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Abstract

Objective  We investigated the whole-body biodistribu-
tions and radiation dosimetry of five !C-labeled and one
18F_labeled radiotracers in human subjects, and compared
the results to those obtained from murine biodistribution
studies.

Methods The radiotracers investigated were 11C-SA4503,
"C-MPDX, M'C-TMSX, M'C-CHIBA-1001, 'C-4DST, and
EFBPA. Dynamic whole-body positron emission
tomography (PET) was performed in three human subjects
after a single bolus injection of each radiotracer. Emission
scans were collected in two-dimensional mode in five bed
positions. Regions of interest were placed over organs
identified in reconstructed PET images. The OLINDA
program was used to estimate radiation doses from the
number of disintegrations of these source organs. These
results were compared with the predicted human radiation
doses on the basis of biodistribution data obtained from
mice by dissection.

Results The ratios of estimated effective doses from the
human-derived data to those from the mouse-derived data
ranged from 0.86 to 1.88. The critical organs that received

Electronic supplementary material The online version of this
article (doi:10.1007/s12149-013-0685-9) contains supplementary
material, which is available to authorized users.

M. Sakata (&) - K. Oda - J. Toyohara - K. Ishii -

T. Nariai - K. Ishiwata

Positron Medical Center, Tokyo Metropolitan Institute of
Gerontology, 1-1 Naka-cho, Itabashi-ku, Tokyo 173-0022, Japan
e-mail: sakata@pet.tmig.or.jp

T. Nariai

Department of Neurosurgery, Tokyo Medical and Dental
University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519,
Japan

the highest absorbed doses in the human- and mouse-
derived studies differed for two of the six radiotracers. The
differences between the human- and mouse-derived
dosimetry involved not only the species differences,
including faster systemic circulation of mice and differ-
ences in the metabolism, but also measurement
methodologies.

Conclusions  Although the mouse-derived effective doses
were roughly comparable to the human-derived doses in
most cases, considerable differences were found for critical
organ dose estimates and pharmacokinetics in certain
cases. Whole-body imaging for investigation of radiation
dosimetry is desirable for the initial clinical evaluation of
new PET probes prior to their application in subsequent
clinical investigations.

Keywords Radiation dosimetry - PET - Whole-body
distribution

Introduction

The estimation of human radiation doses is mandatory for
the development of new radiotracers used in positron
emission tomography (PET). For this purpose, various
animal species, such as rodents, dogs, rabbits, and non-
human primates, have been used to perform preclinical
biodistribution studies. Human radiation dosimetry of ra-
diotracers was initially performed using these experimental
animal data to determine the maximum allowable injection
activity in clinical studies. Tissue dissection using rodents
was the most popular method used for this purpose with
extrapolation of animal data to human data to normalize
interspecies variations. This classical dissection method is
easily employed in many facilities at a relatively low cost.
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With advances in equipment enabling whole-body imag-
ing, PET imaging of non-human primates is preferred in
several well-equipped institutes because there are fewer
interspecies differences. In the last decade, radiation
dosimetry using whole-body PET and PET/CT in human
subjects has been applied to several newly developed
tracers and others that have proven to be clinically useful.
Recently, human radiation dosimetry studies were exten-
sively reviewed, and the use of dosimetry was subsequently
recommended during the early course of clinical trials
[1, 2]. In a previous study, van der Aart et al. [2] sum-
marized the dosimetry of 38 "'C-labeled PET tracers after
researching MEDLINE literature. On the basis of rodent
versus human data, several tracers demonstrated substantial
differences between the calculated effective doses. In the
review, Zanotti-Fregonara and Innis compared monkey-
and human-derived radiation dosimetry studies that had
used whole-body PET imaging for nine *C-labeled tracers.
It was observed that the effective dose extrapolated from
monkeys was greater than that estimated from human
subjects [1]. The animal- and human-derived radiation
dosimetry studies for several PET tracers were compared;
however, these reports summarized previously published
data, most of which involved different protocols, apparatus,
and calculation methods. Dosimetry estimates are known to
be affected by both biological and methodological sources
of variability. Therefore, species differences are best
evaluated by direct comparisons using the same protocols,
apparatus, and calculation methods.

To date, there have been only a limited number of
studies that have compared rodent-derived dosimetry of
PET radiotracers with human-derived dosimetry. Santens
et al. [3] reported similar effective doses of ''C-methoxy-
progabidic acid for the gamma-amino-butyric acid
(GABA) receptor determined from biodistribution data
obtained by tissue dissection in mice and by whole-body
PET scans in human subjects. The effective dose of
1C.CP-126-998, acetylcholine esterase inhibitor, evalu-
ated by human PET imaging was 50 % of that evalnated by
dissection of mice; ie., 3.85 versus 7.68 uSv/MBq [4].
However, this study was insufficient because absorbed
doses only from the liver, small intestine, kidney, and brain
were used in the human study. The effective dose of
"'C-choline on the basis of the rat imaging study was 64 %
of the effective dose determined by human PET imaging
[5]. Recently, we found that an a7 nicotinic receptor tracer,
4-"'C-methylphenyl 1,4-diazabicyclo[3.2.2.Jnonane-4-car-
boxylate (*'C-CHIBA-1001), had different pharmacoki-
netics in mice and human subjects, which led to an
underestimation of the human data obtained from the
results in mice; i.e., 3.8 versus 6.9 uSv/MBq [6]. Most of
these studies compared only the effective doses; however,
for effective dose estimation of radiotracers, several

@ Springer

technical problems and assumptions are present in the
evaluation of their biodistribution and in the extrapolation
of animal data to human data. To date, the predicated
radiation dosimetry in human from animal-derived data has
not been validated sufficiently. Furthermore, the maximum
injected activity per study may be limited by the critical
organ rather than the effective dose. Organ perfusion and
mechanism of clearance are major determinants of tracer
biokinetics in the body and critical organ. Therefore,

“detailed direct comparisons between rodent- and human-
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derived organ dosimetry are also imiportant.

In this study, human biodistribution measurements and
radiation dosimetry dose estimations of six PET tracers
were determined by whole-body PET scans. Organ-absor-
bed doses and effective doses were compared with those
estimated in murine studies that used the dissection
method. The radiotracers investigated were 11C—1-(3,‘
4-dimethoxyphenethyl)-4-(3-phenylprophyl)piperazine
(*'C-SA4503) for sigma, receptor; 'C-8-dicyclopro-
pylmethyl-1-methyl-3-propylxanthine  (*!C-MPDX) for
adenosine A, receptor; ' C-(E)-8-(3,4,5-trimethoxystyryl)-
1,3,7-trimethylxanthine (*'C-TMSX) for adenosine Aga
receptor; M C-CHIBA-1001, *C4/-thiothymidine (*'C4DST)
for DNA synthesis; and 4-borono—2—18F-ﬂuoro-L-phenylala-
nine (*F-FBPA) for boron neutron capture therapy. The
mouse- and human-derived dosimetry studies of "'C-CHIBA-
1001 and the human-derived study of ''C-4DST were reported
previously [6, 7]. The mouse-derived dosimetry stadies of four
of the other radiotracers (excluding UCADST) were also
reported [8—11]. All biodistribution studies of the six radiotra-
cers in mice, including *®F-FBPA, were accomplished by the
same dissection method used by Ishiwata et al. However,
the organ-absorbed doses and effective doses of 'C-SA4503,
11C—MPDX, Ne TMSX, and 18p_FBPA were re-calculated
from their biodistribution data for the present purposes.

Materials and methods
Radiotracers

Five ''C-labeled radiotracers, 'C-SA4503, 'C-MPDX,
11C—TMSX, Ne_ CHIBA-1001, and 'C-4DST, were pre-
pared as described previously [7-10, 12-14]. The mean
specific activity of the five radiotracers in the human PET
studies was 70.4 £+ 53.0 GBq/umol at the time of injec-
tion, and the radiochemical purity was >97 %.

18R FBPA was prepared as described previously [11] with
several modifications using a multi-purpose synthesizer
CFN-MPS100, including an **F-Fy/acetyl **F-hypofluorite
production system [15] (Sumitomo Heavy Industries, Tokyo,
Japan). In brief, acetyl **F-hypofluorite in Ne was bubbled at
a flow rate of 500-1000 ml./min at room temperature into
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5 mL of trifluoroacetic acid containing 35-45 mg of 4-bor-
ono-L-phenylalanine. Next, trifluoroacetic acid was removed
by passing N, under reduced pressure at a flow rate of
250 mL/min. The residue was dissolved in 4 mL of water
containing 0.1 % acetic acid, and the solution was applied to a
high performance liquid chromatography column, YMC-
Pack ODS-A S-5 (20-mm inner diameter x 150-mm length,
YMC, Kyoto, Japan), with mobile phase, water for injection
containing 0.1 % acetic acid; flow rate, 10 ml./min; ultra
violet detector; and radioactivity detector. The ‘F-FBPA
fraction (retention time = 18-20 min) was corrected by
adding 25 % ascorbic acid injection and 10 % sodium chlo-
ride injection. The specific activity was 20-34 GBg/mmol at
the injection time and the radiochemical purity was >98 %.

Human PET studies

Clinical studies were approved by the Ethics Committee of
the Tokyo Metropolitan Institute of Gerontology. Written
informed consent was obtained from each subject after the
procedures were completely explained.

The whole-body distribution studies of 'C-CHIBA-
1001 and ''C-4DST have been previously reported [6, 7].
Including ''C-CHIBA-1001 and ''C-4DST evaluations, a
total of 18 subjects (three subjects for each radiotracer)
participated in the study. Two patients (age: 45 and
54 years) in the ®F-FBPA study had brain tumors,
whereas, the other 16 were healthy volunteers (age
21-29 years; mean 24 + 3 years). Whole-body PET scans
were performed using SET-2400 W (Shimadzu, Kyoto,
Japan) in the two-dimensional mode as described previ-
ously [6, 7]. The axial field of view was 20 cm [16]. Before
injecting each radiotracer, the subjects were asked to void
their bladders. Whole-body emission scans were obtained
with 6-7 frames (120-130 min in total) for 1 min after
administering an intravenous bolus injection of the radio-
tracers (500 MBq for ''C radiotracers and 300 MBq for
E_FBPA). Each frame covered the body from the head to
the urinary bladder, and consisted of five bed positions. In
case of the first subject in the He CHIBA-1001 study, a
unified frame duration (240 s/bed position) was used for
investigating image quality and ensuring adequate frame
settings [6]. For all other subjects, the duration of scanning
at each bed position was increased to compensate for the
short half-life of 'C, i.e., 120 s/bed position for 1-3
frames, 240 s/bed position for 4-6 frames, and 360 s/bed
position for the last frame. At the last frame, transmission
data using a rotating ®Ge/**Ga line source to correct
for aftenuation were acquired simultaneously [17]. The
sum of the intervals for the moving bed was ~ 90 s/frame.
Ordered-subset expectation maximization followed by
application of a 6-mm FWHM Gaussian post-filter was
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used to reconstruct the images. The resulting images were
128 x 128 x 25 voxels for each bed position (voxel size
4 x 4 x 6.25 mm).

Regions of interest (ROIs) were placed over organs that
could be identified from the whole-body images acquired.
The source organs used for dosimetry calculation were
different for each radiotracer because of their respective
pharmacokinetics. The ROI for red marrow was drawn on a
portion of the lumbar spine, and a reference 70-kg adult
male phantom was used to define the volume which was
adjusted proportionally on the basis of the body weight of
each subject. The decay-uncorrected time-activity course
of the organs was calculated as the percentage of the
injected dose per mL (%ID/mL). The number of disinte-
grations, formerly referred to as residence time [18], for all
source organs was equal to the area under the time-activity
curve multiplied by the volume of the organ ROI. The area
under the time-activity curve was calculated by summing
the area from time 0 to the endpoint of the scan and the
area from the endpoint of the scan to infinity. The former
area was calculated by trapezoidal integration. The latter
area was calculated by integration of a mono-exponential
curve passing through the final two scan points. For organs
that were measured in two split images of different bed
positions, the areas under the time-activity curve were
calculated separately, and the number of disintegrations
were combined into one source organ. For 18F—FBPA, the
calculation of number of disintegrations in the urinary
bladder was determined considering 80 % voiding the of
bladder contents at 60 and 240 min after injecting the
radiotracer.

Murine study

Animal studies were approved by the Animal Care and Use
Committee of the Tokyo Metropolitan Institute of Geron-
tology. Male ddY mice were obtained from Tokyo Labo-
ratory Animals (Tokyo, Japan).

Biodistribution of five radiotracers, except ''C-4DST,
were previously evaluated using male ddY mice [6, 8117,
and the data were used for the dosimetry calculations in the
present study. A similar method was applied to the present
biodistribution study of 'C-4DST. In brief, ''C4DST
(10 MBg/0.32 nmol) was intravenously injected into male
ddY mice (8 weeks old), and the mice were euthanized by
cervical dislocation at 1, 5, 15, 30, 60, and 90 min after
injection (n = 4). Blood was collected by cardiac puncture
and tissues were dissected. Leaked urine at the time of
euthanasia and bladder contents were absorbed onto filter
paper. The samples were measured for radioactivity with
an auto-gamma counter (Wallac, Turk, Finland) and then
weighed. Radioactivities and weights of urine absorbed
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onto the filter papers were measured, and added to the
bladder data. The radioactivity was decay corrected, and its
levels in tissues were expressed as the percentage of the
injected dose per g of tissue and as the percentage of the
injected dose per g of organ.

For comparison with human data, the data of organs on
which ROIs were placed in the human study were used;
however, in the animal studies, data of the thyroid and
gallbladder for all six radiotracers and data of the stomach
for *F-FBPA were not available. Because the weights of
urine were only available for *'C-4DST, the mean weights
for each time frame in the ''C-4DST experiment were used
as substitutes for the urine weights of the other radiotracers.
The number of disintegrations of all six radiotracers was
calculated from the decay-uncorrected mean time—activity
curves, as described above, and the %kg/g method [19] was
used to extrapolate to a reference 70-kg adult male
phantom.

Organ-absorbed dose and effective dose

The absorbed doses in 25 target organs of the adult male
phantom were estimated from the number of disintegra-
tions of the source organs by implementing the Medical
Internal Radiation Dose (MIRD) method using OLINDA
(Vanderbilt University, Nashville, TN, USA) [18]. The
effective dose was also calculated by OLINDA using the
methodology described in Imternational Commission on
Radiological Protection (ICRP) publications 60 [20]. For
the murine study, two inputs (number of disintegrations

a ""Cc-SA4503 b 1c-MPDX

1—11 min 24-34 min 78-98 min 1-11 min

d 1"c-CHIBA-1001 e 11C-4DST

1-21min  23-43min 87-107 min

Fig. 1 Typical whole-body distribution of radioactivity in decay-
corrected maximum-intensity projection images after an intravenous
radiotracer injection. The radiotracers were a e sA4503, b He-
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24-34 min 79-99 min

1-11 min  26-36 min 80-100 min

with and without extrapolation) were used for investigating
the effect of extrapolation.

Results

The typical whole-body distributions of six radiotracers in
human subjects are shown in Fig. 1. The typical time
courses of decay-corrected radioactivity in several organs
of the same subject shown in Fig. 1 are compared with
those of the mice in Supplementary Fig. 1, and with the
mice-derived ones extrapolated to a reference human in
Fig. 2. The data for all tissues examined in the mouse study
for 'C4DST are summarized in Supplementary Tables 1
and 2. The data for the five other radiotracers were reported
previously [6, 8-11].

In the "'C-SA4503 PET image, the highest peak accu-
mulation was observed in the lungs in the first frame fol-
lowed by rapid clearance. The liver showed an
accumulative pattern, and uptake was highest among the
organs at the latter phase. The kidneys are clearly visible at
an early phase, whereas the pancreas and spleen are visible
at a later phase in Fig. 1. Accumulation in the urinary
bladder was much lower for 'C-SA4503 than for other
radiotracers. Marked differences were not found in
the human- and mouse-derived biodistribution data.
Nc-MPDX and C-TMSX had similar distribution pat-
terns with the highest uptake in the liver for the entire
period; the differences between the two radiotracers were
found in heart wall uptake and gallbladder uptake for *C-
TMSX. In the mouse-derived data, accumulations of both

C 1C-TMSX

1-11 min  24-34 min 79-99 min

f 15F-FBPA

1—11 min 25-35min 79-99 min

MPDX, ¢ 'C-TMSX, d 'C-CHIBA-1001, e 'C4DST, and f *F-
FBPA. d and e are images of different subjects from figures in
references [7] and [6], respectively
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Fig. 2 Comparison of time-activity curves of several organs in
human- and mouse-derived data. Typical regional decay-cormrected
time—activity curves of selected organs after an intravenous injection
of each radiotracer. The %kg/g method [19] was used to extrapolate
the animal-derived data to a reference 70-kg adult male phantom. The

"C.MPDX and C-TMSX in the small intestine were
emphasized. For ''C-CHIBA-1001, marked differences
were found between the human- and mouse-derived data.
The measured level of uptake in the small intestine of
human was much higher than that of the mouse-derived
data, and excretion of the radioactive substances into the
urinary bladder was much higher in mice than in human
subjects. Among the six radiotracers, the most prominent
difference was observed for ''C-4DST. The highest uptake
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radiotracers were a ''C-SA4503, b "'C-MPDX, ¢ "C-TMSX, d M'C-
CHIBA-1001, e 'C-4DST, and f ®F-FBPA. Data are expressed as
the percentage of injected dose per organ. Selected subjects in D and
E are different from the subjects in figures of references [7] and [6],
respectively

in human subjects was found in the liver, whereas accu-
mulation in the small intestine was highest among mouse
organs. Similar to e CHIBA-1001, excretion of radio-
active substances into the urinary bladder was much higher
in mice than in human subjects. Incorporation of **F-FBPA
into tissues from blood was very low except in the kidneys.
Of all radiotracers investigated, excretion into the urinary
bladder in human subjects was fastest for 'F_FBPA, while
it was insufficiently evaluated in the mouse-derived data.
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Table 1 Numbers of disintegrations calculated from distribution studies by dynamic whole-body PET in human and by the tissue dissection

method in mice

Numbers of disintegrations (h)

110.5A4503 e MPDX o TMsSX
Organs Human-derived Mouse-derived Human-derived Mouse-derived Human-derived Mouse-derived
Lungs 83E—02 2.1E—02 7.8E—03 5.76—03 1.2B—02 6.2E—03
Liver 43E—02 48802 6.1E—02 4.5B—02 6.0B—02 3. 7TE—02
Brain 3.6E—02 1.1IE—-02 1.4E—02 4.7E—03 1.3B—02 6.1E—03
Small intestine 1.6E—02 8.7E—03 1.7E—02 1.4E—02 12B-02 14E—02
Spleen 1.5E-02 2.3E-03 * T * ¥
Kidneys 1.4E—-02 4.4E—03 2.6E—03 24E—03 8.6B—03 5.6E—03
Heart wall 9.9E—03 1.3B-03 9.0E—03 14803 7.7B-03 43E—03
Pancreas 5.5E—03 24E-03 * t * T
Stomach 5.4E—03 1.2B—03 2.4E—03 1.3E—03 24803 9.9E—04
Thyroid 2.0E—03 3 23E—04 $ 1.9E—04 td
Urinary bladder 1.0E—03 1.9B—03 3.6E—03 9.5E—03 3.3E-03 2,503
Gallbladder * 3 * ¢ 3.1E—03 td
Red marrow * t * T * b
Remainder of body ~ 2.6E—01 3.9E-01 3.7E—01 4.1E-01 3.7E-01 4,1E—01

Numbers of disintegrations (h)

UC_CHIBA-1001 HC ADST 185 FBPA
Organs Human-derived Mouse-derived Human-derived Mouse-derived Human-derived Mouse-derived
Lungs 5.8E-02 L.5E—02 6.0E—03 44503 5.2E-02 1.4E—02
Liver 6.6E—02 5.4B—02 6.9E—02 9.0E—03 1.0E—01 32E—02
Brain 3.56—02 L3E—02 * t 73602 8.2E—03
Small intestine 7.58—02 LI1E—02 3.5E—03 2.0E—02 * ¥
Spleen 7.3E—03 1.6E—03 3.8E—03 6.4E—03 7.5E—03 2.8E—03
Kidneys 12E—02 3.88-03 14E—02 3.1E-03 42E-02 3.0E—02
Heart wall 3.1E-03 L.1E—03 2.0E—03 12E-03 42602 3.9E—-03
Pancreas 5.2B—03 1.5E—03 * i * 1
Stomach 2.5E-02 2.6B-03 * i 6.6E—03 ¥
Thyroid 1.9E—04 ¥ * + 2.1E-03 4
Urinary bladder 3.86-03 1.6E—02 2.3E-02 54E-02 4,1E-01 2.7E—01
Gallbladder 2.3E—-04 ¢ * ¥ * ¥
Red marrow * i 2.2E—02 1.3E-02 6.2B—02 2.9E—02
Remainder of body ~ 2.0E—01 3.7E-01 3.5E-01 3.86-01 1.8E+00 2.2E+00

Human-derived data are mean (n = 3). Values are shown in descending order of human 'C-SA4503 data

* not identifiable, T not used in calculation, ¥ not available

The number of disintegrations in human source organs
and those with and without extrapolation in the murine
studies are summarized in Table 1. The number of disin-
tegrations was much higher in many organs in human
subjects than in mice with and without extrapolation in
mice, with a few exceptions. The numbers of disintegra-
tions for **C-CHIBA-1001 and ''C-SA43503 in the lungs, in
the small intestine for *'C-CHIBA-1001, and in the liver
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for "'C-4DST were particularly higher in human subjects
than in mice.

The organ-absorbed doses and effective doses are sum-
marized in Tables 2 and 3, respectively. The critical organs
that received the highest absorbed dose in the human- and
mouse-derived studies were the same for three radiotracers:
e TMSX, 1'C-4DST, and **F-FBPA. The liver and small
intestine received the highest absorbed doses of "'C-MPDX
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Table 2 Organ-absorbed doses and effective doses estimated from whole-body PET in human and from a tissue dissection study in mice

Organ-absorbed dose (LGy/MBq)

HC.8A4503

Human-derived

Mouse-derived

e MPDX

Human-derived

Mouse-derived

HeTMsSx

Human-derived

Mouse-derived

Adrenals

Brain

Breasts
Gallbladder wall
LLI wall

Small intestine
Stomach wall
ULI wall

Heart wall
Kidneys

Liver

Lungs

Muscle

Ovaries
Pancreas

Red marrow
Osteogenic cells
Skin

Spleen

Testes

Thymus
Thyroid
Urinary bladder wall
Uterus

Total body

3.4BE+00 4 7.B-02
8.6E+00 =+ 1.9E+00
2.1E+00 & 6.7E-02
3.3B+00 4 2.0E-01
2.2B+00 =+ 8.5B—-02
7.0E+00 + 1.5E400
5.6B+00 & 1.8E+00
2.8E400 + 1.1E-01
1.0E4+01 =+ 2.0B4-00
1.4B+01 + 2.4E4-00
8.4E+00 + 2.2E+00
2.2E-401 &+ 7.9E-01
2.1E+00 == 9.2E—02
24E+00 & 6.7E-02
1.7B+01 + 1.8E400
2.1B400 & 5.8E—-02
2.9B400 & 1.4E-01
1.6E+00 =+ 8.4B—-02
2.4E4-01 £ 3.1E+400
1.6E+00 + 1.3B-01
2.5E+00 & 8.0E—-02
24E-401 £ 2.1E4-01
2.5B+00 + 6.8E—-01
2.3B+00 =+ 8.4E-02
2.9B+4+00 & 1.0E-02

3.3B+00
3.0B--00
2.3E-400
3.8E-+00
2.9E+00
5.4B400
3.5E+00
3.2B+00
2.7E+00
5.5E+00
9.0E+00
6.6E--00
2.5B+400
3.0E+00
8.5E-+00
2.4B-+00
3.6B400
2.0E-+00
47B+00
2.4E+00
2.6B-+00
2.5B+00
3.9E+00
3.1E400
2.9B-++00

3.3E-+00 &+ 3.6E-02
3.6E+00 = 3.6E~01
2.2E+00 & 5.3E-02
4.0E+00 =+ 1.8E-01
2.9E-+00 & 45E-02
7.7E400 + 94E-01
4.0E+00 =+ 5.8E-01
3.4B+400 & 7.5E~02
8.9E+00 + 2.6E-+00
3.9B+4-00 + 1.2E400
L1E-+01 % 1.9E4-00
3.3E4+00 + 7.7E—01
2.5E+00 & 55E-02
3.1E4+00 £ 2.3E-02
3.3B+00 =+ 3.5E-02
2.3E+00 & 3.5E-02
3.5E+00 & 1.1IE-01
2.0E+00 &+ 6.0E—-02
2. TB+00 + 49B-02
2.3B+00 & 85E-02
2.6E400 4 9.9B-02
3.9E+00 + 1.6E--00
5.0E-+00 &+ 3.0E-01
3.2B-+00 & 35B-02
2.9B400 = 53E-16

3.2B+00
1.5E+00
2.2E+00
3.8E4-00
3.2B+00
7.2E-+00
3.5E4-00
3.5E+00
2.7E+00
3.6E+00
8.4E-+00
2.7E+00
2.6E+00
3.4B+00
3.3B+00
2.4E+00
3.7E4-00
2.1E+00
2.8B+4-00
2.6B+00
2.6E400
2.6E400
9.2E-+-00
3.5E+00
2.9E+00

3.4B+00 + 1.1B—01
3.3E+00 + 2.6B—01
2.2B+00 & 2.9E—02
LIE+01 + 5.6E4-00
2.8E+00 = 2.0E—01
6.4E-+00 & 2.6E400
4.0B+00 =+ 1.1B-+00
33B+00 & 2.6E—01
7.9B+00 = 3.0E-+00
9.2E-4-00 + 2.4E-+00
LIE+01 + 1.6E4-00
4.4B400 = 1.2B400
2.4E+00 + 7.0E—02
3.0E+00 & 24B—01
3.4B+00 & 1.3B-01
2.3E+00 + 4.6E-02
3.5B+00 % 1.3E-01
2.0B+00 & 7.2E-02
2.8B+00 + 6.4E—02
2.3B+00 + 1.3E-01
2.6B+00 + 1.7E-02
3.4B4-00 & 1.2B+00
47B+00 %+ 1.1B4+00
3.0B+00 & 24B—01
2.9B+00 + 5.88—03

3.3E400
1.9E+00
2.3B400
3.7E4-00
3.1B+400
7.1E+-00
3.4E4-00
3.5B4-00
5.0E+-00
6.5E+-00
7.2E4-00
2.8E400
2.6E4-00
3.3E400
3.3B4-00
2.5B+00
3.8E4-00
2.1B400
2.9B4-00
2.5B400
2.7B+00
2.6B+00
4.5B4-00
3.3B4-00

2.9E400
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Table 2 continued

Organ-absorbed dose (uGy/MBq)

He CHIBA-1001

Human-derived

Mouse-derived

U dpsT

18F_FBPA

Human-derived

Mouse-derived

Human-derived

Mouse-derived

Adrenals

Brain

Breasts
Gallbladder wall
LLI wall

Small intestine
Stomach wall
ULI wall

Heart wall
Kidneys

Liver

Lungs

Muscle

Ovaries
Pancreas

Red marrow
Osteogenic cells
Skin

Spleen

Testes

Thymus
Thyroid
Urinary bladder wall
Uterus

Total body

3.2E400 & 2.3E-01
8.3E4+00 + 1.7E+00
1.7B+400 & 2.2E-01
4.6E4-00 + 6.9E—01
2.7B+00 + 5.2B-01

- 24E+01 + 8.0E-4-00

1.6E+401 * 4.9E-+00
4.6B+00 + 1.0E4+00
44B+00 =+ 1.3E+00
1.3E+01 £ 5.1E400
1.2E+401 =+ 5.2B4-00
1.6E4-01 =+ 8.2B+4-00
1.9E400 + 1.3E-01
3.3E-++00 & 7.0E—-01
1.7E+01 * 6.6E+00
2.0B+00 &+ 1.1IE-01
24E400 + 2.0E-01
1.3E+00 £ 1.1E-01
13E+401 + 4.7E4C0
1.3B4+00 & 1.7E-01
1.E+00 + 3.0E-01
3.1E4+00 & 1.1E400
4.3E+400 =+ 2.0E+00
32E400 + 6.3E-01
2.8E+00 & 2.5E-02

3.2B+00
3 4B+00
2.1B+00
3.8B-400
3.0E+00
6.0E-+00
4.1B+00
3.2B+00
2.5B+00
4.9B+00
1.0E-+-01
5.1B400
2.5B+00
3.2B-+00
6.0B-+00
2.3B-+00
3.5B+00
2.0E+00
3.7B+00
2.4B+00
2.5B+00
2.4B+00
1.3E+01
3.4B+00
2.8B+00

35B+00 + 7.0B—02
2.0B4+00 & 1.2E-01
2.0B++00 + 8.0B—02
4.0B+00 & 1.7E~01
2.9B+00 & 7.6B—02
39B-+00 = 3.2B—01
2.8B-+00 & 7.8B—02
3.0B-+00 = 7.6E—02
32B+00 & 2.3E-01
LAE+01 + 3.0E+00
1.2E+01 + 2.3E+00
2.8E+00 + 5.7E—01
24E+00 + 7.9E—02
3. 0B+00 + 7.6B—02
34B+00 & 3.6B—02
45B-+00 + 5.9E—01
4.6E-+00 & 2.3E—01
1.9E+00 + 8.9E—02
69E+00 + 14E+00
2.3B+00 + 9.6B—02
24B+00 & 1.1E—01
23B+00 & 1.3B-01
LSE+01 + 2.7E-+00
34B+00 + 3.2B—02
2.8B+00 + 0.0B+00

2.8E+4-00
2.2E400
2.0E+4-00
3.0E+00
3.7E4-00
8.8E--00
2.8E4-00
3.6E4-00
2.2B+4-00
4.1E+00
2.4E400
2.2B4+00
2.6B+4-00
3.9B400
3.0E+00
3.6E+00
4.3B4-00
2.0E+4-00
1.1E401
2.8E400
2.4E+400
2.4E+400
3.9E+01
4.8E+4-00
2.7E+00

1.3E+01 &+ 1.1IE400
1.4B+01 & 4.9B+00
83B+00 £ 1.2B4+00
1.3BE4-01 =+ 8.1E-01
1.7E401 £ 1.6E+400
1.4E+01 & 7.0E-01
1.3B401 & 1.7E400
1.3E+01 4 5.0E-01
3.0E+01 % 8.8E+4-00
3.2E+401 * 1.4E4-01
L7E+401 + 4.3E400
1.4E+401 =+ 3.6E+00
L.IE401 & 7.1E-01
1.7B+01 £ 1.2E+400
1.3E+01 & 5.7E-01
1.4B+01 £ 3.6E-01
1.7B+01 £ 1.8E+400
7.9E4-00 &£ 1.1E4-00
L4E+01 & 6.9E+400
1.3E4-01 & 5.7E-01
L.OE+01 £ 1.4E+00
2.2E+4-01 & 6.0B400
2.0E+02 + 1.3E+02
2.3E4-01 &+ 5.9E400
1.2B+401 £ 3.5E-01

1.3E+01
3.8E+00
9.0B400
1.3B401
1.7E+01
1.5B+401
1.3B4-01
148401
8.8E+-00
2.5E401
8.9B+00
8.0E+00
1.2B+01
1.7E401
1.3E+01
1.3B401
1.8E+01
8.9E4-00
9.5E+400
1.4E4-01
1.1E+401
1.1E4-01
1.5E+02
2.2E+401
1.2E+01

Human-derived data are mean & S.D (n = 3). Values of the organ receiving the first to third highest absorbed dose are in bold
LLI lower large intestine, ULI upper large intestine
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Table 3 Effective doses estimated from whole-body PET in human and from a tissue dissection study in mice

Effective dose (uSv/MBq) Ratio References
Human-derived Mouse-derived
1c8A4503 6.7 4 0.83 3.6 1.88 This paper
e MPDX 35+ 014 34 1.01 This paper
e TMSX 3.6 & 0.29 3.2 1.13 This paper
I CHIBA-1001 6.9+ 0.17 4.0 171 [6], This paper
e apsT 42 4 027 48 0.86 [7], This paper
11 Methoxyprogabidic acid 53 4.8 1.10 [3]
I Choline 44 2.8 (rats) 1.57 [5]
8F_FBPA 239479 187 1.28 This paper
0-(2-"F-Fluoroethyl)-1-tyrosine 16.5 9.0 1.83 [22, 31)
18F_6.-Fluoro-L-dopa 19.9 26% 0.37-0.77 [23, 25]
BEEDG 19, 24%, 29 [24, 25, 32]

Human-derived data are mean =+ S.D. (n = 3)

* Effective dose equivalents (uSv/MBq) according to ICRP publication 26

and 'C-CHIBA-1001, respectively, in the human studies,
and received the second and third highest doses, respectively,
in the murine studies; whereas the highest absorbed dose for
both tracers was in the urinary bladder in the murine study.
The spleen had the highest absorbed doses of **C-SA4503 in
the human study, while it ranked lower in the murine study;
the thyroid also had the highest dose in the human study, butit
could not be directly compared with that in the murine study
because it was not measured in mice. When considering the
ratios of human-derived data to mouse-derived data, the most
underestimated organs measured in mice were the spleen
for 'C-SA4503 (ratio = 5.0), heart wall for ''C-MPDX
(ratio = 3.3), gallbladder wall for **C-TMSX (ratio = 3.0),
small intestine for 'C-CHIBA-1001 (ratio = 4.0), lLiver
for 1'C-4DST (ratio = 5.1), and brain for **F-FBPA (ratio =
3.8). In contrast, the only overestimated organ in mice was the
urinary bladder wall for *C-CHIBA-1001 (ratio = 0.30). The
standard deviations (SD) of the effective dose in the human-
derived studies were small (%SD = 2.5-12.3) in the five
C-labeled tracers. In contrast, **F-FBPA displayed a marked
variability in the effective dose among the subjects
(%SD = 33.1). The effective doses of four radiotracers,
1CeMPDX, MC-TMSX, MC-4DST, and **F-FBPA, in the
human-derived studies were comparable to those in the mouse-
derived stdies, with ratios of 1.01, 1.13, 0.86, and 1.28,
respectively. However, the human-derived effective doses of
C.SA4503 and 'C-CHIBA-1001 were higher than the
mouse-derived doses with ratios of 1.88 and 1.71, respectively.

Discussion

In this study of human whole-body PET scans, the calcu-
lated effective doses of the five *C-labeled radiotracers
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investigated were within the range of 28 other "' C-labeled
PET radiotracers (3.2-14.1 uSv/MBq) [2, 5, 21], and the
effective dose of **F-FBPA was similar to that of O-(2-'5F-
fluoroethyl)-L-tyrosine [22], 18F—6—ﬂuoro-L-dopa [23], and
YR FDG [24, 25]. When mouse-derived (with extrapola-
tion) and human-derived effective doses were compared,
the results for 'C-MPDX, 'C-TMSX, and '5F-FBPA were
comparable, but the mouse-derived values from U
CHIBA-1001 and ''C-SA4503 were >40 %, but less than
the human-derived values. Despite the prominent differ-
ences in the whole-body distributions of 'C-4DST in
human subjects and mice, a marked difference was not
found in the human- and mouse-derived effective doses
(4.2 vs. 4.8 uSv/MBq). A noteworthy finding is that the
critical organs with the highest absorbed doses are not
always the same as those observed for 'C-SA4503, for
which the highest absorbed doses are estimated in the
spleen in the human study and in the liver in the murine
study.

Several reasons have been proposed for the discrepan-
cies between mouse- and human-derived organ-absorbed
doses. Differences in anatomy and size are probably the
most obvious. In general, relative organ size decreases as
animal size increases. This may affect the rate of tracer
elimination, because the levels of hepatic enzymes and the
number of nephrons as a fraction of kidney weight are
thought to be higher in mice than in human subjects [26].
In addition, biliary excretion and bladder exposure vary
substantially between species, and blood circulation time is
shorter in mice than in human subjects. This high systemic
circulation rate and elimination rate in small animals may
be responsible for the smaller mouse-derived effective
doses of ''C-SA4503 and "C-CHIBA-1001 than those
observed in human subjects. Theoretically, the glomerular
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filtration rate ratio between human and animals can be used
to predict renal excretion of drugs in human subjects.
Similarly, when the elimination of a drug mainly occurs in
the liver and the rate of elimination is limited by hepatic
blood flow, the clearance of the tracer in human subjects
can be predicted by the hepatic blood flow. However,
biochemical parameters, such as protein binding, charac-
teristics of the blood-brain barrier, and drug metabolism,
are less predictable. These parameters vary considerably
among species. Therefore, in the mouse- and human-
derived estimations only half of the tracers were matched
in their most critical organs. The urinary bladder wall was
the most critical organ for the tracers in the mouse-derived
studies, with the exception of 'C-SA4503 and ' C-TMSX.
For example, metabolite analysis of *C-4DST indicated
that *1C-4DST was stable in mice [27], but some amount of
1 C4DST was glucuronidated in the human body [7]. The
presence of a radioactive glucuronidated metabolite was
consistent with the high uptake of radioactive substances in
the human liver, which is inconsistent with the low uptake
in the mouse liver. Similarly, He CHIBA-1001 has a
tertiary amine which is AN-glucuronidated in non-human
- primates and human subjects. Bile excretion of N-glucu-
ronidated metabolite(s) of "'C-CHIBA-1001 may occur in
human subjects [28], and may be supported by hepatobiliary
excretion. In mice, enzymatic oxidation of "C-CHIBA-
1001 may occur which would be supported by the relatively
higher uptake of ''C-CHIBA-1001 in the kidneys and uri-
nary bladder. Regarding metabolism of ''C-labeled radio-
tracers, it is possible that rates of expiration of *C-CO,,
which were not evaluated in either the human or animal
studies, may produce discrepancies between the human-
and animal-derived radiation dosimetry estimates.

The methodology for the measurements of the organ
radioactivities was also a factor that caused differences in
the estimated radiation doses between species. Inevitable
blood loss from dissected organs leads to underestimation
of organ radioactivity levels, particularly in cases in which
the blood levels are higher than that in organs. In the
current study, the first-pass uptake of *'C-SA4503 and ''C-
CHIBA-1001 was higher in the lungs among the human
organs, but could not be measured in mice. This difference
made the absorbed doses in the lungs much lower in the
mouse-derived results. Although urine was recovered by
absorbing onto filter paper in the murine studies, the dis-
section may have produced extensive errors in some cases;
for example, in case of 'C-4DST and **F-FBPA. Animal
PET studies using a high-resolution scanner might diminish
the differences due to the methodology used for measure-
ments. For example, dynamic whole-body scans of
Sprague-Dawley rats successfully measured a peak of the
first-pass uptake of *C-PK11195 in the lungs [29]. How-
ever, identification of small organs and/or their separation

@_ Springer

170

from surrounding organs was difficult because of the lim-
ited resolution. Furthermore, the combinations of organs
used as source organs for calculating the dosimetry
required careful consideration. In this study, we intended to
use the same combinations whenever possible, but absence
of gallbladder and thyroid data in the murine studies
affected the absorbed doses; for example, the mouse-
derived absorbed doses of C-TMSX in the gallbladder
and of 'C-SA4503 in the thyroid were much lower than
the human-derived absorbed doses.

Pharmacokinetically, **F-FBPA is not incorporated in to
proteins as 0-(2-**F-flucroethyl)-L-tyrosine [23] and **F-6-
fluoro-L-dopa [25]. It is noted that these three artificial
amino acids and '*F-FDG were rapidly cleared into the
urinary bladder via the kidneys, with some retention in
tumors or in the brain. Therefore, the absorbed dose at the
urinary bladder wall was much higher than in other organs.
The unnecessary bladder dose of these '®F-labeled tracers
can be reduced by certain strategies, such as hydration and
frequent voiding. These **F-fluorinated analogs of natural
substrates showed similar pharmacokinetics in human and
rodents, and the effective doses were similarly estimated
from both human- and rodent-derived studies [25]. An
effective dose approximately two times higher (53.9 pSv/
MBq) was reported for ‘SF-6-fluoro-L-dopa in a dog-
derived study [30]. The L-form of ®F-FBPA was used in
the present clinical study, while the p- and L-form was used
in the previous distribution study in mice [15]. However,
these differences might not have significantly affected the
results, because both the L~ and p-forms of **F-FBPA are
metabolically stable and are rapidly cleared from the body
to the urinary bladder.

Unlike the other five tracers, 'SF-FBPA displayed
marked variability in the effective dose among the subjects.
"F_FBPA was excreted rapidly in urine, which in turn
considerably affected the estimated effective dose. Gener-
ally, dose estimations for organs involved in excretory
pathways displayed a marked variability among the sub-
jects. In addition, although renal functions of two patients
with brain tumors were normal in the **F-FBPA PET study,
one patient was given several therapeutic drugs including
prednisolone, which could enhance urination. These factors
could be responsible for a marked difference in the effec-
tive dose estimations of individual subjects.

Accordingly, the results indicated that extrapolation
experiments using mice with accommodation for differ-
ences in organ to total body mass proportions were often
not beneficial in predicting dosimetry in human subjects.
These findings emphasized that human dosimetry studies
for radiation risk assessment are necessary for the initial
clinical evaluation of new PET radiotracers. However,
preclinical animal stdies are required to determine whe-
ther the radiotracers focally accumulate in particular organs
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such as '8F-FBPA in the urinary bladder, particularly for
tracers with longer half-lives.

Conclusion

In this study, we investigated the biodistribution, pharma-
cokinetics, and radiation dosimetry of six radiotracers for
PET in human subjects, and compared the results with
those from murine studies. The estimated effective doses of
four radiotracers in the human studies were roughly com-
parable to those estimated in the mouse-derived studies
with ratios of human to mouse data ranging from 0.86 to
1.28; whereas the ratios of ''C-CHIBA-1001 and ''C-
SA4503 were 1.71 and 1.88, respectively. Regardless of the
similar effective doses, the pharmacokinetics of **C-4DST
proved to be considerably different between human sub-
jects and mice, and in the case of *C-SA4503, the critical
organ with the maximum absorbed dose was different
between the human- and mouse-derived studies. Interspe-
cies differences in pharmacokinetics between human sub-
jects and mice and differences in the methodology of
biodistribution measurements were considered to be the
main factors responsible for inconsistencies between the
human- and mouse-derived estimates. Thus, whole-body
imaging for the investigation of radiation dosimetry is
recommended as an initial clinical frial when evaluating
new PET probes prior to their application in subsequent
clinical investigations.
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Purpose: Little is known about delayed complications after stereotactic radiosurgery in long-
surviving patients with brain metastases. We studied the actual incidence and predictors of
delayed complications.

Patients and Methods: This was an institutional review board-approved, retrospective cohort
study that used our database. Among our consecutive series of 2000 patients with brain metas-
tases who underwent Gamma Knife radiosurgery (GKRS) from 1991-2008, 167 patients (8.4%,
89 women, 78 men, mean age 62 years [range, 19-88 years]) who survived at least 3 years after
GKRS were studied.

Results: Among the 167 patients, 17 (10.2%, 18 lesions) experienced delayed complications
(mass lesions with or without cystin 8, cyst alone in 8, edema in 2) occurring 24.0-121.0 months
(median, 57.5 months) after GKRS. The actuarial incidences of delayed complications estimated
by competing risk analysis were 4.2% and 21.2% at the 60th month and 120th month, respec-
tively, after GKRS. Among various pre-GKRS clinical factors, univariate analysis demonstrated
tumor volume-related factors: largest tumor volume (hazard ratio [HR], 1.091; 95% confidence
interval [CT], 1.018-1.154; P= 0174) and tumor volume <10 cc vs >10 cc (HR, 4.343; 95% CI,
1.444-12.14; P=.0108) to be the only significant predictors of delayed complications. Univar-
iate analysis revealed no correlations between delayed complications and radiosurgical param-
eters (ie, radiosurgical doses, conformity and gradient indexes, and brain volumes receiving >3
Gy and >12 Gy). After GKRS, an area of prolonged enhancement at the irradiated lesion was
shown to be a possible risk factor for the development of delayed complications (HR, 8.751;
95% CI, 1.785-157.9; P=_.0037). Neurosurgical interventions were performed in 13 patients
(14 lesions) and mass removal for 6 lesions and Ommaya reservoir placement for the other 8.
The results were favorable.
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Conclusions: Long-term follow-up is crucial for patients with brain metastases treated with
GKRS because the risk of complications long after treatment i8 not insignificant. However, even
when delayed complications occur, favorable outcomes can be expected with timely neurosur-
gical intervention. © 2013 Elsevier Inc.

Introduction

Brain metastases, a common neurologic problem, are life-
threatening for cancer patients in the absence of effective treat-
ment. Recently, stereotactic radiosurgery {(SRS) has become an
established treatment option for brain metastases (1). SRS is more
advantageous than other treatment options (ie, whole brain radia-
tion therapy [WBRT], surgery, systemic anticancer agents, and
combinations of these modalities) in terms of costs, hospitalization,
morbidity, mortality, and wider applicability and repeatability (2).
Although numerous prospective or retrospective series, as exten-
sively reviewed by McDermott and Sneed (2), have reported the
results of local control, survival, and/or complications in patients
with brain metastases treated by SRS, little is known about delayed
complications in long-surviving patients with brain metastases after
SRS. We previously reported 8 patients with brain metastases and
delayed cyst formation detected by magnetic resonance imaging
(MRI) more than 3 years after Gamma Knife radiosurgery (GKRS)
(3). Herein, we present post-GKRS delayed complications,
including those of the cases described in our prior publication, and
we clarify the actual incidence, clinical factors, and radiosurgical
parameters predicting delayed complications. In this study, delayed
complications were defined as Radiation Therapy Oncology Group
(RTOG)neurotoxicity grade 2 or worse occurring more than 2 years
after GKRS (4). Also, even patients with grade 0 delayed compli-
cations were included if neurosurgical intervention was required.
Furthermore, we discuss the treatment and pathogenesis of these
complications based on histopathologic studies.

Methods and Materials
Patient population

This was an institutional review board (IRB)-approved, retro-
spective cohort study using our database (IRB #1981). Among our
consecutive series of 2000 patients with brain metastases who
underwent GKRS between July 1991 and June 2008, 167 (8.4%)
who survived for at least 3 years after GKRS were studied. Table [
summarizes their clinical characteristics. The patients in our series
underwent GKRS alone, without WBRT, for newly diagnosed or
recurrent brain metastases after WBRT or surgery. In our facility,
all patients had been referred to us for GKRS by their primary
physicians. Therefore, patient selection had mostly been made
outside of our facilities. The patient selection criteria may well
have differed somewhat among the referring physicians. There-
fore, the first author (M.Y.) ultimately decided whether or not
a patient would be accepted for GKRS in all cases. Therefore, as
shown in Table 1, only I patient was categorized into recursive
partitioning analysis class 3 (5).

The treatment strategy was explained in detail to each patient
and at least 1 of their adult relatives by the first author (M.Y.), and
written informed consent was obtained from all patients before
GKRS. Standard, single-session GKRS was performed. The
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selected tumor periphery doses ranged from 10.0 Gy-25.0 Gy
(median, 24.0 Gy). Excluding 1 deceased patient (patient 8), the
remaining 5 agreed to the use of their histopathologic photographs
for this publication.

Discriminating local recurrence from delayed
complications

The crteria for local recurrence (recurrence of the GKRS-
irradiated lesion) were usually an increase in the size of the
enhanced area on postgadolinium T1-weighted MRI, an enlarged
tumor core on T2-weighted MR images, and the detection of
a high choline peak on proton MR spectrograms. However, in
some cases in which MRI raised a suspicion of recurrence,
methionine positron emission tomography (PET) was used for
determining whether or not the tumor had recurred. These PET
examinations were performed and the results were evaluated by
1 of the authors (TN) who was not involved in either GKRS
treatment or patient follow-up.

Statistical analysis

All data were analyzed according to the intention-to-treat prin-
ciple. For baseline variables, summary statistics were constructed
that used frequencies and proportions for categoric data, means,
and standard deviations for continuous variables. We compared
patient characteristics using Fisher’s exact test for categorical
outcomes and ¢ tests for continuous variables, as appropriate.

For time-to-event outcomes, the cumulative incidence of
delayed complications was estimated by a competing risk anal-
ysis, because death is a competing risk for loss to follow-up (ie,
patients who die can no longer become lost to follow-up) (6).
Also, to identify the baseline and clinical variables associated with
delayed complications, univariate competing risk analysis was
performed with the Fine-Gray generalization of the proportional
hazards model, which accounts for death as a competing risk (7).

All comparisons were planned, and the tests were 2-sided. A
P value less than .05 was considered to indicate a statistically
significant difference. One of the authors (Y.H.) initially cleaned
and finalized the database using JMP, Japanese version 9.0 for the
‘Windows system (SAS Institute, Inc., Cary, NC). Thereafter, the
other author (Y.S.) independently performed statistical analyses
using the SAS software program, version 9.2 (SAS Institute, Inc.)
and the R statistical program, version 2.13. These 2 authors were
not involved in either GKRS treatment or patient follow-up.

Results
Overall survival and salvage treatment

The overall median survival time after GKRS was 7.3 months
(95% confidence interval [CI), 6.9-7.8 months) in our cohort of
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2000 patients. In the subset reported herein, the median post-GKRS
follow-up time among censored observations was 49.9 months
(range, 36.0-142.0 months), and 92 patients (55.1%) had died as of
the end of July 2011. The median survival time after GKRS was
61.8 months (95% CI, 56.3-68.4 months). The actuarial post-GKRS
survival rates were 52.7% at 60 months and 28.0% at 120 months
after GKRS. The causes of death could not be determined in
4 patients but were confirmed in the remaining 88 to be nonbrain
diseases in 72 (81.8%) and brain diseases in 16 (18.2%). Although
no further salvage GKRS was required in 68 patients (40.7%), 99
(59.3%) underwent salvage GKRS mostly for newly developed
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lesions and/or, rarely, recurrence of the treated lesions: twice in
47 patients, 3 times in 24, 4 times in 13, and 5 times or more in
15 (maximum, 8 times). Four patients also underwent surgical
removal because of recurrence of the irradiated lesion, and
5 received WBRT for meningeal dissemination.

Incidence and treatment of delayed complications

Among these 167 patients, 17 (10.2%) experienced delayed
complications occurring 24-121 months (median, 53 months) after
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GKRS, as shown in Table 2. In the 17 patients, although no further 6, 6 with and 2 without associated cyst, a simple cyst in 8, and
extensive edema in the other 2. As shown in Fig. 1, the actuarial

salvage GKRS was required in 8 patients, 9 underwent salvage
GKRS. In 1 patient (patient 3), cyst formation occurred in the incidences of delayed complications estimated with competing
risk analysis were 4.2% and 21.2% at the 60th month and 120th

areas of 2 lesions, 1 with a mass on the left side and the other with
no masses. Among a total of 18 lesions, mass lesions occurred in month, respectively, after GKRS. Although, as described below,

1.0 sesemeennned Death
——— Cumulative incidence estimated using Kaplan-Meier
s Cumulative incidence estimated nsing competing risk analysis
8.8
2 :
% 0.6~ P
] g #
2 i
E o4- e
=] Study started &
at 36th menth ;7
with 100% F
0,2 4
0'0., ..u.:
¥ 1 T H 3 ¥ t 7 H 14 ¥
0 12 24 36 48 6 72 84 9 108 120
. Months after GKRS
No. at risk

167 95 55 30 20 16 7 4
Fig. 1. Cumulative incidence of delayed complications after Gamma Knife radiosurgery (GKRS) estimated by the Kaplan-Meier method
vs competing risk analysis.
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7 patients were asymptomatic, the other 10 experienced various
neurologic symptoms; 3 with RTOG neurotoxicity grade 2, 4 with
grade 3, and 3 with grade 4 (4).

One patient (patient 1) who had undergone WBRT with a total
dose of 50 Gy before GKRS experienced a progressive decrease in
neurocognitive function (NCF). Although this patient was treated
medically, NCF progressively deteriorated, and she ultimately died
because of malnutrition-induced emaciation, as previously reported
in detail including autopsy findings (8). Another patient (patient 10)
experienced severe steroid-refractory edema. Expanding mass
lesions with cyst formation were demonstrated by sequential MRI
studies in 2 patients (patients 2 and 5). Although we strongly rec-
ommended surgical intervention for these patients, bothrefused and
received only medical treatment. Their symptoms showed no
amelioration. In the 12 remaining patients (13 lesions), neurosur-
gical intervention was performed: mass removal for 6 lesions and
Ommaya reservoir placement for the other 8. Among these 12
patients, 6 with neurologic symptoms experienced complete
recovery. Although no neurologic symptoms had developed,
surgical intervention was performed for the other 7 because
sequential MRI follow-up had demonstrated progressive enlarge-
ment of a cyst and/or a mass lesion, and further observation had thus
been regarded as constituting an excessively high risk. During the
median postsurgical interval of 25 months (range, 2-80 months), the
12 patients experienced no further exacerbation until death or the
- latest follow-up day. Among 8 patients who had undergone
* Ommayareservoir placement, repeated aspiration with a [-3-month

~ -interval was required in 2, and no further aspiration was necessary

in the other 6.
Factors affecting delayed complications

As shown in Tables 1 and 3, among various pre-GKRS clinical
factors, univariate analysis demonstrated tumor volume-related
factors: largest tumor volume (HR, 1.091; 95% CI, 1.018-1.154;
P=.0174) and tumor volume <10 cc vs >10 cc (HR, 4.343; 95%
CI, 1.444-12.14; P=_0108) to be the only significant predictors of
delayed complications. Univariate analysis revealed no correla-
tions between delayed complications and radiosurgical parameters
(ie, radiosurgical doses, conformity and gradient indexes, and
brain volumes receiving >5 Gy and >12 Gy) (9-12). After GKRS,
an area of prolonged enhancement at the irradiated lesion on MRI
performed at the 12th post-treatment month or later was shown to
be a possible risk factor for delayed complications (HR, 8.751;
95% CI, 1.785-157.9; P=.0037).

Neuroimaging and pathology

Among the 17 patients who experienced delayed complications,
a progressively expanding mass lesion developed in 8. Sequential
MRI studies, methionine PET scans or proton MR spectrograms,
and histologic findings in these 8 patients are shown in Figs. 2
and 3. Histologic examinations were not available in 2 patients
(patients 2 and 5) because they refused surgery. However, high
methionine uptake was not demonstrated on PET scans in patient
2, and a higher choline peak was not seen on the proton MR
spectrogram in patient 5. Therefore, we considered recurrence to
be unlikely in these mass lesions. Histologic studies were per-
formed in the other 6 patients, and no tumor cells were found.
Characteristic histologic features were hypocellular scar tissue
consisting of fibrous tissue with degenerative cells, sinusoid
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formation, variously sized vessels, endothelial proliferation,
various stages of hemorrhage, and hemosiderin deposits.

Discussion

Historically, the purpose of treating patients with brain metastases
has been symptom palliation and maintenance of good condition
during the patient’s relatively short remaining life expectancy.
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Fig. 2.

Sequential magnetic resonance (MR) images, methionine positron emission tomographic (PET) scans, or proton MR spectro-

grams of 8 patients. Patient numbers are shown above gach column. MRI was performed at-the time of Gamma Knife radiosurgery (GKRSY
(top row), at'the time of confirmed tumor control (4t the time of the second GKRS for a left temporal tumor in patient 3) (second row), and
at the time of the development of delayed complications (third row). Methionine PET scans or proton MR spectrograms were obtained at
nearly the same times as the upper MR examinations (botfom row).

Therefore, treatment-related complications occurring with a long
latency period have seldom been a matter of primary concem.
However, SRS, which is a less invasive procedure and allows
long-term tumor control, has recently become a common treat-
ment for brain metastases (1, 2). As we have reported elsewhere,
GKRS was shown to benefit patients by decreasing the likelihood
of death from neurologic causes (approximately 10%) (8, 13). The
widespread use of SRS for patients with brain metastases bas
recently prompted physicians to continue, rather than give up, as
in the former era, aggressive treatment of original tursors and/or
extracranial metastases. With recent advances in cancer treatment,
considerable numbers of patients can survive for many years after
the initial diagnosis. This has raised concem regarding post-SRS
complications occurring with a prolonged. latency period. Very
recently, learning how to avoid and treat these complications has

been seen as crucial. To the best of our knowledge, this retro-
spective investigation is the first to analyze the long-term foxicity
of SRS in patients surviving at least 3 years after treatment of
brain metastases.

Incidences of complications

Williams et al (14) recently reported the incidences of post-SRS
complications and their predictive factors based on a comprehen-
sive review of 273 patients (316 treated lesions) undergoing SRS
for 1 or 2 brain metastases. According to their investigation,
complications, mostly seizure onset, were associated with 127

{(40%): of 316 treated lesions. Severe complications were more

likely to occur more than 30 days after SRS. Progression of the

F'ig. 3.

Histopathologic findings in 6 patients. Excluding I deceased patient (patient 8), the remaining 5 agreed to the use of their

histopathologic photographs for this publication. Patient numbers are shown in each image. Notice variously sized vessels (short arrows),
endothelial proliferation (long arrows), sinusoid formation (arrowhead), fluid exudation (FE), various stages of hemorrhage (#), and
hemosiderin deposits {(circle). (Hematoxylin and eosin, original magnifications not -available.)
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