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Abstract
The α-emitter 211At-labeled meta-astatobenzylguanidine (211At-MABG) has a strong antitumor effect on pheochromo-
cytoma xenograft tumors and holds great promise as a new therapeutic option for malignant pheochromocytoma. To
evaluate the acute radiation-related toxicity of 211At-MABG, we conducted biodistribution and dosimetry studies of
211At-MABG in ICR mice to estimate the doses absorbed by organs. We determined the maximum tolerated doses
(MTD) of 211At-MABGon thebasis of bodyweight loss andassessed theacute radiation-related toxicity inducedbyMTD
administration on the basis of organ weights, histologic features, hematologic indices, and biochemical indices. The
biodistribution and dosimetry studies of α-emitting 211At-MABG revealed high doses absorbed by most organs except
the brain in ICR mice. The administration of 1.1, 2.2, and 3.3 MBq of 211At-MABG induced transient body weight loss,
and 4.4 MBq of 211At-MABG induced unrecoverable body weight loss; thus, the MTD was 3.3 MBq for ICR mice.
Although by day 5 the administration of 3.3 MBq had induced some radiation-related toxicity symptoms—such as body
weight loss and leucopenia, which are generally observed in radiation therapy including β−-emitting radio-
pharmaceuticals—the mice had recovered by day 28. We observed no unexpected severe toxicity in ICR mice despite
the high absorbed doses in most organs, especially the thyroid, heart, stomach, and adrenal glands. Our findings
suggest that therapeutic treatments with appropriate doses of 211At-MABG estimated by dosimetry in each patient
could be tolerated, although lower doses may initially be necessary to ensure patient safety in the first-in-human study.
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troduction
eochromocytoma is a neuroendocrine tumor arising from the adrenal
ands [1]. Although most pheochromocytomas are benign, approxi-
ately 10% result in systemic metastasis [1–3]. The tumor mass and
creted catecholamine induce several pathologic conditions associated
ith mortality [1,4,5]. The treatment options for patients with
alignant pheochromocytoma are limited and include chemotherapy
ith cyclophosphamide, vincristine, and dacarbazine [6,7], and
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olecular-targeted radionuclide therapy with the norepinephrine
alog N-benzylguanidine radiolabeled with a β−-emitter 131I (meta-
1I-iodobenzylguanidine, 131I-MIBG). Chemotherapy with cyclo-
osphamide, vincristine, and dacarbazine has a limited duration of
fects and confers no survival benefits [6,8], whereas 131I-MIBG
olongs survival [8]. Even with high-dose 131I-MIBG, however,
ng-term survival is limited [9]. Therefore, more effective therapies
e required.
Compared with β−-emitters, α-emitters have higher energy
position, resulting in higher cytotoxic effects to cells [10]. The
-emitter 211At belongs to the halogen family, and like 131I and
eta-iodobenzylguanidine, it can be used to radiolabel meta-
tatobenzylguanidine, forming meta-211At-astato-benzylguanidine
11At-MABG) [11]. In vitro and in vivo evaluations by Vaidya-
athan et al. revealed that 211At-MABG has biologic properties
milar to those of 131I-MIBG [11]. We previously demonstrated
rong antitumor effects of 211At-MABG in nude mice bearing
eochromocytoma xenograft tumors, suggesting potential efficacy
211At-MABG as a new therapeutic option for malignant
eochromocytoma [12].
In general, preliminary preclinical studies must be performed to
aluate radiation-induced and ligand-induced toxicity in animals to
pport first-in-human studies of new therapeutic radiopharmaceuticals
r oncology [13]. Radiation-induced toxicity is generally evaluated on
e basis of dosimetry in animals and knowledge of radiation-induced
xicity in humans [13]. If possible, dosimetry in human is more
formative than that in animals because the biodistribution of
diotracers in animals is not completely consistent with that in
mans but similar [14–16]. Unfortunately, 211At-MABG is not
propriate for imaging; however, the distribution of 211At-MABG is
most consistent with that of radioiodine-labeled MIBG in mice
1,17]. Therefore, surrogate imaging probes such as 123I-MIBG and
1I-MIBG would be appropriate for dosimetry in patients. Accumu-
ting documentation of clinical experiences with 131I-MIBG therapy
,18] indicates that the radioiodine-labeled MIBG distribution may
ry among patients. Thus, the best way to determine the therapeutic
se of 211At-MABG in the first-in-human study would be to perform
simetry of radioiodine-labeled MIBG in each patient. In some cases,
wever, unexpected radiation-related toxicity was induced by α-
itting radiopharmaceuticals; for example, two patients receiving
5Ac-PSMA-617 developed grade 2 xerostomia [19]. Therefore, it is
portant to evaluate whether 211At-MABG induces unexpected
diation-related toxicity before performing first-in-human studies.
In the present study, we first conducted a biodistribution study of
1At-MABG in ICR mice to estimate the doses absorbed by normal
gans. We additionally determined the maximum tolerated dose
TD) of 211At-MABG for ICR mice on the basis of body weight
ss and assessed the acute radiotoxicity induced by MTD on the basis
organ weights, histologic features, hematologic indices, and

ochemical indices.

aterials and Methods

roduction of 211At and Radiosynthesis of 211At-MABG

The radionuclide 211At was produced by irradiation of a Bi target
ew Metals and Chemicals, Essex, UK) with an external vertical beam
d an NIRS AVF-930 cyclotron (Sumitomo Heavy Industries, Tokyo,
pan) with recovery through dry distillation, as described previously [20].
he 211At-MABG was radiosynthesized under no-carrier-added condi-
ns through radiohalogenation of meta-trimethylsilylbenzylguanidine
BX Advanced Biochemical Compounds, Radeberg, Germany) with
-chlorosuccinimide (Tokyo Chemical Industries, Tokyo, Japan) in
ifluoroacetic acid (Tokyo Chemical Industries, Tokyo, Japan), as
scribed previously [11]. Unpurified 211At-MABG was trapped on a
18 cartridge (Sep-Pak light;Waters,Milford,MA),washedwith 1 ml
pure water (Fujifilm Wako Pure Chemical), and then eluted as the
al product with 2 ml of 5% EtOH. The radiochemical yield was
.8% ± 7.6% (decay-uncorrected), and the radiochemical purity was
eater than 98.8%.

nimals
The animal experimental protocol was approved by the Animal Care
d Use Committee of the National Institute of Radiological Sciences,
d all animal experiments were conducted in accordance with the
ational Institute of Radiological Sciences Institutional Guidelines
egarding Animal Care and Handling. Male ICR mice (6 weeks old)
ere obtained from CLEA Japan (Tokyo, Japan). Pelleted food
unabashi Farm, Chiba, Japan) and water were provided ad libitum.
he animal room had a controlled temperature (23°C ± 3°C),
midity (50% ± 20%), and light-dark cycle (12 hours on and
hours off).

iodistribution of 211At-MABG
Male ICR mice (n = 5 per time-point) received 185 kBq of 211At-
ABG in 100 μl phosphate-buffered saline (PBS) via the tail vein. The
ice were euthanized by isoflurane inhalation at 1.5 minutes, 1 hour,
hours, and 24 hours after 211At-MABG administration. The blood
d organs were dissected and weighed, and radioactivity was measured
ith a γ-counter (ARC-7001, Aloka, Tokyo, Japan). Uptake in organs
d tissues, except for the thyroid, is represented as the percentage
jected radioactivity dose per gram (% ID/g), and thyroid uptake is
presented as % ID because the thyroid is very small. As previously
scribed [21,22], the mean absorbed dose per unit injected activity of
1At-MABG was estimated with the area under the curve on the basis
the biodistribution data and the mean energy emitted per transition
211At (4 × 10−13 Gy kg/Bq s) and a daughter nuclide 211Po

.2 × 10−12 Gy kg/Bq s) with a correction for the branching ratio
3]. In addition, a radiation weighting factor of 5 was used, as
commended by the Medical Internal Radiation Dose (MIRD)
ommittee [24]. The estimated absorbed dose is expressed as Sv/MBq.

ody Weight Measurements
Mice (body weight, 30.1 ± 1.6 g) were intravenously administered
1At-MABG (1.1, 2.2, 3.3, and 4.4 MBq; n = 4 or 5 per dose) or PBS
= 4). The body weights were measured at least twice per week for
days after administration. When the body weight was more than
% below that at day 0 or signs of a moribund state were observed, the
ouse was euthanized humanely by isoflurane inhalation.

rgan Weight Measurement; Histologic, Hematologic, and
iochemical Analyses
In a separate experiment, mice (body weight, 30.8 ± 2.7 g) were
travenously administered 3.3 MBq of 211At-MABG (n = 3) or PBS
= 3). Whole organs (brain, thyroid, heart, lungs, liver, spleen,
ncreas, stomach, intestine, kidneys, adrenal glands, and left femur)
ere resected and weighed 5 and 28 days after administration. For
stologic analysis, the organs were fixed in 10% neutral-buffered
rmalin and embedded in paraffin. The organ sections (1 μm thick)
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Table 2. Estimated Absorbed Dose * of 211At-MABG

Organ Absorbed Dose
(Sv/MBq)

Absorbed Dose
(Sv/3.3 MBq)

Brain 0.6 2.2
Heart 22.2 73.2
Lung 19.5 64.3
Liver 10.9 36.1
Spleen 13.8 45.6
Pancreas 7.4 24.5
Stomach 26.8 88.6
Intestine 12.0 39.7
Kidney 9.7 32.0
Adrenal gland 24.0 79.3
Muscle 3.6 11.9
Bone 4.6 15.1
Thyroid 25.0 82.4

* The radiation weighting factor of 5 was used for the estimation.
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ere deparaffinized and stained with hematoxylin and eosin. The
ages were obtained with a NanoZoomer S60 virtual slide scanner
amamatsu Photonics, Shizuoka, Japan). For hematologic analysis,
ood was collected via the tail vein at days 5 and 28, and the red
ood cells, white blood cells, platelets, hemoglobin, and hematocrit
ere immediately analyzed with a Celltac Alpha hematology analyzer
ihon Kohden, Tokyo, Japan). For biochemical analysis of
iiodothyronine (T3), thyroxine (T4), epinephrine, and norepineph-
ne, blood was collected from the cardiac ventricle at days 5 and 28.
asma was separated from the blood and stored at −80°C. T3 and T4
ncentrations were measured with the mouse T3 ELISA and mouse
4 ELISA kits (NOVUS Biologicals, Littleton, CO). Epinephrine
d norepinephrine concentrations were measured with an epineph-
ne/norepinephrine ELISA kit (Abnova, Taipei, Taiwan).

atistical Analysis
All statistical analyses were conducted in GraphPad Prism 7 software
raphPad Software, San Diego, CA). Comparison of body weight
tween day 0 and the other days was conducted with repeated-measures
e-way analysis of variance with Dunnett's multiple-comparison test.
ther data were analyzed with two-tailed unpaired Student's t test.
b .05 was considered statistically significant in all experiments.

esults

iodistribution of 211At-MABG

Although high radioactivity of 211At-MABG in the blood (16.9%
/g) was observed 1.5 minutes after administration, the radioactivity
pidly decreased to 2.3% ID/g at 1 hour and 0.5% ID/g at 24 hours
able 1). High uptake at 1.5 minutes after injection was also observed
the heart, lungs, kidneys, and adrenal glands, and the uptake
creased over time, similar to that in the blood, except in the adrenals,
here the uptake of 18.0% ID/g at 1.5 minutes decreased to
.2% ID/g at 1 hour, but the uptake was maintained at approximately
% ID/g until the end of the 24-hour observation period (Table 1).
he uptake in most other organs decreased over time, although the
take in the stomach and intestine increased from 1.5 minutes to
hour (Table 1). The uptake in the intestine was relatively low
aximum, 6.4% ID/g at 1 hour), whereas that in the stomach was
latively high (maximum, 12.9% ID/g at 1 hour; Table 1).
in
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ble 1. Biodistribution of 211At-MABG in ICR Mice

ID/g) 1.5 Minutes 1 Hour 3 Hours 24 Hours

ood 16.9 ± 2.5 2.3 ± 0.3 2.0 ± 0.4 0.5 ± 0.1
ain 1.3 ± 0.2 0.3 ± 0.0 0.2 ± 0.0 0.1 ± 0.0
eart 26.8 ± 4.5 11.5 ± 1.5 9.3 ± 1.1 2.0 ± 0.4
ng 37.5 ± 6.4 10.2 ± 2.0 7.3 ± 0.1 1.9 ± 0.5
ver 5.8 ± 1.2 7.2 ± 0.7 4.8 ± 1.0 0.8 ± 0.1
leen 2.8 ± 1.2 7.5 ± 0.6 6.4 ± 0.6 2.0 ± 0.5
ncreas 7.1 ± 1.6 4.5 ± 0.5 3.1 ± 0.3 0.7 ± 0.0
mach 3.4 ± 1.2 12.9 ± 3.3 12.8 ± 2.8 4.5 ± 1.3
testine 5.0 ± 1.6 6.4 ± 0.9 5.5 ± 0.5 1.4 ± 0.3
dney 19.6 ± 7.6 5.6 ± 2.0 3.5 ± 0.5 1.1 ± 0.2
renal gland 18.0 ± 2.9 10.2 ± 0.7 10.0 ± 2.5 10.8 ± 5.2
uscle 3.7 ± 0.5 1.8 ± 0.1 1.5 ± 0.3 0.4 ± 0.0
ne 3.6 ± 0.2 2.4 ± 0.2 2.0 ± 0.3 0.5 ± 0.2
ID) 1.5 Minutes 1 Hour 3 Hours 24 Hours
yroid 0.3 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.3 ± 0.1

ta are expressed as the percentage of injected radioactivity dose per gram (% ID/g), except
e thyroid, which is expressed as injected radioactivity dose (% ID). Data are expressed as the
an ± standard deviation.
osimetry of 211At-MABG
Because 211At is an α-emitter, which has greater cytotoxic effects
an β−-emitters, the absorbed dose of 211At-MABG was estimated
ith a radiation weighting factor of 5, as recommended by the MIRD
mmittee [24], and is presented as Sv/MBq in Table 2. The highest
sorbed dose was in the stomach (26.8 Sv/MBq), followed by the
yroid (25.0 Sv/MBq), the adrenal glands (24.0 Sv/MBq), and the
art (22.2 Sv/MBq; Table 2).

ody Weight Changes and the MTD of 211At-MABG
The administration of 1.1 and 2.2 MBq of 211At-MABG induced
slight and transient body weight loss during the first several days,
t the differences were not statistically significant compared with
y 0 (Figure 1). The two groups treated with higher doses of 3.3 and
4 MBq showed statistically significant body weight loss as
mpared with day 0 (3.3 MBq, P b .05 at day 3; 4.4 MBq,
b .01 at days 3 and 5; Figure 1). The body weights of mice treated
ith 3.3 MBq recovered thereafter, whereas all five mice adminis-
red 4.4 MBq showed more than 20% body weight loss compared
ith day 0, resulting in humane treatments to all the five (Figure 1).
n the basis of these findings, although the real MTD may be in
tween 3.3 and 4.4 MBq, in the present study, the MTD of 211At-
ABG for male ICR mice was considered to be 3.3 MBq, which was
ed in the following evaluation. The lowest body weight in mice
jected with 3.3 MBq was observed at day 5, and the time points of
ys 5 and 28 were chosen in the following experiments.

ecropsy and Organ Weight
No visible abnormalities were observed at necropsy 5 and 28 days
ter injection of 3.3 MBq of 211At-MABG, except for changes in the
lumes of several organs, such as the liver, spleen, and kidneys. At
y 5, the organ weights of the liver (P b .05), spleen (P b .01), and
dneys (P b .01) were significantly lower than those in the PBS-
jected control group (Figure 2). Although marked weight loss of the
yroid and adrenal glands was observed, the differences were not
atistically significant (Figure 2). At day 28 after the treatment, all of
e organs' weight returned to normal, but then the adrenals did not
igure 2).

istologic Analysis
No histologic changes induced by 3.3 MBq of 211At-MABG were
served in hematoxylin and eosin–stained sections of all organs at
ys 5 and 28, except for the bone marrow at day 5 (Figure 3). In the
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Figure 1. Temporal changes in body weight after administration of PBS (n = 4) as a control and 211At-MABG (n = 4 or 5 per dose). The
dashed line indicates a 20% decrease in body weight relative to day 0. Body weights were compared with those on day 0 and analyzed by
repeated-measures one-way analysis of variance with Dunnett's multiple-comparison test.
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ne marrow of femurs in the 211At-MABG group, vascular dilation
as observed at day 5 but not at day 28 (Figure 3).

ematologic Parameters
At day 5 after treatment, the number of white blood cells in the
1At-MABG treatment group was significantly lower than that in
e control group (P b .01, Figure 4). The other hematologic
rameters did not significantly differ between the 211At-MABG and
ntrol groups at day 5 (Figure 4). At day 28, none of the hematologic
rameters differed significantly between the two groups (Figure 4).

hyroid Hormone and Catecholamine
Although the plasma T3 concentration in the 211At-MABG
eatment group was higher than that in the control group at day 5
ter administration (P b .01), there was no significant difference at
y 28 (Figure 5). Similarly, the norepinephrine levels in the 211At-
ABG group were significantly higher than those in the control
oup at day 5 (P b .05), whereas there was no significant difference
day 28 (Figure 5). There were no significant differences in the
asma T4 and epinephrine concentrations between the two groups at
ys 5 and 28 (Figure 5).

iscussion
he α-emitting radiopharmaceutical 211At-MABG is expected to
hieve better outcomes in metastatic pheochromocytoma than the
−-emitting radiopharmaceutical 131I-MIBG [11,12,25]. Further
inical studies are required to evaluate the efficacy and toxicity of this
diopharmaceutical in patients [12]. Considering some differences in
e biodistribution of radiotracers between animals and humans,

Image of Figure 1
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Figure 2. Organ weights at days 5 and 28 after administration of PBS (n = 3, open columns) as a control and 3.3 MBq of 211At-MABG
(n = 3, closed columns) as theMTD. Data indicate mean and standard deviation. **P b .01, *P b .05 (two-tailed unpaired Student's t test).
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cluding radioiodine-labeled MIBG [14–16], and accumulating
inical experience with 131I-MIBG therapy [6,18], the therapeutic
se of 211At-MABG must be selected according to the biodistribu-
on determined by noninvasive imaging with radioiodine-labeled
IBG (123I-MIBG or 131I-MIBG) in each patient. Generally,
diotoxicity of therapeutic agents is not evaluated in animals before
st-in-human studies [13]; however, α-emitting 225Ac-PSMA-617
as recently reported to induce unexpected grade 2 radiation-induced
xicity in two patients [19]. We therefore considered it necessary to
aluate whether 211At-MABG induces unexpected acute radio-
xicity in mice before the first-in-human study is performed. One of
r previous studies partially evaluated acute radiation-induced
xicity in nude mice bearing xenografts [12]. Because tumor uptake
211At-MABG would affect the biodistribution in the whole body,
e present study employed non–tumor-bearing ICR mice and
cluded a comprehensive evaluation of acute radiotoxicity.
First, to clarify the absorbed doses of 211At-MABG in each organ,
e estimated the dosimetry in ICR mice on the basis of the
odistribution, which was similar to that reported in several previous
udies from our laboratory and others [11,12,17]. The absorbed dose
as estimated with a radiation weighting factor of 5, as recommended
the MIRD committee, given the relatively higher cytotoxicity of

1At [24]. We observed high absorbed doses in the heart, stomach,
renal glands, and thyroid. The high doses in the heart and adrenal
ands were probably due to high norepinephrine transporter
pression [26,27]. In contrast, the high doses in the stomach and
yroid were probably due to high expression of sodium iodide
mporters [28]. The carbon-astatine bond is relatively weak, and
milarly to iodine, free astatine accumulates in the thyroid and
omach via sodium iodide symporters [29]. These findings suggest
at administration of high doses of 211At-MABG may provide
formation on radiotoxicity induced by 211At-MABG.
Next, to determine the MTD of 211At-MABG for ICR mice, we
eated the mice with four doses of 1.1, 2.2, 3.3, and 4.4 MBq and
easured the temporal changes in body weight. The changes revealed
at the dose of 3.3 MBq was the MTD for ICR mice under our
perimental conditions. After administration of 3.3 MBq of 211At-
ABG, the estimated absorbed doses in the heart, lungs, liver,

Image of Figure 2
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leen, stomach, kidneys, and thyroid were markedly greater than the
TD of radiation: 40 Gy for the heart, 17.5 Gy for the lungs, 30 Gy
r the liver, 20 Gy for the spleen, 50 Gy for the stomach, 23 Gy for
e kidneys, and 45 Gy for the thyroid [30–33]. The adrenal glands
e radioresistant, and irreversible radiation-induced damage has not
en reported to date; consequently, the MTD has not been
tablished [34,35]. From our results, we considered the dose of
3 MBq sufficient for the purposes of the present study.
gure 3. Histologic analysis at days 5 and 28 after administration
epresentative hematoxylin and eosin–stained sections (1 μm thick)
lation. Scale bars = 100 μm.
Finally, we evaluated the acute radiation-induced toxicity at
3 MBq of 211At-MABG according to organ weights, histologic
atures, hematologic indices, and biochemical indices. There was no
sible abnormality at necropsy 5 and 28 days after injection, except
r changes in the volumes of several organs, such as the liver, spleen,
d kidneys. The effects of radiotoxicity on organ weights, histologic
atures, hematologic parameters, and hormonal concentration were
en evaluated. Although statistically significant weight loss was
of 3.3 MBq of 211At-MABG as the MTD or PBS as a control.
are shown. Black arrows in the bone marrow indicate vascular

Image of Figure 3
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Figure 3 (continued).

Translational Oncology Vol. 12, No. 7, 2019 Preclinical Evaluation of the Acute Radiotoxicity of 211At-MABG Sudo et al. 885
served in several organs, such as the liver, spleen, and kidneys, at
y 5 after administration, there was no significant difference at day
relative to the control group. No significant histologic changes in
ose organs showing significant weight loss were observed at days 5
d 28. The bone marrow showed vascular dilation at day 5 but not at
y 28. This abnormal feature was also observed in nude mice bearing
mors [12]. In addition, a lower number of white blood cells were
served at day 5 but not at day 28. These reversible adverse effects
e usually observed in radiation therapy including therapy with 131I-
IBG [18]. Moreover, after treatment with another α-emitting
erapeutic agent, 225Ac-PSMA-617, some patients show reversible
matologic toxicity symptoms such as thrombocytopenia, neutro-
nia, and leucopenia [19]. In the present study, we observed marked
eight loss in the thyroid and adrenal glands, but the results were not
atistically significant; in addition, there were no histologic changes.
onetheless, transient increases in T3 and norepinephrine in these
gans are reported [36,37]. The present study used no blocking
ent, such as potassium iodide, to evaluate maximum radiation-
duced toxicity; however, the use of appropriate blocking agents has
abled decreased radiation doses in the thyroid and stomach in
inical studies [38]. Our findings suggest that 211At-MABG
eatment would be well tolerated and have a low risk of unexpected
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Figure 4.Hematologic analysis at days 5 and 28 after administration of PBS (n = 3, open columns) as a control or 3.3 MBq of 211At-MABG
(n = 3, closed columns) as the MTD. Data indicate mean and standard deviation. **P b .01 (two-tailed unpaired Student's t test).
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ute radiation-related toxicity. Therefore, dosimetry studies in
tients would be appropriate for selecting the therapeutic doses of
1At-MABG in clinical studies, although lower doses may be
quired initially to ensure safety.
Although the present study showed that high doses of 211At-
ABG were well tolerated in mice and unexpected radiation-induced
xicity was not observed under our conditions, the study has several
itations. First, because a small number of mice were used to
aluate acute radiotoxicity, we cannot completely exclude the
ssibility that some toxicity induced by 211At-MABG might have
en missed. Second, the present examination in male mice cannot
dress the possibility that some toxicity might be present only in
males, although to our knowledge, no female-specific toxicity has
en reported in patients treated with 131I-MIBG. The first-in-
man study could be conducted in male patients to avoid such risks.
hird, no long-term toxicity assessments were included in the present
udy. Irreversible late radiation toxicity in the kidneys and bladder
s been reported in clinical trials with two radiopharmaceuticals,
en though the injected doses were limited on the basis of general
owledge of radiation toxicity [39,40]. The FDA recommends long-
rm toxicity assessment when patients have a long life expectancy
at could be affected by late adverse effects of radiation [13]. After
e therapeutic effects of 211At-MABG are established in patients,
aluation of late radiation toxicity might be required.
In conclusion, our biodistribution and dosimetry studies revealed
at α-emitting 211At-MABG delivered high radiation doses to most
gans except the brain in ICR mice. The administration of 3.3 MBq,
e MTD for ICR mice, induced transient radiation-related toxicity
mptoms that recovered at day 28 and are generally observed in
diation therapy including β−-emitting 131I-MIBG. Unexpected
vere toxicity was not observed in the present study, although high
diation doses were absorbed by most organs, especially the thyroid,
art, stomach, and adrenal glands, after injection of 3.3 MBq of
1At-MABG. Our findings suggest that therapeutic treatment with

Image of Figure 4
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standard deviation. **P b .01, *P b .05 (two-tailed unpaired Student's t test).
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propriate doses of 211At-MABG estimated by dosimetry in each
tient could be tolerated, although there may be a need to start with
wer doses to ensure safety in the first-in-human study.
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