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Introduction: 188Rhenium-HEDP is an effective bone-targeting therapeutic radiopharmaceutical, for treatment of
osteoblastic bone metastases. It is known that the presence of carrier (non-radioactive rhenium as ammonium
perrhenate) in the reaction mixture during labeling is a prerequisite for adequate bone affinity, but little is
known about the optimal carrier concentration.
Methods:We investigated the influence of carrier concentration in the formulation on the radiochemical purity,
in-vitro hydroxyapatite affinity and the in-vivo bone accumulation of 188Rhenium-HEDP in mice.
Results: The carrier concentration influenced hydroxyapatite binding in-vitro as well as bone accumulation in-
vivo. Variation in hydroxyapatite binding with various carrier concentrations seemed to be mainly driven by
variation in radiochemical purity. The in-vivo bone accumulation appeared to be more complex: satisfactory
radiochemical purity and hydroxyapatite affinity did not necessarily predict acceptable bio-distribution

of 188Rhenium-HEDP.
Conclusions: For development of new bisphosphonate-based radiopharmaceuticals for clinical use, human
administration should not be performed without previous animal bio-distribution experiments. Furthermore,
our clinical formulation of 188Rhenium-HEDP, containing 10 μmol carrier, showed excellent bone accumulation
that was comparable to other bisphosphonate-based radiopharmaceuticals, with no apparent uptake in other organs.
Advances in knowledge:Radiochemical purity and in-vitro hydroxyapatite binding are not necessarily predictive of bone
accumulation of 188Rhenium-HEDP in-vivo.
Implications for patient care: The formulation for 188Rhenium-HEDP asdeveloped byus for clinical use exhibits excellent
bone uptake and variation in carrier concentration during preparation of this radiopharmaceutical should be avoided.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

188Rhenium-HEDP is a therapeutic radiopharmaceutical that can
be used for treatment of painful bone metastases. It is a complex of the
radionuclide 188Rhenium, which decays with a half-life of 17 hours
by emission of β− (2.2 MeV) and γ (155 keV) radiation, with the
bisphosphonate HEDP (disodiumetidronate) and stannous chloride in
the presence of gentisic acid [1–3]. The radiochemical properties and
bio-distribution of 188Rhenium-HEDP are very similar to those of other
radionuclide-bisphosphonate complexes that are routinely used, like
the diagnostic agents 99mTechnetium-oxidronate and 99mTechnetium-
medronate [4,5]. The pharmacodynamic action of 188Rhenium-HEDP is
explained by its high affinity for hydroxyapatite, that is abundantly
present in osteoblastic bone metastases, resulting in accumulation and
local delivery of a high radiation dose and subsequent destruction of
malignant surrounding tissue [6]. Carrier-free 188Rhenium (as sodium
perrhenate solution) can be easily obtained from a 188Tungsten/188Rhenium-
generator, which operates similar to the widely used 99Molybdenum/
99mTechnetium-generator. Therefore, 188Rhenium-HEDP can be pro-
duced directly on-site upon presentation of a patient with painful
bone metastases. Hence, 188Rhenium-HEDP has advantages over com-
mercially available therapeutic bone-seeking radiopharmaceuticals,
like 89Strontium chloride, 153Samarium-lexidronam and 223Radium
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chloride, which have a delivery period of 1 to 2 weeks. Furthermore, it
has a favorable toxicity profile with a relatively short half-life of
17 hours, but with a high energetic β− radiation of 2.2 MeV [3,6].

In contrast to commercially available bone-targeting radiopharmaceu-
ticals, generators and labeling kits for the production of 188Rhenium-
HEDP are not available as products with a marketing authorization.
Also, there is no standardized labelingmethod available. It is known, how-
ever, that presence of carrier (non-radioactive Rhenium as perrhenate) in
the reaction mixture during labeling is a prerequisite for adequate bone
accumulation in vivo [2,7]. Although these previous studies showed that
addition of carrier (perrhenate) to the reaction mixture was essential
for adequate complex quality and bone affinity, the results are likely not
comparable with ours, because the composition of the HEDP-cold kit
(containing HEDP, stannous chloride and gentisic acid or ascorbic acid)
as well as the reaction conditions (like elution volume, heating time and
temperature) were different. Furthermore, previously no thorough in-
vitro hydroxyapatite binding experiments were performed to investigate
the optimal carrier concentration.

At our institute, we have recently developed a standardized produc-
tionmethod for GMP grade 188Rhenium-HEDP for clinical use [3]. During
pharmaceutical development, we chose to add 10 μmol of ammonium
perrhenate to the reaction mixture, together with 200 μmol of HEDP,
78 μmol of stannous chloride and 97 μmol of gentisic acid, to obtain a
molar carrier-to-bisphosphonate ratio in the range of 1:50 to 1:20 as de-
scribed previously [8,9]. This resulted in excellent bone uptake in vivo [3].
Other groups have, however, used awide range of different formulations,
with carrier-to-bisphophonate ratios as low as even 1:200 or 1:600
[2,10]. To date, the optimal carrier concentration for adequate bone affin-
ity of 188Rhenium-HEDP is unknown. This knowledge, however, is cru-
cial to assess the comparability between the different 188Rhenium-
HEDP formulations that are used in research and clinical practice.
Furthermore, in order to guarantee a pharmaceutical product with
reproducible bone affinity, it is vital to know the influence of variation
in carrier concentration during labeling of 188Rhenium-HEDP on bone af-
finity. Lastly, the gold standard for quality control of bisphosphonate-
based radiopharmaceuticals is the determination of the radiochemical
purity. It is unknown, however, whether radiochemical purity alone is
predictive of hydroxyapatite affinity or bone accumulation of 188Rhenium-
HEDP. Therefore, we investigated the influence of variation in carrier
concentration on the radiochemical purity and on the in-vitro hydroxy-
apatite binding of 188Rhenium-HEDP and also compared the hydroxy-
apatite binding of 188Rhenium-HEDP to that of commercially available
bisphosphonate-based radiopharmaceuticals. Furthermore, the influ-
ence of varying carrier concentrations on the in vivo bone accumulation
of 188Rhenium-HEDP was studied in mice.

2. Methods

2.1. Preparation and quality control of 188Rhenium-HEDP

Preparation of 188Rhenium-HEDP was performed as described previ-
ously (3), but with varying amounts of carrier (as ammonium perrhenate),
without changing other reaction conditions. Directly after preparation, the
radiochemical purity of the complexwas determined using thin layer chro-
matography as described previously (3). The resulting radioligands were
not purified before use in the experiments.

2.2. Preparation of other bone-targeting radiopharmaceuticals

The skeletal imaging agents 99mTechnetium-oxidronate and 99mTechnetium-
medronate were obtained ready-made from the GE Healthcare
Radiopharmacy (Eindhoven, TheNetherlands)with a radiochemical puri-
ty for both compounds of≥95%, as specified in the product leaflet [11,12].
The therapeutic bone-targeting radiopharmaceutical 153Samarium-
lexidronam was obtained ready-made from IBA Molecular (Louvain-la-
Neuve, Belgium), with a radiochemical purity of ≥ 99% as specified by
the manufacturer [13].

2.3. Hydroxyapatite binding experiments

The hydroxyapatite binding assay was carried out as described pre-
viously [3,14,15]. In short, Bio-Gel HTP hydroxyapatite crystals were ob-
tained from Bio-Rad (Veenendaal, The Netherlands), and phosphate
buffered saline (PBS) was obtained from VWR (Amsterdam, The
Netherlands). Then, 0.10 mL of the studied radiopharmaceutical was
added to 3.0 mL of phosphate buffered saline with a predetermined
amount of the hydroxyapatite crystals in a 5 mL polypropylene test
tube. The tube was then closed, inverted a few times, vortex-mixed
for 3 seconds and subsequently incubated at 37 °C for 120 minutes.
Thereafter, the radioactivity was measured in each test tube, and the
contents of the test tube were filtered through a 0.2 μm syringe filter
(Sartorius-Stedim, Nieuwegein, The Netherlands). Then, the activity of
1.0 mL of the filtrate was measured, and the hydroxyapatite binding
was calculated as described in Eq. (1).

Hydroxyapatite binding %ð Þ
¼ 100‐

100� activityof 1:0mlfiltrate
activityof tubeafterincubation=3:1½ � ð1Þ

To assure that variability in hydroxyapatite binding was a result
of variation in hydroxyapatite affinity of the radiopharmaceutical
and not variability in the total binding capacity of the hydroxyapatite,
initially experiments were performed with increasing amounts of
hydroxyapatite crystals (0–500 mg) to establish the quantity in which
an excess of hydroxyapatite was present. Then, using the established
amount of hydroxyapatite, the hydroxyapatite bindingwas determined
in triplicate for 99mTechnetium-oxidronate, 99mTechnetium-medronate
and 153Samarium-lexidronam. These bi- and tetra-phosphonate-based
radiopharmaceuticals were chosen, because their in-vivo distribution
is similar to that of 188Rhenium-HEDP and because they are licensed
drugs that are commercially available and widely used for diagnostic
and therapeutic purposes. Their hydroxyapatite affinity can therefore be
considered a reference standard for our newly developed 188Rhenium-
HEDP. Also, the hydroxyapatite binding of 188Rhenium-HEDP prepared
without carrier and with amounts of 0.01 μmol, 0.1 μmol, 1 μmol,
10 μmol, 20 μmol, 50 μmol and 100 μmol of carrier in the reaction vial dur-
ing labeling was investigated. Lastly, the affinity of unbound 188Rhenium
(as perrhenate, the main degradation product of 188Rhenium-HEDP) was
determined, to ensure that the results of the hydroxyapatite binding ex-
periments were not obscured by degradation of the complex or presence
of perrhenate due to incomplete labeling. Significance in differences be-
tween hydroxyapatite binding results were calculated with a double
sided Student's t-test. Correlation between variables was determined
with simple linear regression.

2.4. In-vivo bone accumulation experiments

To explore the in-vivo bone affinity, 188Rhenium-HEDP was prepared
in three different formulations, based on the results of the in-vitro hy-
droxyapatite binding experiments. Each formulation of 188Rhenium-
HEDP was administered to 3 male C57Bl6/J mice with an average body
weight of 34 gram in a dose of 37MBq. Four hours after tail vein injection,
a single photon emission computed tomography (SPECT) image was
acquired during 60 minutes with a VECTor/CT (MILabs B.V., Utrecht,
The Netherlands) [16] equipped with a high energy ultra high
resolution mouse (HE-UHR-M) collimator. During image acquisition,
mice were anesthetized by isofluorane (2.5% flow rate) and kept
under anesthesia via a nose-cone setup. The animal experiments were
carried out in compliance with Dutch laws relating to the conduct of
animal experimentation.



Table 1
Hydroxyapatite binding experiments results.

Radiopharmaceutical Hydroxyapatite
binding
(mean ± SD)

Radiochemical
purity

188Rhenium-HEDP prepared without carrier 43.3% ± 3.3 35.2%
188Rhenium-HEDP prepared with 0.01 μmol carrier 81.0% ± 0.2 96.1%
188Rhenium-HEDP prepared with 0.1 μmol carrier 95.4% ± 0.8 98.4%
188Rhenium-HEDP prepared with 1 μmol carrier 97.1% ± 0.3 98.7%
188Rhenium-HEDP prepared with 10 μmol carrier 95.6% ± 1.4 98.3%
188Rhenium-HEDP prepared with 20 μmol carrier 96.3% ± 0.2 100%
188Rhenium-HEDP prepared with 50 μmol carrier 66.5% ± 1.9 68.1%
188Rhenium-HEDP prepared with 100 μmol carrier 37.6% ± 0.3 43.6%
99mTechnetium-oxidronate 99.0% ± 0.1 ≥95%⁎
99mTechnetium-medronate 99.8% ± 0.1 ≥95%⁎
153Samarium-lexidronam 100.0% ± 0 ≥99%⁎

⁎ As specified by the manufacturer.
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From the acquired scintigraphic data 3D SPECT images were recon-
structed with pixel based ordered subset expectation maximization
(POSEM) with 4 subsets and 25 iterations [17,18] followed by 1.2 mm
wide3DGaussian postfilter. Thereafter, the healthy-bone-to-soft-tissue
ratio was investigated by drawing a volume of interest (VOI) around
three lumbar vertebrae and a background VOI around surrounding
soft tissue. The healthy-bone-to-soft-tissue ratio was calculated by the
uptake in the vertebrae divided by the background uptake.

3. Results and discussion

3.1. Hydroxyapatite binding experiments

We found that the hydroxyapatite binding reached amaximum for all
radiopharmaceuticals at hydroxyapatite quantities of at least 200 mg
suspended in 3 mL of PBS (data not shown). Therefore, an amount of
300 mg hydroxyapatite was chosen for all subsequent experiments.
We also found that unbound 188Rhenium (as perrhenate) did not bind
to hydroxyapatite (data not shown).

The results of thehydroxyapatite bindingexperiments are summarized in
Table 1 anddepicted in Fig. 1. Thehydroxyapatite binding of the commercial-
ly available bisphosphonate-based radiopharmaceuticals 99mTechnetium-
oxidronate, 99mTechnetium-medronate and 153Samarium-lexidronam
was high (N99%) and comparable to hydroxyapatite binding percentages
Fig. 1. Hydroxyapatite binding (%) for the various tested radiopharmac
for bisphosphonate-based radiopharmaceuticals as established by other
groups, being 80–100% [14,15,19–22].

As expected, 188Rhenium-HEDP without carrier showed a relative low
hydroxyapatite binding of 43.3% ± 3.3% (SD). The hydroxyapatite binding
was N 80% at a carrier amount of 0.01 μmol, increased to a plateau of ap-
proximately 95% at carrier amounts between 0.1 and 20 μmol (see Fig. 1),
and thiswas comparable to the hydroxyapatite affinity of the commercially
available phosphonate-based radiopharmaceuticals 99mTechnetium-
oxidronate, 99mTechnetium-medronate and 153Samarium-lexidronam.
At amounts of more than 20 μmol of carrier, the hydroxyapatite binding
of 188Rhenium-HEDP decreased again. Our recently developed formula-
tion of 188Rhenium-HEDP for clinical use contains 10 μmol of carrier.
The mean hydroxyapatite binding of this formulation was found to be
96% and thus well within the range wherein hydroxyapatite binding
of 188Rhenium-HEDP reached its maximum.

The radiochemical purity showed a similar trend as the hydroxyap-
atite binding.Without carrier, the radiochemical purity was low and did
not meet the specification of N 93% for release for clinical use [3]. The
radiochemical purity of the complex came within specification (N93%)
at carrier amounts of 0.01 μmol and more and decreased to b 70% at
carrier amounts of 50 μmol and above. As shown in Fig. 2, the mean
hydroxyapatite binding strongly correlated with the radiochemical pu-
rity of 188Rhenium-HEDP (R2 = 0.9435), which indicated that the de-
creased hydroxyapatite binding was mainly a result of presence of free
perrhenate in the solution. We hypothesize that the observed apparent
maximum in hydroxyapatite binding of 188Rhenium-HEDP is the result
of a slow reaction rate at low carrier concentrations aswell as a result of
an incomplete labeling due to relatively insufficient amounts of HEDP,
stannous chloride or gentisic acid at high carrier concentrations.
However, this hypothesis needs further confirmation by further experimen-
tation. Since the radiochemical purity of the formulation thathasbeenchosen
for clinical use was well above 93%, further purification of the drug
product to improve radiochemical purity was not deemed necessary.

3.2. In-vivo bone accumulation experiments

Although the influence of an extensive range of carrier amounts
(0–100 μmol) on the hydroxyapatite binding of Rhenium-188-HEDP
was investigated in vitro, we did not find it ethical to study such a large
range in mice. We therefore chose to study a limited set of 188Rhenium-
HEDP formulations, containing amounts of 0 μmol, 0.01 μmol and
euticals with vertical error bars depicting the standard deviation.



Fig. 2. Mean hydroxyapatite binding (%, Y-axis) of 188Rhenium-HEDP versus radiochemical purity (%, X-axis).
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10 μmol carrier. This choicewas based on the rationale thatwewould like
to compare the in-vivo bone affinity of our clinical 188Rhenium-HEDP
formulation (with 10 μmol carrier)with the formulation that still showed
adequate hydroxyapatite affinity (N80% binding) and radiochemical
purity (N93%) (formulation with 0.01 μmol carrier) and with the formu-
lation without carrier.

Representative scintigrams are presented in Fig. 3 for each
studied 188Rhenium-HEDP formulation. Generally, the healthy-bone-
to-soft-tissue ratio of bisphosphonate-based radiopharmaceuticals
is approximately 10–25 [23–25]. As shown in Fig. 3A, no bone
accumulation could be observed for the 188Rhenium-HEDP formulation
without carrier, and uptake of activity in the bladder, stomach and
thyroid gland of the mice could be observed. With a carrier amount of
Fig. 3. Typical scintigrams showing the bone-uptake with varying amounts of carrier in the form
photon emission computed tomography (SPECT) image was acquired during 60 minutes. Durin
esthesia via a nose-cone setup for imaging.
0.01 μmol the mean healthy-bone-to-soft-tissue ratio increased to
3.4 ± 1.1 (SD), but still uptake in the bladder, stomach and thyroid
gland could be observed.We attribute the uptake of activity in the blad-
der, stomach and thyroid gland to the accumulation of free perrhenate
in these organs, analogous to accumulation of 99mTechnetium-
pertechnetate, by uptake of these chemically similar ions by the
sodiumiodide transporter [26]. The uptake ratio increased further to
12.3 ± 2.3 (SD) with a carrier quantity of 10 μmol in the formulation,
and unwanted uptake of activity in other organs with this formulation
was not observed.

The formulationwithout carrier showed a hydroxyapatite binding of
43.3%, but to our surprise no uptake of activity in bone could be
observed for this formulation in mice. Furthermore, the formulation
ulation. Four hours after tail vein injection of 37MBq of the radiopharmaceutical, a single
g acquisition, mice were anesthetized by isofluorane (2.5% flow rate) and kept under an-
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with 0.01 μmol carrier that demonstrated adequate radiochemical purity
(N93%) and hydroxyapatite binding (N80%) only exhibited marginal bone
uptake in vivo, combinedwith unwanted uptake of activity in other organs.
The cause for this phenomenon remains to be investigated, but we postu-
late that the 188Rhenium-HEDPcomplex is less stablewhen labeledwithout
carrier or with low carrier amounts, resulting in in vivo degradation and re-
lease of free perrhenate from the complex in the body. The observation of
significant uptake of activity in the stomach, thyroid gland and bladder,
which is typical for perrhenate [26], supports this hypothesis.

4. Conclusion

We have shown that the amount of carrier (as ammonium
perrhenate) that is present in the reaction mixture during labeling, in-
fluences hydroxyapatite binding in vitro as well as bone accumulation
in vivo. With regard to hydroxyapatite binding, the variation in binding
seemed to be mainly driven by variation in radiochemical purity. Fur-
thermore, we observed an optimum in hydroxyapatite binding and ra-
diochemical purity depending on the carrier concentration. The in vivo
bone accumulation appeared to be a more complex process, where sat-
isfactory radiochemical purity and hydroxyapatite affinity were not
necessarily predictive for acceptable bio-distribution. This finding war-
rants further investigations, for example of the in vivo stability of the
188Rhenium-HEDP complex in various formulations.

We conclude that for development of new bisphosphonate-based
radiopharmaceuticals for clinical use, human administration should
not be performed without animal bio-distribution experiments.
Furthermore, our clinical formulation of 188Rhenium-HEDP, containing
10 μmol of carrier, showed excellent bone accumulation that was com-
parable to other bisphosphonate-based radiopharmaceuticals and with
no apparent uptake in other organs, supporting our assumption
that a proper formulation was chosen for clinical application. We are
now thoroughly assessing the benefit-to-risk ratio of the application
of 188Rhenium-HEDP for treatment of painful osteoblastic bone metas-
tases of different types of cancer in routine clinical practice in ongoing
clinical studies.
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