior vaginal implant in particular; the nee-
dle tips had collapsed the balloon and caused migration of the cath-
eter from the original position. A total of 1142 points were measured
by RPLGD:s in the following locations: anterior wall of the rectum,
n=599; urethra, n = 482; vaginal cylinder, n = 28; perineal template,
n =33, Doses were measured by RPLGDs and were also calculated
on a planning computer (CadplanBT 1.1, Varian TEM, Crawley.
United Kingdom). Of the 1142 points, 58 points (5.1%) were not
identified by X-ray films, and dose calculation was not obtainable;
therefore, both measured and calculated doses were available for
1084 points.

Simulation, planning, and irradiation

At simulation, the Type 2 vector was inserted into the balloon
catheter until the vector top touched the proximal end of the catheter
(Fig. 1c). Both the vector and the catheter were clamped together

with forceps near the distal end of the catheter. The point where
the vector surface crossed the distal end of the catheter was marked
with a felt-tip pen to enable reproducible loading at each session, A
dummy source was loaded into each applicator. A pair of radio-
graphs was taken; the couch was then rotated 90°, and CT was per-
formed at S-mm intervals; all measured doses were therefore
contaminated by simulation radiation. CadplanBT 1.1 was used
for treatment planning. The geometry of the applicators was recon-
structed from the radiographs before the superimposition of CT data.
The central plane and basal dose points were determined according
to the extrapolated Paris System (17, 18). An arbitrary isodose sur-
face (median, 82% BDIS; range, 70%—98% BDIS) that covered the
CTV was chosen for dose prescription. HDRIB schedules are
described in Table 2; rectal and urethral doses represent constraints
for dose prescription. For patients not previously irradiated, calcu-
lated rectal and urethral doses were set to a below-ceiling dose
that was determined on the basis of clinical experiences of HDRIB
at Osaka University and related hospitals (Table 2). For the 12 reir-
radiated patients, the previous radiotherapy consisted of 30-Gy
whole pelvis (range, 0-50 Gy) and 10-Gy central-shielded field
(range, 0-28 Gy) combined with 30-Gy HDR intracavitary brachy-
therapy (n = 6, range, 15-30 Gy) or 36 Gy HDRIB (n = 1), It was
impractical to set a ceiling dose for these patients, and doses for
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the rectum/urethra were modified to as low as possible. The maxi-
mum diameter of double the prescription isodose surface (hyperdose
sleeve) was another concem related to morbidity. The Paris System
recommends keeping this diameter =8-10 mm (18). If the diameter
exceeded 8 mm, the dose distribution was modified by manually
changing dwell times. When these three conditions (CTV coverage,
rectal/urethral dose, hyperdose sleeve =8 mm) could not be

(a)
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(b)
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achieved simultaneously, the plan was compromised at the cost of
rectal/urethral dose, hyperdose sleeve, or both. For each RPLGD,
three points (the midpoint and both ends of the readout part) were
reconstructed. Doses were calculated for the three points, and the
averaged value was regarded as the calculated dose for the particular
RPLGD. The anatomic location of the RPLGD was classified as
“anterior wall of the rectum'’; “‘urethra (male/female)™; “vaginal
wall,” measured at the vaginal cylinder surface; and *‘perineal
skin," measured at the template surface facing the perineum. Irradi-
ation was performed using Varisource (Varian TEM), Source
strength was determined following each purchase using a well-
type chamber, The mean deviation from the supplier’s value was
only 0.08 + 0.83% (range, —1.04 to 1.60%). HDRIB was delivered
twice a day with an interval of at least 6 h. Before each session, the
Type 2 vector was inserted into the balloon catheter to the depth of
the felt-tip pen marker crossing the catheter (Fig. 1¢).

Absorbed simulation X-ray

Absorbed dose from the simulation was assessed in one prostate
cancer patient using a Type 2 vector in the urethra. During a routine
simulation, 10 RPLGDs in the urethra were exposed to 120 KV X-
rays (mean effective energy =40 KeV) for a pair of radiographs and
a 20-cm CT at 5-mm intervals. The readout value was corrected by
both calibration factors for each RPLGD, as obtained for 4-MV pho-
tons, and by a relative correction factor of 3.8 for 40 KeV (Fig. A,
9.4 in ref. 16).

Statistics

Statistical analyses were performed using SPSS 8.0 software
(Chicago, IL). The Mann-Whitney U test was used for nonparamet-
ric comparisons (19). Kaplan-Meier methods were used for analyses
of local control (20).

RESULTS

Clinical results

There were no unexpected events attributable to the use of
RPLGDs. Moreover, the location of anterior rectal wall that
is not visible on CT was easily found, and the corresponding
dose was calculated. In all patients, the use of RPLGD was
well tolerated. The local control ratio was 87% with a median
follow-up of 30 months. Late sequelae were graded as GO in
38 patients, G1 in 6 patients, G2 in 5 patients, G3 in 7
patients, and not specified in 10 patients.

Fig. 2. (a) Schema of the current study. Application of two Type |
radiophotoluminescence glass dosimeter (RPLGD) complexes: one
on the template, the other on the vaginal cylinder (arrowheads). one
Type 2 vector in a balloon catheter (white arrow); and one Type 3
vector on the anterior rectal wall (black arrow) for a female patient.
The striped arrow indicates the perineal template and vaginal cylin-
der (curved arrow). (b) A radiograph from the study shows the ap-
plication positions of the following vectors: Type 1 vectors on the
template (striped arrowhead) and on the vaginal cylinder (white
arrowhead); Type 2 vector in a balloon catheter (white arrow):
and Type 3 vector on the anterior rectal wall (black arrow) of a fe-
male patient. (¢) A Type 3 vector (white arrowhead) is sutured to the
anterior rectal wall through a rigid rectoscope (striped arrowhead).
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Table 2. HDRIB schedule

HDRIB

Ceiling dose
for urethra

Ceiling dose

EXRT for rectum

HDRIB alone (n = 45)
Previously nonirradiated (n = 33)
Previously irradiated (n = 12)
HDRIB+EXRT (n=21)
Previously nonirradiated (n = 21)

54 Gy/9 fi/5 d
48 Gy/B fr/4 d

30 Gy/s fi/3 d

WP 30 Gy + CS 20 Gy

42GyPfrisd
Not specified

76 GyM fr/5 d
Not specified

24 Gy/5fr/3 d S8Gy/Sfr3d

Abbreviations: HDRIB = high-dose-rate interstitial brachytherapy; EXRT = external radiotherapy; fr = fraction; WP = whole pelvis field;

CS = central-shiclded field.

Absorbed simulation X-ray by RPLGDs

The median measured dose of all 1084 points was
17.19 Gy (range, 0.41-88.73 Gy). The median absorbed
simulation dose for the 10 RPLGDs was 0.048 Gy (range,
0.043-0.054 Gy), corresponding to 1.06% (0.048 Gy x 3.8
[ 17.19 Gy; range, 0.21% [0.048 Gy x 3.8 / 88,73 Gy] to
44.49% [0.048 Gy = 3.8 /0.41 Gy]) of the median absorbed
dose. Setting the threshold for the simulation dose at 5% of
the total absorbed dose, 3.65 Gy (0.048 Gy x 3.8 / 5%)
was the minimum total measured dose required. Doses for
80 points (rectum, n = 30; urethra, n = 41; vagina, n = 1; per-
ineum, n = 8) were <3.65 Gy: these values were eliminated
from further analyses.

Results of 1004 RPLGDs
The remaining 1004 points (=3.65 Gy), comprised of rec-

tum, n = 549; urethra, n = 415; vaginal wall, n = 25; and per-
ineal skin, n = 15 were used for further analyses. For the 1004
dosimeters, the median measured and calculated doses were
18.59 Gy (range, 3.65-88.73 Gy) and 19.94 Gy (range, 2.42—
94.68 Gy), respectively. The compatibility ratio of the mea-
sured and calculated doses was 0,98 + 0,23, Measured doses,
calculated doses, and compatibility according to location are
displayed in Table 3. The frequencies of compatibility
according to location are displayed in Figs. 5a-5e.

Daose for the rectum

For the 549 dosimeters, the median measured and cal-
culated doses were 17.64 Gy (range, 3.68-64.64 Gy) and
18.32 Gy (range, 3.19-75.70 Gy), respectively. The com-
patibility ratio of the measured and calculated doses was
0.99 + 0.20 (Fig. 3a).

Daose for the urethra (female and male)

For the 415 dosimeters, the median measured and calcu-
lated doses were 2047 Gy (range, 3.72-88.73 Gy) and
21.65 Gy (range, 2.58-78.84 Gy), respectively. The compat-
ibility ratio of the measured and calculated doses was
0.96 + 0.26.

Dose for the male urethra

For the 181 dosimeters, the median measured and calcu-
lated doses were 28.31 Gy (range, 4.07-88.73 Gy) and
36.73 Gy (range, 3.35-78.84 Gy), respectively. The compat-
ibility ratio of the measured and calculated doses was 0.90 +
0.30 (Fig. 3b). The ratio for the male urethra was significantly
different from that for the female urethra (p <0.01), Even with
stitches to the urethral orifice in males, if the balloon was rup-
tured by the needle tips, the balloon catheter could migrate,
depending on penis direction and length. A 10% negative
shifted distribution suggests slipping of the original position,

Dase for the female urethra

For the 234 dosimeters, the median measured and cal-
culated doses were 17.51 Gy (range, 3.72-71.69 Gy) and
18.16 Gy (range, 2.58-73.03 Gy), respectively. The com-
patibility ratio of the measured and calculated doses was
1.01 = 0.20 (Fig. 3c).

Dose for the vaginal wall

For the 25 dosimeters, the median measured and calculated
doses were 38.79 Gy (range, 9.51-82.42 Gy) and 42.98 Gy
{range, 9.04-94.68 Gy), respectively. The compatibility ratio
of the measured and calculated doses was 0,91 + 0.08
(Fig. 3d).

Table 3. Measured dose, calculated dose, and compatibility according to locations for the 1004 points

Region Measured dose

Calculated dose Compatibility ratio*

Anterior wall

of the rectum (n = 549)
Urethra (n = 415)

Male urethra (n = 181)

Female urethra (n=234)
Vaginal wall (n = 25)
Perineal skin (n = 15)
Total (n = 1004)

17.6 Gy (3.7-64.6 Gy)

20.5 Gy (3.7 Gy-88.7 Gy)
28.3 Gy (4.1 Gy-88.7 Gy)
17.5 Gy (3.7 Gy-71.7 Gy)
38.8 Gy (9.5 Gy-82.4 Gy)

6.9 Gy (3.7 Gy-59.6 Gy)
18.6 Gy (3.7 Gy-88.7Gy)

18.3 Gy (3.2-75.7 Gy) 099 £0.20
0.96 £0.26
0.90 £ 0.30
1.01 £0.20
091 +0.08
1.25 £032
098 +£023

21.7 Gy (2.6 Gy-78.8 Gy)
36.7 Gy (3.4 Gy-78.8 Gy)
18.2 Gy (2.6-73.0 Gy)
43.0 Gy (9.0-94.7 Gy)
6.3 Gy (2.4-61.6 Gy)
19.9 Gy (2.4-94.7 Gy)

* Compatibility ratio = measured dose/calculated dose.
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Fig. 3. (a) Frequency of compatibility ratio for radiophotoluminescence glass dosimeter (RPLGD) for the rectum.
Abscissa: ratio of measured dose/calculated dose. Ordinate: number of points for RPLGDs, Distribution approximates
Gaussian, with mean compatibility of 0.99 £ 0.20. (b) Frequency of compatibility ratio for RPLGD for the male urethra.
Abscissa: ratio of measured dose/calculated dose. Ordinate: number of RPLGDs. Distribution is positive-skewed and neg-
atively shified, with mean compatibility of 0.90 £ 0.30. (¢) Frequency of compatibility ratio for RPLGD for the female
urethra. Abscissa: ratio of measured dose/calculated dose. Ordinate: number of RPLGDs. Distribution approximates
Gaussian, with mean compatibility of 1.01 + 0.20. (d) Frequency of compatibility ratio for RPLGD for the vaginal wall.
Abscissa: ratio of measured dose/calculated dose. Ordinate: number of points for RPLGDs. Distribution is negatively
shifted steep Gaussian, with mean compatibility of 0.91 =+ 0.08. (¢) Frequency of compatibility ratio for RPLGD for the
perineum. Abscissa: ratio of measured dose/calculated dose. Ordinate: number of RPLGDs. Distribution is positive-
skewed and with mean compatibility of 1.25 = 0.32.
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Daose for the perineal skin

For the 15 dosimeters, the median measured and calculated
doses were 6.85 Gy (range, 3.65-59.62 Gy) and 6.33 Gy
(range, 2.42-61.64 Gy), respectively. The compatibility ratio
of the measured and calculated doses was 1.25 + 032
(Fig. 3e). Transit dose plays an important role in positive dis-
crepancy of the measured dose and its impact is known to
depend on the calculated dose (21). Compatibility ratio ac-
cording to calculated dose is displayed in Fig. 4,

DISCUSSION

In vive dosimetry studies for interstitial brachytherapy
have previously dealt only with small numbers of patients,
except for pioneering work using RPLGDs at the Veterans
Administration Hospital in New York in the 19505 and
1960s (5-9, 13). To the best of our knowledge, this is the
largest in vive dosimetry study conducted for interstitial bra-
chytherapy. The simple handling of RPLGDs facilitates their
routine use in clinical situations; in addition, their linearity
and reproducibility are better than those of the TLDs used
previously (5-9). Measured doses in this study were contam-
inated by simulation X-rays; data with excessive contamina-
tion were excluded by setting a threshold for measured doses.

For male urethral measurements, suturing of the catheter to
the urethral orifice did not eliminate the migration of dosime-
ters that prevents precise data from being obtained. For female
urethral measurements, this technique eliminated migration.
The frequency for compatibility of measured and calculated
doses displayed a wide Gaussian distribution, with mean
1.01 = 0.20. For the rectum, compatibility displayed a similar
Gaussian distribution (0.99 = (.20). These deviations
(£20% ) are attributable to the movements for these organs in-
dependent of movement for the target, and hence for the appli-
cators. In our previous in vive dosimetry study for 61 head and
neck brachytherapy patients, the compatibility for nontarget
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Fig. 5. Correlation between compatibility ratio (ordinate; measured
dose/calculated dose) and the calculated dose (abscissa) for 823
points (male urethra excluded).

organs (the submandibular skin and the mandible) displayed
a wider Gaussian distribution, with mean 1.06 + 0.32 (12).
The movement of nontarget organs relative to the applicators
is less in the pelvic region (where target organs and applica-
tors do not move voluntarily) than in the head and neck region
(where target organs move under the control of voluntary
muscles). For nontarget organs in the pelvic region, actual ab-
sorbed doses can be 20% greater than calculated doses, com-
pared with 32% in the head and neck region. Lead shielding is
an effective protection that halves the absorbed dose to the
nontarget organs in the region of the head and neck (4); how-
ever, shielding is impractical for the rectum and urethra during
interstitial brachytherapy. Actual dose monitoring for organs
at risk is feasible by employing an alternative real-time dosim-
eter such as MOSFET (22). If excessive dose is detected, the
initial planning can be adapted for subsequent sessions,

For the target (vaginal wall), compatibility displayed a nar-
row Gaussian distribution (0.91 = 0.08). This 8% deviation is
the smallest among all the locations and is similar to the 10%
deviation (0.95 + 0,10) observed for the head and neck target
in our previous study (12). Movement of the target is syn-
chronized with the applicators, provided that the applicators
are implanted in the target, irrespective of the target type and
movement pattem (pelvis, nonvoluntary movement by sur-
rounding organ volumes; head and neck, voluntary move-
ment). The 9% negative shift is attributable to the lack of
inhomogeneity correction in the software for the vaginal cyl-
inder, which has a density of 1.24. The acceptable criteria for
brachytherapy, as stated by the Radiological Physics Center,
is 15% (23), which is achievable using inhomogeneity cor-
rection. Use of a real-time dosimeter is desirable 1o achieve
more precise delivery of the planned dose.

The transit dose affects all the measured doses 1o some de-
gree. The importance of the transit dose depends on calcu-
lated dose (21). As shown in Fig. 4, the calculated dose
seems to affect the compatibility ratio for the perineal skin.
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The compatibility ratio approaches unity as the calculated
dose increases, especially for >10 Gy. For 823 points
(excluding male urethral points), 294 points were to receive
calculated dose <10 Gy, and the compatibility ratio was
1.09 = 0.25, whereas 529 points were to receive calculated
dose =10 Gy, and the compatibility ratio was 0.97 & 0.18
(p <0.001) (Fig. 5). Transit dose should be incorporated in
points with calculated dose <10 Gy, although the clinical
impact of these low doses remains unclear.

In conclusion, the compatibility ratio of the measured and
calculated doses for the target displayed a small deviation

(8%) caused by synchronized movement with the applica-
tors, and a 9% negative shift attributable 1o the cylinder ma-
terial. The addition of inhomogeneity correction to the
planning software would enable the acceptable criteria for
the target of brachytherapy (15%) to be easily achieved.
The transit dose should be incorporated into points with a cal-
culated dose of <10 Gy, Measured doses for organs at risk
displayed as much as 20% deviation from the planned doses
because of involuntary movements. The next step to using
these findings will be to establish an adaptive dose delivery
system using a real-time dosimeter.
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