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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

Takayuki Nose, M.D.,*! Masanko Kozumi, M.D.,* Ken Yosma, M.D..* K Nisurvama, M.D.,}
Junicrr Sasaki,’ Takesar Ounisti,! Takuyo Kozuka, M.D.,* Kortaro Gomt, M.D.. *
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Purpose: To perform the largest in vivo dosimetry study for interstitial brachytherapy yet to be undertaken using
a new 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-
Py, g prostate (n = 26), gynecological (n = 35), and miscellaneous (n = 5), Doses for a total of 1004
points were measured by RPLGDs and calculated 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%, which is attributable to the independent movements of these organs and the applicators. Missing corrections
for inhomogeneity are responsible for the 9% negative shift near the vaginal cylinder (specific gravity = 1.24),
whereas neglect 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 vivo dosimetry, Radiophotolumi

ence

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 1o 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
to 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 to 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 characteristics 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 disease following sur-
gery (n = 11), radiation (n = 4), or both (n = 8). All patients were
informed of the study purposes and possible consequences. Written
informed consent was obtained 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 B.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 vanation = (.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 charactenstics

Age Median 64 (35-81)
Sex Male 30, female 36
Follow-up Median 30 (1~58)
months
Primary site
Prostate 26
Gynecological 35 (previously
irradiated 11)
Miscellaneous

S (previously uradiated
)

Total 66

py in the pelvic region @ T. Nose e al. 627

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 expressed in Gy, Readout range is
10 uGy 1o 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 vive dosim-
etry studies. A preheat process at 70°C for 30 min and a cooling pro-
cess 10 room temperature are necessary before each reading for
details of individual comrection 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 to a 1.5-mm-deep
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 @1-mm lead ball placed at
each end as a radio-opague 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 g2-mm Teflon tbe (Figs. 1b and
1¢). The Type 3 vector, dedicated to the rectum, used a g4-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 to each end and to the midportion of
the vector for fixation 1o the rectum.

Implantation

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 2c). 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 to more than two-plane implants (17). Needle place-
ment was guided by palpation and transrectal/vaginal ultrasound.
For female parients, the vaginal cylinder was antached perpendicular
to the template (Figs. 2a and 2b). The vaginal cylinder and metal
needles were fixed 1o 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 1 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,
a ¢1 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 Lo the urethra; the g2 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
irradiation 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 1o the rectum, is shown; the 4-mm Teflon tube contains 10 encapsulated RPLGD complexes, with each RPLGD
housed in a plastic capsule. The three nylon threads sutred to each end and the midportion of the vector enable fixation of

(L ._._..n_. e g,.g i)

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 1 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 expeniences 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 oniginal position. A total of 1142 points were measured
by RPLGDs in the following locations: anterior wall of the rectum,
n =599, urethra, n = 482; vaginal cylinder, n = 28; penineal 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. Ic). 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 1o 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 5-mm intervals; all measured doses were therefore
contaminated by simulation radiation. CadplanBT 1.1 was used
for reatment 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 expenences of HDRIB
at Osaka University and related hospitals (Table 2). For the 12 reir-
radiated patients, the previous radiotherapy consisied 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 concern 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,
rectalfurethral dose, hyperdose sleeve =8 mm) could not be

(a)

y
Bladdér

(b)

achieved simultaneously, the plan was compromised at the cost of
rectallurethral 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. lrradi-
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. 1c).

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-Whitey 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, Gl 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 1
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. (c) A Type 3 vector (white arrowhead) is sutured to the
antenor rectal wall through a rigid rectoscope (striped arrowhead)
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Table 2. HDRIB schedule

Ceiling dose Ceiling dose
HDRIB EXRT for rectum for urethra
HDRIB alone (n = 45)
Previously nonirradiated (n = 33) 54GyP frf5d 42GyP fr/5d 76 Gy/9 fr/5d
Previously irradiated (n = 12) 48 Gy/8 fr/4 d Not specified Not specified
HDRIB+EXRT (n = 21)
Previously nonirradiated (n = 21) 30Gy/Sfr/3d WP 30 Gy + CS 20 Gy 24 Gy/5fr/3 d S8Gy/5Sh/34d

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

CS = central-shielded 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 x 3.8 /0.41 Gy]) of the median absorbed
dose. Serting 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.

Dose for the recrum

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).

Doase for the urethra (female and male)

For the 415 dosimeters, the median measured and calcu-
lated doses were 20.47 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 17.6 Gy (3.7-64.6 Gy) 18.3 Gy (3.2-75.7 Gy) 0.99 + 0.20
of the rectum (n = 549)

Urethra (n = 415) 20.5 Gy (3.7 Gy-88.7 Gy) 21.7 Gy (2.6 Gy-78.8 Gy) 0.96 £+ 0.26
Male urethra (n = 181) 28.3 Gy (4.1 Gy-88.7 Gy) 36.7 Gy (3.4 Gy-78.8 Gy) 090 + 0.30
Female urethra (n =234) 17.5 Gy (3.7 Gy-71.7 Gy) 18.2 Gy (2.6-73.0 Gy) 1.01 £ 0.20

Vaginal wall (n = 25) 38.8 Gy (9.5 Gy-82.4 Gy) 43.0 Gy (9.0-94.7 Gy) 091 + 0.08

Perineal skin (n = 15) 6.9 Gy (3.7 Gy-59.6 Gy) 6.3 Gy (2.4-61.6 Gy) 1.25 £ 032

Total (n = 1004) 18.6 Gy (3.7 Gy-88.7Gy) 19.9 Gy (2.4-94.7 Gy) 098 +£023

* 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 shifted, with mean compatibility of 0.90 + 0.30. (c) 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
perineumn. 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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Fig. 4. Correlation between compatibility ratio (ordinate; measured
dose/calculated dose) and the calculated dose (abscissa) for perineal
skin,

Dose 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 + 0.32
(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 vivo 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 1950s and
1960s (5-9, 13). To the best of our knowledge, this is the
largest in vivo 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 + 0.20). 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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dose/calculated dose) and the calculated dose (abscissa) for 823
points (male urethra excluded).
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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
atrisk 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 pattern (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 to achieve
more precise delivery of the planned dose.

The transit dose affects all the measured doses to 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 to 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 nsk
displayed as much as 20% deviation from the planned doses
because of involuntary movements. The next step to using
these findings will be 10 establish an adaptive dose delivery
system using a real-time dosimeter.
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INCIDENCE OF BRAIN ATROPHY AND DECLINE IN MINI-MENTAL STATE
EXAMINATION SCORE AFTER WHOLE-BRAIN RADIOTHERAPY IN PATIENTS
WITH BRAIN METASTASES: A PROSPECTIVE STUDY

Yura Sumamoto, M.D.,*! Fumiya Basa, M.D.,*' Kyota Opa, M.D..! Sumvya Hayaswm, M.D..!
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AND Masaniko Korzumi, M.D.!
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Purpose: To determine the incidence of brain atrophy and dementia after whole-brain radiotherapy (WBRT) in
patients with brain metastases not undergoing surgery.

Methods and Materials: Eligible patients underwent WBRT to 40 Gy in 20 fractions with or without a 10-Gy boost.
Braln magnefic resonance imaging or computed tomography and Mini-Mental State Examination (MMSE) were
performed before and soon after radiotherapy, every 3 months for 18 months, and every 6 months thereafter. Brain
atrophy was evaluated by change in cerebrospinal fluid-cranial ratio (CCR), and the atrophy index was defined as
postradiation CCR divided by preradiation CCR.

Results: Of 101 patients (median age, 62 years) entering the study, 92 completed WBRT, and 45, 25, and 10 patients
were assessable at 6, 12, and 18 months, respectively. Mean atrophy index was 1.24 = 0.39 (SD) at 6 months and 1.32
+ 0.40 at 12 months, and 18% and 28% of the patients had an increase in the atrophy index by 30% or greater,
respectively. No apparent decrease in mean MMSE score was observed after WBRT. Individually, MMSE scores
decreased by four or more points in 11% at 6 months, 12% at 12 months, and 0% at 18 months. However, about
half the decrease in MMSE scores was associated with a decrease in performance status caused by systemic disease
progression.

Conclusions: Brain atrophy developed in up to 30% of patients, but it was not necessarily accompanied by MMSE
score decrease. Dementia after WBRT unaccompanied by tumor recurrence was infrequent.  © 2008 Elsevier Inc.

Whole-brain radiation, Brain metastasis, Brain atrophy, Dementia, Mini-Mental State Examination.

INTRODUCTION

Before the establishment of stereotactic radiosurgery (SRS),
whole-brain radiotherapy (WBRT) was the golden standard
of treatment for patients with brain metastases (1). Currently,
patients with single or oligometastases frequently are treated
with SRS, whereas those with four or more metastases are
considered to be indicated for WBRT; after SRS alone, the
expected probability of tumor recurrence in the unirradiated
areas is very high (2, 3). Nevertheless, many patients with
four or more metastases are treated by means of SRS alone
without undergoing WBRT, especially in Japan (4, 5). One

of the major reasons for avoiding WBRT is the fear that
WBRT may cause dementia, as well as brain atrophy. How-
ever, there are no data clearly indicating the incidence of such
late adverse effects of cranial irradiation, and there are only
retrospective studies suggesting the occurrence of these com-
plications (6-11). Many patients reported previously were
treated with surgery and radiation (9, 10); therefore, it is un-
clear whether these complications are attributable solely to
radiation therapy.

Brain atrophy and dementia may be related not only to sur-
gery, but also to tumor status and chemotherapy (12, 13). To
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Fig. 1. Methods for calculation of cerebrospinal fluid—cranial ratio (CCR): (A) maximal distance between the internal ta-
bles of the skull, (B) minimal width of the frontal horns, (C) minimal width of bodies of the lateral ventricles, and (D) num-
ber of sulci of 3.3 mm or greater on a slice 7 cm above the orbitomeatal line. CCR is obtained by 42.66 x B/A + 12.52 x C/

A+0232 xD-292

properly evaluate the incidence of radiation-induced brain at-
rophy and dementia, we considered it necessary to carry out
a prospective study to exclude as much as possible the influ-
ence of other factors. In this report, we present results of a pro-
spective study of the Chubu Radiation Oncology Group,
Japan (CROG-0301), that estimated the incidence of de-
crease in Mini-Mental State Examination (MMSE) scores
(14) and brain atrophy after WBRT in patients with brain me-
tastases who did not undergo a neurosurgical operation or
concurrent chemotherapy.

METHODS AND MATERIALS
Eligibility

Patients who met the following criteria were considered for entry:
those who were judged to be indicated for reatment with WBRT
alone, with no prior brain surgery, with an MMSE score of at least
21, those who were not using and would not use corticosteroids for
longer than 2 weeks, and those expected to survive at least 3 months.
Considering the possibility that the presence of tumors may lower
the MMSE score before treatment, the lower limit of MMSE score
was set at 21, but all except 1 patient had an MMSE score of 23
or higher. This study was approved by the respective institutional
review boards. Informed consent was obtained from all patients.

Table 1. Characteristics of 101 patients who entered the

study

Age (y) 62 (31-78)
Men/women 52/49
WHO performance status (0/1/2/3) 9/28/33/31
Primary tumor 67/24/3/2/5

(lung/breast/bone/colon/other)
Tumor number (1/2/3/=4) 7/10/15/69
Largest tumor diameter (cm) 2.0 (0.6-8.0)
MMSE score 28 (21-30)
Cerebrospinal fluid—cranial ratio 5.5 (1.5-9.8)
Imaging modality (MRI/CT) 67/34
Total radiation dose (50/40/<40 Gy) 66/26/9

92/68/45/30/25/17/10/4/3/3

No. of assessable patients at

0/3/6/9/12/15/18/24/30/36 mo

Abbreviations: WHO = World Health Organization; MMSE =
Mini-Mental State Examination; MRI = magnetic resonance imag-
ing; CT = computed tomography.

Values expressed as median (range) or number.

We intended to obtain at least 40 assessable patients at 6 months
to determine the incidence of brain atrophy and MMSE score de-
crease with a 95% confidence interval (CI) + 15%. Because median
survival time of patients with brain metastases was usually 4-6
months (15), but patients with an expected survival time less than
3 months were excluded from enrry, it was considered necessary
to accrue 100 patients.

Treatment

After evaluation, patients underwent WBRT with 2-Gy daily frac-
tions up to 40 Gy over 4 weeks by using parallel-opposing fields.
The dose was prescribed at the midline. Thereafter, a boost to
main fumor sites was given when possible, with 10 Gy in five frac-
nons. Even in panents with multple metastases, booster radiation
was recommended by excluding as much normal brain tissues as
possible. When radiation field reduction was considered difficult,
radiotherapy was stopped at 40 Gy, Chemotherapy was prohibited
until 2 weeks after completion of WBRT.

Evaluation

Before WBRT, patients underwent contrast-enhanced magnetic
resonance imaging (MRI) and/or computed tomography (CT) of
the brain, in addition to physical examination and MMSE. These
examinations were repeated immediately after WBRT, every 3
months for 18 months, and every 6 months thereafter. For follow-
up, use of the same imaging modality (i.e., either MRI or CT) was
mandatory. Brain atrophy was evaluated as change in cerebrospinal
fluid—cranial ratio (CCR), as proposed by Nagata et al. (16); the
method is shown in Fig. 1. Briefly, the CCR was calculated from
the equation shown in the caption of Fig. | by measuring the max-
imal distance between the intemal tables of the skull, minimum
width of the frontal homs of the bilateral lateral ventricles, minimum
width of the bodies of the bilateral lateral ventricles, and the number
of widened sulci (=3.3 mm) on a slice 7 cm above the orbitomeatal
line. The atrophy index was defined as postradiation CCR divided
by preradiation CCR. Differences in incidences of brain atrophy
and MMSE score decrease between groups were examined by
means of Fisher's exact test. The MMSE was performed by the
same radiation oncologists for respective patients.

Evaluation was terminated when intracranial lesions progressed
50 that evaluation was considered to be influenced by disease pro-
gression or second-line treatment became necessary. Data for these
patients before this point of intracranial progression were used for
analysis.
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Fig. 2. Changes in mean atrophy index (A) in 68, 45, and 30 patients who were assessable for 3 (open circle), 6 (closed
circle), and 9 months (open square); and (B) 25, 17, and 10 patients assessable for 12 (open circle), 15 (closed circle), and

18 months (open square), respectively. Bars represent SD.

RESULTS

Between Jan 2002 and Aug 2006, a total of 115 patients
were evaluated for entry, but 14 were excluded because of
low MMSE scores. Table 1 lists characteristics of the 101 pa-
tients who entered the study. Median patient age was 62
years. Ninety-three percent of patients had multiple tumors,
Nine patients could not complete the planned radiotherapy
because of deterioration in general conditions in 8 patients
and change in treatment policy in 1 patient; therefore, post-
treatment evaluation was not possible. Of the remaining 92
patients, 66 received a total dose of 50 Gy, whereas 26 under-
went WBRT with 40 Gy alone.

Figure 2 shows changes in atrophy index values in groups
of patients who were assessable for 3—-18 months. The atro-
phy index tended to increase over time, although SDs were
relatively large. The trend toward a mild increase in the atro-
phy index at completion of radiotherapy was considered to be
caused by tumor response; therefore, brain atrophy was eval-
uated by regarding the atrophy index at completion of radio-
therapy as the control level in each patient. Compared with
the index at completion of radiotherapy, atrophy increased
by 30% or more in 9 of 68 patients (13%; 95% CI, 5.0-21)

Table 2. Incidence of 30% or greater increases in atrophy
index compared with immediately after whole-brain radiation
according to patient age

Months after whole-brain radiation

who were assessable at 3 months, 8 of 45 patients (18%;
95% CI, 6.8-29) at 6 months, 5 of 30 patients (16%; 95%
CI, 2.9-29) at 9 months, 7 of 25 patients (28%; 95% CI,
10-46) at 12 months, 5 of 17 patients (29%; 95% CI, 7.4—
51) at 15 months, 3 of 10 patients (30%; 95% CI, 1.6-58)
at 18 months, and 3 of 4 patients (75%; 95% CI, 33-100)
at 24 months. Of 3 patients who were assessable at both 30
and 36 months, increases in atrophy index by 30% or more
were seen in 2 (67%; 95% CI, 14-100). Tables 2 and 3 list
incidences of 30% or greater increase in atrophy index com-
pared with the index value immediately after radiotherapy ac-
cording to patient age and radiation dose, respectively. There
were no apparent differences in incidence according to age
and radiation dose, although patients receiving 50 Gy (40-
Gy WBRT + 10-Gy boost) tended to have a greater incidence
at 9 and 12 months. Table 4 lists the incidence of 30% or
greater increase in atrophy index according to pretreatment
CCR. At 12 and 15 months, the incidence was greater in pa-
tients with a pretreatment CCR less than median than in those
with a CCR at or greater than median.

Figure 3 shows changes in MMSE scores in groups of pa-
tients who were assessable for 3 to 18 months. Mean MMSE
scores were relatively constant, and no apparent decreases
were observed. However, individually, decreases in MMSE
scores of four points or more were observed in 5 of 68 patients

Table 3. Incidence of 30% or greater increase in atrophy
index compared with immediately after whole-brain radiation

according 10 radiation dose
Age (y) 3 6 9 12 15 18
Months after whole-brain radiation
<60 2/32 6/27 3/16 513 4/9 3/5
=60 7/36 218 214 212 18 0/5 Dose (Gy) 3 6 9 12 15 18
P 0.16 0.45 1.0 0.38 0.29 0.17
<70 8/54 8/38 5125 722 5/15 39 40 (without boost) 3/19  2/13  0/6 0/4 0/1 —
=70 1/14 077 0/5 03 02 0/1 50 (with boost) 6/49 6832 5724 121 5116 34
P 0.67 0.32 0.56 0.53 0.56 1.0 p 1.0 1.0 055 029 1.0 -
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Table 4. Incidence of 30% or greater increases in atrophy
index compared with immediately after whole-brain radiation

according to pretreatment CCR
Months after whole-brain radiation
CCR 3 6 9 12 15 18
<Median 6/34 622 4/15 12 58 35
=Median 334 223 1/15 0413 0 0/5
p 048 0.13 0.33 0.0052 0029 017
Abbreviation: CCR = cerebrospinal fluid—cranial ratio.

(7.4%; 95% CI, 1.2-14) who were assessable at 3 months, 5 of
45 patients (11%; 95% CI, 1.9-20) at 6 months, 6 of 30 pa-
tients (20%; 95% CI, 5.7-34) at 9 months, 3 of 25 patients
(12%; 95% CI, 0-25) at 12 months, 1 of 17 patients (5.9%;
95% CI, 0 - 17) at 15 months, 0 of 10 patients (0%) at 18
months, 0 of 4 patients (0%) at 24 months, and 0 of 3 patients
at 30 and 36 months. Table 5 lists incidences of MMSE score
decrease according to patient age; there were no significant
differences in incidence according to age. About half the pa-
tients with an MMSE score decrease had systemic disease
progression (outside the central nervous system). There ap-
peared to be no corrclation between brain atrophy and
MMSE decrease (data not shown). Seven patients received
systemic chemotherapy during follow-up periods, and 1 pa-
tient had a decrease in MMSE score of four points or more
at 6-12 months,

DISCUSSION

The apprehension that WBRT might cause brain atrophy
and dementia seems to have grown gradually among medical
oncologists and neurosurgeons. Several retrospective studies
suggested it (6—11), but others reported maintenance of neu-

17

rocognitive function in long-term survivors with glioma and
other primary brain tumors after radiation therapy (17-20).
Because retrospective studies cannot exclude the influence
of other factors, such as surgery, chemotherapy, and disease
progression, that can be associated with the development of
brain atrophy and dementia, we conducted the present pro-
spective study and attempied to eliminate as many of these
factors as possible. As a result, we found that brain atrophy
can develop in a proportion of patients, but decrease in
MMSE scores was relatively infrequent. It was reported
that other radiologic findings can develop after radiation to
the brain, especially on MRI (21), but we used brain atrophy
as an end point because it often is regarded as a late sequela of
radiation linked to dementia (9). Another reason is that MRI
was difficult to perform because of the long waiting time for
booking in some institutions; however, brain atrophy could
be evaluated easily by using CT.

We used the method of Nagata ef al. (16) to evaluate brain
atrophy. It is a simple method that can be used in multi-insti-
tutional studies, but the widths of the lateral ventricles and
sulci are influenced by the mass effect of the tumors. An in-
crease in atrophy index was found in many patients at com-
pletion of radiation therapy. This was not caused by brain
atrophy, but rather tumor shrinkage. Therefore, we used atro-
phy index at the completion of radiotherapy as a control to
evaluate posttreatment brain atrophy in individual patients.
Asai et al. (9) reported the development of brain atrophy in
56% of patients undergoing radiation therapy. They used Na-
gata’s method, as we did, but they defined development of
brain atrophy as an atrophy index of 1.13 or higher. In our ex-
perience, measurement of CCR is not accurate enough to en-
sure that an atrophy index of 1.13 really represents brain
atrophy. We believe an atrophy index of 1.3 is reasonable
for visual recognition of brain atrophy on MRI and CT. In
addition, all patients in the study of Asai er al. (9) had
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Fig. 3. Changes in mean Mini-Mental State Examination (MMSE) scores in (A) 68, 45, and 30 patients who ‘Wwere assess-
able for 3 (open circle), 6 (closed circle), and 9 months (open triangle); and (B) 25, 17, and 10 patients assessable for 12
(open circle), 15 (closed circle), and 18 months (open square), respectively. Bars represent SD.
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Table 5. Incidence of decrease in Mini-Memtal State
Examination score of four or more points after whole-brain
radiation according to patient age

Months after whole-brain radiation

Age (y) 3 6 9 12 15 18
<60 132 127 116 113 0P 0/5
=60 436 418 514 212 18 0/5
p 036 014 0072 059 1.0 —

<70 4/54 438 4125 322 115 0P
=70 s a 25 0/3 02 o1
p 1.0 1.0 0.55 1.0 1.0 =

undergone brain surgery. They reported that no brain atrophy
was found after brain surgery alone, but it is not known
whether surgery can be an additive factor in the development
of brain atrophy when combined with radiation. In our study,
excluding the influence of brain surgery, we found brain at-
rophy in up to 30% of patients at 618 months. However,
about 40-50% of patients maintained an atrophy index of
around 1 during these periods. We could not prove an asso-
ciation between the incidence of atrophy and patient age or
use of the 10-Gy boost. Meanwhile, patients with a pretreat-
ment CCR less than the median value had a greater incidence
of increase in the atrophy index. This is in contrast to findings
reported by Nieder et al. (22) showing that patients with pre-
existing atrophy had a greater risk of continuous deteriora-
tion. One reason for the finding in the present study may be
that the index is likely to increase when the denominator (pre-
treatment CCR) is small.

The MMSE alone is considered to be an insensitive
method to evaluate higher brain dysfunction, and it now
seems clear that the combination of various neurologic tests
is necessary to evaluate more subtle cognitive dysfunction
(23). Therefore, the aim of the present study is to detect appar-
ent dementia. In a prospective study comparing WBRT plus
SRS and SRS alone, Aoyama ef al. (24) evaluated changes in
MMSE scores in a proportion of patients, They found that
although there was no significant difference in change in
MMSE scores after treatment between the two groups, the
scores tended to decrease, especially after WBRT plus
SRS. However, they did not clearly differentiate between dis-
ease progression—induced deterioration and treatment-related
decrease. In the present study, mean MMSE score did not
decrease on the whole, and proportions of patients with an
MMSE score decrease of four points or more were only
11% at 6 months, 12% at 1 year, and 0% at 18 months. We
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excluded patients with intracranial progressive disease from
further evaluation, but we did not exclude patients with sys-
temic disease progression. As a consequence, about half the
patients with an MMSE score decrease had systemic progres-
sive disease and a decrease in performance status; thus,
purely radiation-induced decrease appeared to be still less fre-
quent. In the present study, only brain atrophy was evaluated
by using MRI and CT, and there appeared to be no correlation
between brain atrophy and MMSE score decrease. In addi-
tional investigations, we plan to evaluate MRI findings that
may characterize patients with an MMSE score decrease.

Radiation dose per fraction may influence the occurrence
of late morbidity for radiation therapy. It is well-known
that central nervous system tissues have low «/f ratios and
therefore are susceptible to greater doses per fraction (25).
In WBRT for brain metastases, 10 fractions of 3 Gy com-
monly are used, but we did not use the 3-Gy/d dose in this
study in the belief that a 2-Gy/d fraction is better than a 3-
Gy fraction in terms of preventing late adverse effects in
long-term survivors. Most previous studies reporting deterio-
ration in neurocognitive function used 3-Gy or even higher
doses per fraction (6-8, 26). In addition, 10 fractions of 3
Gy given for prophylactic cranial irradiation in patients
with small-cell lung cancer are considered to be more likely
to produce neurotoxicity than 2- or 2.5-Gy/d fractions (26—
29). In a Radiation Therapy Oncology Group study using
10 fractions of 3 Gy for brain metastases, 81%, 66%, and
57% of patients maintained an MMSE score higher than 23
at 6, 12, and 18 months, respectively (30). Although the bi-
ologically effective dose for 10 fractions of 3 Gy is less
than that for 20 fractions of 2 Gy assuming an «/f ratio of
1-4 Gy, the incidence appeared greater than that observed
in the present study. Thus, use of a 2-Gy/d fraction might
have contributed to the favorable effects on neurocognitive
function observed in the present study. Of course, we use
3-Gy fractions for palliative cases and patients with a short
expected survival time, but we will continue to use the 2-
Gy fraction for patients expected to survive longer than 6
months.

In summary, the present study shows that brain atrophy
can develop after WBRT in a certain proportion of patients
(up to 30%), but a decrease in MMSE scores was less fre-
quent. Avoiding WBRT for the reason that it causes dementia
appears to be a groundless idea in patients with metastatic
brain tumors. The WBRT with or without stereotactic boosts
should be a reasonable treatment for patients with multiple
brain metastases.
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