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Abstract. The combination of ease of formulation and superior biological features of 153Sm-EDTMP in terms of
safety and efficacy for metastatic bone pain palliation, together with the prospect of better logistics of production,
has prompted extensive efforts by many groups world over for its preparation and evaluation. Our efforts have
been directed towards exploring the feasibility for formulation of l53Sm-EDTMP suitable for human use by
neutron activation in medium flux reactors of the freely available and inexpensive natural samarium oxide target.
The emphasis in biological studies was placed on tests in larger animals (monkeys) as a prelude to clinical
evaluation. Feasibility to achieve reasonably high specific activity of 300-700 mCi/mg Sm at EOB with natural
samarium has been adequately demonstrated. The radioeuropium contamination, estimated by y-spectrometry to
be <0.5% at 3 d after EOB, need not be deemed restrictive in the context of therapeutic application envisaged.
Satisfactory formulation of 1S3Sm-EDTMP from natural samarium at high radioactive concentrations of 40-50
mCi 153Srn/mL, acceptable biolocalization, as revealed by both biodistribution studies in rats (femur uptake of 2 -
3% injected dose at lh p.i. and retention up to 120 h p.i.) and gamma camera images in monkeys and adequate
stability have been feasible. Excellent quality bone images of monkeys were recorded showing rapid clearance
from blood, visualization of skeleton, clearance from kidneys within 2 hours and retention in skeleton up to
116 hours p.i. No significant activity in other soft tissues was noted. Comparative evaluation of the product
prepared from enriched samarium as well as using in-house synthesized EDTMP has, likewise, revealed identical
biolocalization features. EDTMP dose tolerance test in mice showed a safety factor of about 100 for a product
made from natural samarium at an adult human dose of 50 mCi 153Sm. Feasibility for production, reasonable
safety and satisfactory biolocalisation of the indigenous product has been adequately established so as to warrant
clinical trials in patients.

1. INTRODUCTION

Treatment of intractable bone pain suffered by cancer patients having extensive metastases has
been an enormous clinical problem. Other compounding factors to bone metastases have been
described as pathologic fracture, immobility, loss of independence and tremendous emotional
sequelae, including depression, fear and isolation [1]. The use of analgesics, often narcotics, has
contributed to further reduction in the quality of life by the side effects (lethargy, constipation). The
silver lining in this bleak scenario has been the proven efficacy of radiation therapy, both as
teletherapy in the case of focal lesions and more commonly by internal administration of therapeutic
bone seeking radionuclide formulations [1-3]. The latter offers many, significant advantages and can
be cited as the most notable contribution of nuclear medicine in recent years. The goal of radiation
therapy has not only been for pain palliation in patients, but also for their improved functional status
in day to day life. A recent addition to this goal is the possibility that radionuclide therapy may be
able to prevent, or at least delay, the onset of new painful metastatic disease [1].

Amongst the radiopharmaceutical products used, 32P as orthophosphate has been the oldest
candidate. In spite of concerns about its relatively higher myelo suppression, well conducted clinical
evaluation in India and a multicentre study under a CRP of IAEA, have revealed its utility in select
group of patients considered eligible on the basis of screening for platelets and leucocytes counts
prior to treatment [4, 5]. The approval of FDA for the calcium analogue, 89SrCi2, called Metastron™
in June 1993, a more efficacious and safer agent, expanded the applications the world over, in turn,
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focussing attention on the considerable benefits accruing to suffering patients [6]. The magnitude of
improvement in the quality of life of treated patients has been found to be phenomenal and all out
efforts pursued to harness further such benefits. The phosphonate complexes of superior therapeutic
radionuclides of 186Re and !53Sm were also shown to be more promising for the palliative treatment of
metastatic bone pain [7,8]. Recent efforts have indicated the distinctly favourable features of
n7mSn(IV)-DTPA [9] and the potential of 188Re(V)-DMSA [10].

The combination of favourable logistics of production of 153Sm, ease of formulation, better
chemical definition and superior biological features earmark 153Srn-EDTMP (ethylenediamine
tetramethylene phosphonate) as more preferable for regular clinical use. The prospect of indigenous
production of this product even by developing nations with medium flux reactors appeared promising
[11] and detailed investigations to standardise procedures for preparation and testing were considered
desirable. The fact that there could be a short supply or even non-availability of enriched samarium
(152Sm) targets was recognised and hence natural samarium targets were mostly used in the present
study, along with a few lots of enriched targets for comparison. It was, however, aimed to develop
protocols applicable for both. Studies on formulation and evaluation of a number of batches of 153Sm-
EDTMP, for ease of production, purity, stability, safety and efficacy of bone uptake and retention as
well as excretory pattern, have been carried out. The emphasis in biological studies was placed on
tests in larger animals (monkeys) as a prelude to clinical evaluation and the results are presented in
this paper.

2. MATERIALS AND METHODS

153Sm was prepared by neutron irradiation of 5-10 mg natural Sm2O3 (American Potash) at a
neutron flux of 6-8 x 1013 n. cm"2, s"1 in the Dhruva reactor for about 7 days and dissolved in dilute
hydrochloric acid. Two batches were also prepared from enriched samarium (>98%; gift sample from
IAEA) for comparative evaluation. Complexation of 153Sm with EDTMP (gift sample from
commercial source) was carried out by addition of appropriate quantity of an alkaline EDTMP
solution to samarium solution, mixing, adjusting pH to 7-8 and heating over a water bath at 70°C for
5 minutes. Complexes with ligand to metal (L/M, L:M) mole ratio of 20-125:1 were prepared.
Products were also formulated using in-house synthesized EDTMP for comparative evaluation [12].

The formulations were evaluated for radiochemical aspects such as radioactive concentration,
radiochemical purity and stability by paper chromatography using normal saline and ammonia-
ethanol-water:0.2:2:4 as solvents. Aliquots of the product were incubated with human serum and
samples drawn for RC purity analysis at different time intervals, in order to study the stability in
serum.

Radionuclidic purity was estimated by high resolution y spectrometry using HPGe detector
coupled to a 4K MCA (ORTEC 92 * spectrum master and a PC loaded with ORTEC Maestro-II
software). 152Eu source was used for energy and efficiency calibration. Since the main gamma ray
energy of 153Sm and 155Eu is much below the lowest gamma energy of 152Eu, care was taken to validate
the extrapolation of the efficiency calibration curve below 120 keV range, by assaying the activity of
156Eu by the gamma emissions of both 811.8 and 89 keV and finding comparable values [Table-I(a)].

The biodistribution studies in male Wistar rats were carried out following the procedure
described earlier [11]. The uptake expressed as% injected dose (% i.d.) in femurs (or femur/g) at
1 hour post injection (p.i.) was considered a good index of product quality. Long term retention upto
120 hours p.i. was also studied.

For blood clearance studies, rabbits (2.5-3 kg) were injected with an appropriate volume of the
formulation into the ear vein through a butterfly needle arrangement. One mL blood was drawn at pre-
determined time intervals and the activity in blood counted at a suitable geometry in a Nal(Tl)
counter, in comparison to a standard, diluted to appropriate volume to approximate the total volume of
rabbit blood. The activity in blood was expressed as% i.d.
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EDTMP dose tolerance studies were performed on male Swiss mice (sets of 5 each) by slow
administration (30 sec/mouse) of 0.1 to 0.2 mL EDTMP solution through the tail vein. The animals
were kept under observation for about 15 days.

Dynamic and static images in monkeys were acquired using a gamma camera (Siemens-
Orbiter/Diacam) at the Christian Medical College Hospital, Vellore, following administration of 0.4-
1 mCi l53Sm/kg into the leg vein of anaesthetised monkeys (3-8 kg).

3. RESULTS

On irradiation of natural samarium targets, 153Sm of specific activity (at EOB) in the range of
300-700 mCi/mg Sm was obtained, while with enriched samarium targets, the specific activity was in
the range of 600-1000 mCi/mg Sm (Table-I). Formulations ranging in radioactive concentration from
8-50 mCi/mL, Sm content 0.02-0.2 mg/mL and EDTMP content 1-46 mg/mL were prepared in this
series of studies.

Radiochemical Purity (RCP) and Stability

While radiochemical purity tests form a part of the routine QC of 153Sm-EDTMP, the emphasis
in this set of experiments was on studying the stability of formulations at relatively high radioactive
concentration of 40-50 mCi/mL and high ligand to metal (L/M) mole ratio of > 50:1. The latter was
essential to minimize liver uptake as will be discussed later. Fig. l(a) shows the stability of two
formulations at 50 mCi/mL and 12.5 mCi/mL over a period of 8-10 days. The stability at ambient
temperature was intentionally studied, though the product is normally envisaged to be stored
refrigerated/frozen. It can be seen that there is no significant decrease in RCP for formulation at
12.5 mCi/mL throughout the period of 8 days. The formulation at 50 mCi/mL, however, shows a
decreasing trend in RCP beyond 3—4 days. As expected, the same formulation when stored at 0°C did
not exhibit any significant drop in RCP even beyond 4 days. It would be therefore possible to
transport the product at ambient temperature and then store the product refrigerated.

TABLE I(A). RADIONUCLIDIC (RN) PURITfY OF 153SM: POSSIBLE SOURCE OF RN
IMPURITIES

Radionuclide and Wi

154Eu

8.5y

155Eu

4.68y

156Eu
15.2d

Ey (keV)

123.1

86.5

105.3

811.8
89

y abundance (%)

40.5

32.7

21.8

10.3
8.96

Probable route of production

(P.7)
I53Sm ->

46.3 h

l54Sm(n,y)l55Sm
(22.7%)

cr = 5.5b

l55Eu (n,v) 156Eu

a = 4040 b

l53Eu (n,y) 154Eu

CT = 390b

(Poo
-> 155Eu

22.1 rain

NOTE: Gamma ray intensity data taken from Gamma Ray Catalog, U. Reus, et al. GSI Report 79—2.

The stability of the product was also followed as a function of L/M mole ratio at radioactive
concentration of ~50 mCi/mL. Formulation at L/M mole ratio of > 100 showed consistently high RCP
of >95% even when stored at room temperature [Fig. l(b)].

The stability of the product in serum was also found to be satisfactory, over 98% and the
chromatogram profile (Whatman 1 paper & normal saline solvent) of the product in saline and serum
was comparable.
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153cTABLE I(B). RADIONUCLIDIC (RN) PURITY DATA OF 1DJSM

Lot No. Sp. Act. at 2 d after
jU-Ci *Eu/mCi l53Sm at 2 d after EOB

$1
2
3
4

$5
6
7

#8
#9

EOB (mCi/mg)
193
357
342
365
174
273
239
497
319

154Eu
0.005
0.011
0.013
0.018
0.003
0.009
0.007
0.014
0.004

155Eu
0.13
0.15
0.15
0.17
0.08
0.13
0.13
0.0017
0.006

156Eu
0.68
1.36
1.47
2.26
0.51
1.12
0.97

_—
—

Lots 1 to 7 prepared from natural samarium (26.7% I52Sm).
# Lots 8 & 9 prepared from enriched 152Sm (>98%), 7 day & 3 day irradiation, respectively.
$ Lots 1 & 5: ~4 day irradiation.

Radionuclidic (RN) purity

Table-I reveals the extent of radio-europium contamination observed while using natural and
enriched samarium targets. Due to some technical and operational reasons, currently planned short
term irradiations of 48-60 hours duration are not regularly feasible in our reactor. The lots 1 & 5 in
Table-I(b) simulate typical irradiation conditions intended for regular production purposes. Even for
153Sm prepared from natural samarium targets after 7 days of irradiation, depending upon the reactor
operation conditions, a maximum of-0.02 uCi 154Eu, 0.2 uCi 155Eu and 2.5 (iCi 156Eu were detected
per mCi 153Sm, at reference time of 2 days from EOB. Samples containing enriched samarium showed
contamination of !54Eu of the same order, 155Eu decreased by nearly two orders of magnitude and
practically no I56Eu. These values are broadly accountable from the possible route of formation of the
impurity nuclides [Table-I(a)]. Improvement of RN purity (but at the cost of reduced yield) could also
be achieved by radiochemical purification [13], but is not deemed essential in the context of
therapeutic application envisaged and the known similarity in biological behaviour of Sm and Eu
chelates of phosphonates.

Biodistribution studies

Biodistribution studies in rats showed femur uptake of 2-3% injected dose or 4.5-5.5% i.d./g
femur at 1 h p.i. The uptake in other major organs of liver and kidneys was <1% i.d. The long term
biodistribution studies revealed satisfactory retention in femurs upto 120 hours p.i., 2.5(0.04),
2.48(0.32), 2.96(0.11) and 2.67(0.29)% i.d. at 1, 24, 48 and 120 hour p.i., respectively, and no
significant activity retention in any other tissues/organs.

Femur uptake per gram calculated and used for comparison of products was found to be a
superior index.

These findings were valid for products of about 15 mCi/mL radioactive concentration and
prepared from 153Sm of specific activity <100mCi/mg Sm at L:M:: 20-25:1. However, a product
formulated once from !53Sm of specific activity -700 mCi/mg Sm, radioactive concentration of
12mCi/mL and L/M mole excess of 20: 1 (EDTMP content: 1 mg/mL), showed significant liver
activity (~7%), in addition to good femur uptake of 2.17 (±0.30)% at 1 h p.i. This was also validated
by imaging studies in the monkey. Our observations are consistent with reports in literature [14],
which state that the EDTMP concentration should be not less than 10 mg/mL to minimize the liver
uptake of 153Sm-EDTMP.
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STABILITY AS A FUNCTION OF RADIOACTIVE
CONCENTRATION AND STORAGE TEMPERATURE
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FIG. 1. Stability of ls3Sm-EDTMP formulations as a function of
(a) Radioactive concentration and storage temperature

(b) L: Mmole ratio and storage temperature.

Consequently, all products prepared at high radioactive concentration (40-50 mCi/mL) and
high specific activity were formulated at a L/M mole excess of 50 to 100. These formulations showed
satisfactory biodistribution with no significant activity seen in the liver (Table-II). Table-II also gives
comparative values of biodistribution at 1 h p.i. of products prepared from both natural and enriched
samarium targets. It can be seen that the results are comparable.
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153CTABLE II. BIODISTRIBUTION STUDIES IN RATS OF OJSM-EDTMP FORMULATIONS USING
NATURAL SAMARIUM AND ENRICHED SAMARIUM

Organ/Tissue

Blood/g
Stomach
Muscle/g
Liver
Kidney
Femurs
Femur/g
S. Intestine
L. Intestine

Formulation
(Sp. Act

% i.d. at 1 h
Lot 1

0.03 (0.01)
0.32(0.19)
0.24 (0.20)
0.24 (0.03)
0.31(0.03)
2.55 (0.09)
5.32 (0.2)
0.50 (0.22)
0.16(0.07)

with natural samarium
. 391 mCi/mg Sm)
p.i. Mean (SD), n = 3

Lot 2
0.04 (0.01)
0.18(0.23)
0.33(0.12)
0.18 (0.03)
0.27(0.01)
2.59(0.11)
6.35 (0.62)
0.41(0.11)
0.32 (0.29)

Formulation with enriched Samarium (Sp. Act.

% i.d. at
Lot 3

0.07 (0.04)
2.06(1.75)
0.27 (0.08)
0.40 (0.05)
0.58(0.21)
2.87 (0.34)
5.46 (0.54)
1.30(0.80)
1.80(2.56)

482 mCi/mg Sm)
: 1 h p.i. Mean (SD), n = 3

Lot 4
0.12(0.05)
1.54(1.99)
0.11(0.07)
0.42 (0.04)
0.59(0.11)
2.78 (0.87)
5.15(1.41)
0.68(0.12)
0.36 (0.05)

Lot 1: 50 mCi/mL; [EDTMPJ/fSmJ: 62.5:1
Lot 2: 47 mCi/mL; [EDTMP]/[Sm]: 125: 1

Lot 3: 50 mCi/mL; [EDTMP]/[Sm]: 50: 1.
Lot 4: 44 mCi/mL; [EDTMP]/[Sm]: 100: 1.

Blood clearance studies in rabbits and monkey

Nearly 50% of injected activity was cleared within 1 minute from the vascular pool, the blood
level further dropping to -20%, -10% and - 5 % at lOmin, 30min and 1 hour, respectively. -1.5% i.d.
was almost persistent in blood well beyond 2 hours. In view of the very rapid blood clearance noted,
attempts were made to acquire dynamic images in monkeys injected under the gamma camera at 1
sec/frame mode for 1-2 minutes. The time activity curves generated over the entire heart to represent
blood pool activity (after correcting for background activity in an area of similar pixel size) showed
very high clearance rate, similar to observations in rabbits. Quantification of blood pool activity in
relation to injected activity was, however, not done in the monkey studies.

EDTMP dose tolerance studies

Up to 4 mg of EDTMP injected per mouse (Body weight: -25 grams) was found to be well
tolerated. None of the mice died during the period of observation or showed any significant change in
body weight during the period of observation of 15 days. However, transient symptoms of behavioural
changes like irritability, excitability and asphyxia were observed immediately p.i., which subsided
quickly thereafter.

Imaging studies in monkeys

Images acquired as early as 20-30 min showed rapid clearance from blood, visualization of
skeleton, renal activity up to 2 hours and clearance thereafter, progressive increase in skeletal activity
and retention up to 116 hours p.i. (maximum duration of study). No significant activity in any other
soft tissues was noted. Excellent quality bone images of monkeys were recorded.

Likewise, the quality of images from formulation using an authentic sample of EDTMP (gift
from a collaborator) and that synthesized in-house [12] revealed no significant differences, as can be
seen from Fig. 3 (a) and 3(b).
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F/G. 2. Monkey images of 153Sm-EDTMP formulations
(a) using natural samarium targets: 46 mCi/mL, 391 mCi/mg Sm, L: Mr. 125: 1
(b) using enriched samarium targets: 44 mCi/mL, 482 mCi/mg Sm, L: M:: 100: 1.
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Fig. 3: Monkey images of 153Sm-EDTMPformulations
(a) using authentic sample of EDTMP: 13 mCi/mL, 48 mCi/mg Sm, L: M:: 62.5:1
(b) using in-house synthesised EDTMP: 8 mCi/mL, 52 mCi/mg Sm, L: Mr. 25: 1.
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F/G. 4. Monkey images of Sm-EDTMP formulation with high specific activity Sm (obtainedfrom
enriched samarium target) and at L: M:: 50: 1. (50 mCi/mL, 482 mCi/mg Sm).

The results of comparative evaluation of product of similar specific activity, radioactive
concentration and L/M mole ratio, but formulated using natural and enriched samarium targets, are
shown in Fig. 2(a) and 2(b). No significant difference in image quality could be observed, which is
consistent with the biodistribution results shown in Table-II.

Consistent with reports in literature [14] that formulation using enriched samarium require a
high L/M mole ratio of > 80: 1 to minimize liver uptake, our studies with the product formulated with
153Sm of specific activity 500mCi/mg Sm at L:M:50: 1 revealed liver visualization (Fig. 4). No
significant liver activity was noticeable, however, in the product formulated at L:M:100: 1 with the
samelotof153Srn[Fig.3(b)].

It was also observed that there was no liver activity in the product prepared from the same batch
of 153Sm, but after decay for about a week, even at a lower L:M mole ratio of 25:1 [Fig. 4 & 2(b)]. In
other words, higher L:M mole ratio is essential for formulation of Sm-EDTMP from 153Sm of high
specific activity of the order of >350mCi/mg Sm.

4. DISCUSSION

It has been feasible to achieve reasonably high specific activity, 300-700 mCi (at EOB)/mg Sm,
with natural samarium targets. Our data have also shown that the extent of radio-europium
contamination with natural samarium targets is <0.5%. This need not be deemed restrictive in the
context of therapeutic application envisaged and the known similarity in biological behaviour of Sm
and Eu chelates of phosphonates.
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Our studies reveal that a product of acceptable quality and adequate stability at high radioactive
concentration of 40-50 mCi/mL could be satisfactorily formulated. Optimized formulations of l53Sm-
EDTMP prepared from both natural and enriched samarium exhibit identical biolocalization features
as proven both by biodistribution in rats and imaging studies in monkeys. The same formulation
protocol standardised is applicable for both. The EDTMP synthesised in-house [12] following a
reported procedure, was found to yield a satisfactory product and could be used for regular indigenous
manufacture.

For adult human dose envisaged at 50 mCi 153Sm (~1 mCi 153Sm/kg), a safety factor of about
100 could be shown for the product prepared using natural samarium (153Sm of minimum specific
activity of 300 mCi/mg Sm at EOB) and formulated at [EDTMP]: [Sm]:50-70:l. Practicable shelf life
of 3 days from the EOB would be, however, advisable from a conservative viewpoint of stability,
safety and radionuclidic contamination. The former two restrictions would also apply for a product
made from enriched samarium, since high specific activity 153Sm would require to be complexed with
greater excess of EDTMP at L/M of 100: 1 in order to minimize the uptake in liver.

Our results have thus established the feasibility for production, reasonable safety and
satisfactory biolocalization of indigenous product so as to warrant clinical trials in patients.
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