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2. GLOSSARY

Bone marrow ablation: Complete destruction of the viable cells in the bone

marrow.

Y-camera: A device which constructs an image of the localization of

radionuclides in patients by detection of y-rays.

Hypoxic cells: Cells with abnormally low oxygen pressure (<30 mm Hg), often

observed in tumors.

LET : Linear Energy Transfer: A measure of energy deposition (imparted by an

ionizing particle) per unit length.

Neoplasia: Abnormal tissue formation

Osteoblastic cells: Bone cells which produce bone matrix.

Osteosarcoma cells: Malignant cells originating from bone cells showing

osteoblastic differentiation.

Sclerotic activity: Bone matrix formation with calcium deposition.

Bone scintigraphy: Diagnostic y-camera image of the skeleton.
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3. INTRODUCTION

3.1 Diagnosis and therapy of cancer with radionuclides

Improvements in the diagnosis and therapy of several malignancies over the

past decades have led to cures for many cancer patients, but when tumor cells

have spread beyond the site of the primary tumor, cure is rarely achievable.

Tumor-targeting compounds labeled with radionuclides, offer the potential to

visualize and eradicate metastatic tumor foci.

The diagnostic and therapeutic usefulness of a systemically injected radioactive

compound is determined by their selectivity for tumor foci. Treatment of

differentiated thyroid cancer with Na131I (Beierwaltes et al. 1982) and of bone

metastases with 89SrCl2 (Porter 1994) are examples of tumor localization where

the properties of the radionuclides in their most simple chemical form are

utilized directly. For other malignancies tumor localization is not possible by

this strategy, but may be achieved by binding the actual radionuclide to a

carrier molecule.

Construction of several in vivo stable radiolabeled carrier molecules with

selectivity for tumor foci are in progress and follow two main directions. One

approach is radiolabeling monoclonal antibodies (MoAbs) and their fragments,

proteins which recognize distinct molecular structures (antigens) on the

membrane of tumor cells (Bruland 1995). The other approach is radiolabeling

smaller molecules (~ 1 kda) which may accumulate in tumors either by direct

interactions with the tumor cells, or with extracellular structures in the local
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environment surrounding the tumor cells (Desombre et al. 1995, Lewington

1996, Link et al. 1996).

3.2 Bone metastases and osteosarcoma

Malignant tumors frequently develop metastases to the skeleton. This is

particularly common for carcinomas of the breast, prostate, lung, kidney and

thyroid (Rubens and Fogelman, 1991). These metastases give rise to several

complications: Pain, impaired mobility, pathological fractures, spinal cord

compression, hypercalcemia and nerve root lesions. The malignant cells

localized in the bony structure may stimulate osteoblastic as well as

osteoclastic activity, leading to increased bone turnover and pathological bone

modeling (Rubens and Fogelmann, 1991).

Patients suffering from osteosarcoma experience many of the same

complications, but in this case the primary tumor consists of neoplastic cells,

which usually show osteoblastic differentiation. Hence, in osteosarcoma the

increased bone turnover and pathological bone formation are caused directly by

the malignant cells themselves. Both primary tumor as well as bone and soft

tissue metastases produce primitive bone matrix, including osteblastic lung

metastases, the most frequent cause of death among osteosarcoma patients

(Souhami and Canon 1995).

Although bone metastases and osteosarcoma are two completely different

clinical situations, there is a very distinct chemical similarity. Ordinary

treatment modalities have not been very effective for either of these patient

groups.
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3.3 Therapy and diagnostics with radiolabeled phosphonates

Generally, bisphosphonates and polyphosphonates accumulate in bone

following i.v. injection (Rubens and Fogelmann 1991, Goeckeler et al. 1987),

and especially in regions with high bone turnover (Goeckeler et al. 1987).

Thus, for improvement in diagnosis and therapy of sclerotic metastases and

osteoblastic osteosarcoma, bis- and poly-phosphonates have been labeled with

different radionuclides (Lewington 1996, Bruland et al. 1996). The results so

far have been promising.

WmTc-MDP (methylene diphosphonate) are routinely used in diagnostic bone-

scintigraphy with y-cameras. Significant pain relief has been experienced by

patients receiving 153Srn-EDTMP (ethylene-diamine-tetra(methylene-

phosphonic acid) for treatment of sclerotic bone metastases (Collins et al. 1993,

Farhanghi et al. 1992). It has also been reported considerable pain relief after

administration of 153Sm-EDTMP to a patient with advanced localized

osteosarcoma (Bruland et al. 1996). I53Sm is a medium energy p-particle

emitter which also emits y-rays suitable for y-camera imaging (Table 1).

Recently, 153Sm-EDTMP has also been used successfully by Bruland at the

Norwegian Radium Hospital (personal communication) to detect osteoblastic

lung metastases intraoperatively with the Neoprobe model 1000, a small hand

held y- and x-ray detector coupled to a detector control unit (Martin 1994). It is

constructed for intraoperative detection of small lesions accumulating

radioactivity.
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Table 1. Radionucl ides used in cancer diagnosis and therapy

Nuclide

32a
89Sr
99mTc
m m S n
125I
1 5 3Sm
I 6 6 Ho
186Re

T
x 1/2

14.3 d

50.5 d

6.0 h

13.6 d

59.4 d

46.3 h

26.8 h

3.8 d

Epmax (MeV)

1.7

1.5

0.13,0.16*

*

0.71

1.9

1.1

y-energy (keV)

140

159

35

103

81

137

# Conversion electrons

*Conversion and Auger electrons

3.4 Therapeutic dose limitations

The use of bone-seeking compounds labeled with P-emitters for therapy of

osteoblastic osteosarcoma or sclerotic bone metastases is limited by bone

marrow toxicity. Because bone marrow is localized in small cavities in the

bone structure, it receives a large dose from (3-emitters which are enriched in

bone. Thus, particles with shorter range may decrease bone marrow toxicity.

This was indeed observed when the high energy P-emitter 32P (pyrophosphate)

was replaced with the medium energy P-emitter 153Sm for treatment of bone

metastases (Lewington 1996). Recently, a biodistribution of I53Sm-EDTMP and
I66Ho-EDTMP in baboons revealed that the dose to the bone marrow was

significantly larger with I66Ho than with 153Sm (Louw et al. 1996). 166Ho emits P-

particles of higher energy than i53Sm. Actually, the bone seeking compound
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166Ho-DOTMP, has also been used for bone marrow ablation (Bayouth and

Macey 1993, Bayouth et al. 1995). Furthermore, only minimal bone marrow

toxicity was observed when a group of patients with bone metastases received
117mSn-DTPA for palliation (Srivastava et al). 117mSn emits conversion electrons

with a short range, approximately 0.3 mm in tissue, even shorter than the

typical range of the P-particles emitted from 153Sm (Table 1).

3.5 Exchanging P-emitters with cc-emitters

From the above considerations it is reasonable to assume that the therapeutic

efficacy of radiolabeled bone-seeking compounds might be further improved

by replacing the P-emitters with a-emitters. cc-particles are very densely

ionizing in contrast to P-particles. The difference in ionization density is

reflected by the LET values, which are approximately 100 keV/|im for cc-

particles (high LET) (ICRU 36 1983, Inkret et al. 1990) and typically 0.2-2

keV/|am for P-particles (low LET) (Dertinger and Jung 1970). The dense

energy deposition makes the a-particles very toxic to cells (Hall 1994).

The kinetic energy of the a-particles from radioactive decays is between 5 and

9 MeV. The range is limited to 40-90 |am in tissue, corresponding to a few cell

diameters. Thus, provided that the a-emitter is localized close to the tumor

cells, a large radiation dose would be delivered to these cells, with

insignificantly low doses to normal tissue situated outside the range of the a-

particles.

According to calculations by Humm (1987), 99 % sterilization of spherical
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cells in a cylindrical tumor from cell bound p- or cc-emitters, requires a ratio of

p-decays (90Y) to a-decays (2nAt) of 20 for the highest cell density and a ratio

of 1200 for single cells (due to no cross-fire). These theoretical results are

supported by several in vitro studies: Inactivation of human osteosarcoma cell

lines by 21IAt (Larsen et al. 1994), a toxicity study of the a-emitter 212Bi on

human colon adenocarcinoma (Langmuir et al. 1990), and a comparison of cc-

particle and x-ray irradiation on ovarian carcinoma (Rotmensch et al. 1989) and

tracheal epithelial cells (Ford and Terzaghi-Howe 1993). Furthermore, in an

intraperitoneal ovarian cancer model Larsen et al. (1995) have shown that

therapy with 21IAt resulted in long term survival of 50 % of the animals.

Treatment with the P-particle emitters 32P and 198Au in the same model, did not

show any substantial therapeutic effect (Vergote et al. 1992). Similar good

results have been shown by Huneke et al. (1992) who treated leukemic mice

with MoAbs labeled with 2I2Bi showing complete clinical and histological

remission of disease and prolongation of survival.

When cell survival is measured at different dose rates as a function of radiation

dose, a significant difference between high and low LET radiation is observed.

When comparing X-ray (low LET) and a-particle radiation of cells in vitro, the

X-ray irradiated cells show increased survival at decreased dose rate, while the

a-particle irradiated cells show virtually no dose rate dependence (Hall 1994).

In radionuclide therapy the dose rate is low compared to external radiotherapy,

implicating a further advantage of a-emitters.

Another similar difference is observed for hypoxic cells. The increased survival

of hypoxic compared to well oxygenated cells for low LET irradiation is known

as the oxygen effect (Hall 1994). This effect is very small or non existing for a-
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particle irradiation (Hall 1994), which poses another advantage of a-emitters.

3.6 Possible a-emitters for radionudide therapy

There are not many a-emitters fulfilling the requirements for use in

radionuclide therapy. Firstly, the radionuclides must be available and have

suitable chemical properties. Furthermore, to achieve the highest possible

therapeutic efficacy, radiopharmaceuticals need to be in vivo stable, have

biokinetics comparable with the half lives, and not release long lived radiotoxic

decay products. The a-emitters intended for use in cancer therapy today are
2MAt, 212Bi, 213Bi and possibly ^Ra and 225Ac. 2I1At has a physical half life of 7.22

hours and can be produced in a cyclotron. 2I2Bi and 2l3Bi have physical half lives

of 60.6 min and 45.6 min respectively, and are the natural descendants from
232Th and 229Th, respectively. The decay scheme of 232Th is shown in figure 1.

Due to the short half lives of 211At, 2I2Bi and 213Bi, fast tumor localization and

clearance from blood and normal organs is needed to achieve sufficiently high

accumulated tumor/normal tissue dose ratios.
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Figure 1. The decay scheme for 228Th.

3.7 The choice of a-emitter

It was decided to investigate the possibility of constructing in vivo stable

phosphonates with 2I2Bi for several reasons: The general experience with

similar compounds indicated that sufficiently high accumulated tumor/normal

tissue dose ratios could be achieved with a 212Bi labeled phosphonate. A blood
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clearance half-life of only 5.5 min has been observed in patients given 15iSm-

EDTMP for palliative treatment of bone metastases (Bayouth et al. 1994).

Furthermore, there exists a possibility of extending the effective physical half

life of 212Bi by labeling the phosphonate with its considerably more long-lived

precursor 2I2Pb (Figure 1). Finally, 212Pb and 2I2Bi may be produced relatively

simply and at low cost from a generator.

The in vivo generation of 212Bi from 212Pb could offer another advantage in

addition to extending the physical half life. By injecting a phosphonate labeled

with pure 212Pb, which is a low energy p-emitter, the initial high levels of a-

particle exposure might be avoided. In figure 2 this scenario is illustrated by

showing the relative decay rate of 212Bi for the case of initial pure 212Pb, and for

the case of initial radioactive equilibrium of 212Bi with 2I2Pb (theoretical curves).

Of course, for this in vivo generator to work, it is important that the in vivo

generated 212Bi is retained by the phosphonate.

As seen in figure 1, there is one P-decay per a-decay of 212Bi. The dose to small

volumes from the P-particles should however be insignificant considering the

low LET values. It has been calculated by Howell et al. (1994) that mouse testis

injected with 212Pb received 93% of the dose from the a-particles. Furthermore,

a-particles should be extremely more cell toxic than p-particles when the target

is small metastases and not solid tumors (Humm 1987).
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The normalized decay rate of 212Bi shown for initially pure

and for 2r2Pb/z^Bi initially in radioactive equilibrium.
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Figure 2. Theoretical decay curves for 212Bi are shown for initially pure 2!2Pb

(solid line), and for 2I2Bi initially in radioactive equilibrium with 212Pb (dotted

line).

3.8 Production of 212Pb

212Pb and 212Bi are decay products from 232Th (Figure 1), the only isotope of

thorium with long enough half life to be found in nature. It was in 1899 that

Rutherford (1900) discovered radioactive emanation from thorium compounds,

and it was concluded in 1902 by Rutherford and Soddy (1902 I-II) that thorium

was transformed into a noble gas. They had discovered the emanation of 220Rn

from 232Th. It was probably the first recognition of the fact that radioactive

decay is a process within the atom and involving its spontaneous

transformation into another element. Later Strassmann (1934) and Hahn (1936)
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reported exceptionally high emanating power of radon from barium salts of

organic acids. In 1951 Gregory and Moorbath studied the diffusion of 220Rn

from several barium salts of fatty acids and found 100 % emanating power

from barium stearate. Then Wahl and Daniels (1958) studied how the pressure,

thickness and density of the barium stearate influenced the emanating power of
219220Rn. These studies form the basis of the 2I2Pb/212Bi generator described in this

thesis (Paper I).

3.9 Detection of osteoblastic lungmetastases with Neoprobe 1000

Neoprobe is a system for intraoperative detection of micrometastases, and it

was first described in 1984 (Martin et al.). It has been used clinically to detect

colorectal cancer accumulating 125I labeled MoAbs (Arnold et al. 1995,

Paganelli et al. 1994). In contrast to y-cameras it is able to detect low energy y-

and x-rays due to the short distance between detector and source. Low energy

y- and x-rays improves detectability because the amount of scattered radiation

diminishes. This was clearly shown in a study with 125I, 131I, !!1In and T c , by

Thurston et al., who found I25I to give far better spatial resolution than the other

three radionuclides. 125I emits only low energy x- and y-rays in the range of 0.5

- 35 keV (Howell 1992), while the other three radionuclides emit higher energy

y-rays.

The results from detection of osteoblastic lung metastases with Neoprobe 1000

in patients receiving 153Sm-EDTMP are encouraging. However, in patients

selected for lung surgery, it is desirable to avoid using a therapeutic

radionuclide, e.g. I53Sm. Furthermore, a radionuclide emitting only lower

energy photons would improve the detectability. Thus, we decided to
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investigate the possibility of constructing a radiolabeled bone seeking agent

more suitable for detection of osteoblastic lung metastases with the Neoprobe

1000 system.

1S5Er has a physical half life of 10.3 h and decays solely by electron capture. It

emits only low energy x-rays and low energy Auger electrons, and one should

therefore expect 165Er to be better suited for intraoperative detection of

osteoblastic lung metastases than I53Sm. Furthermore, because erbium and

samarium are lanthanides, with quite similar chemical properties, it seemed

likely that 165Er would also form an in vivo stable bone seeking complex with

EDTMP.

3.10 Chemistry of lead, bismuth, samarium and erbium

Lead and bismuth are metals with a stable oxidation state of +2 and +3,

respectively. Pb(II) has ionic radius of 1.20 A and a coordination number of 8

(cubic). Bi(III) has ionic radius of 0.96 A and a coordination number of 6

(octahedron) or higher (Dickinson)

Samarium and erbium are also metals with stable oxidation states of +3.

Sm(III) and Er(III) have ionic radii of 0.96 A and 0.88 A, respectively. Both

ions have coordination number 6 (octahedron), and Sm(III) may occur with

higher coordination numbers (Dickinson).
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3.11 Aims of the present study

The objectives of the present study were:

1. Construction of a generator system for production of 212Pb/212Bi.

2. Construction of in vivo stable polyphosphonates labeled with 2I2Bi, 212Pb

and 165Er, suitable for therapy and diagnostics of osteosarcoma and

sclerotic bone metastases.

3. Investigation and comparison of the physical characteristics of 125I, 153Sm

and 165Er when detected with the Neoprobe model 1000 system.

4. Simulation of the detection of lung metastases with bone seeking

compounds labeled with 165Er, 153Sm and 125I.
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4. MATERIALS AND METHODS

212T4.1 Production and separation of Pb

The 2I2Pb is produced carrier free and at high purity in a generator based on the

emanation of 220Rn from ^Th doped barium stearate.

4.1.1 Production of228Th barium stearate

The 228Th barium stearate was prepared by a method outlined by Hursh and

Lovaas (1967) and is described in paper I. Briefly, BaCL, and the desired

amount of 228Th(NO3)4 was dissolved in a mixture of dilute HC1 and methanol.

During continuous stirring, a methanol solution of sodium stearate was added.

[228Th]barium stearate precipitated from the solution and was filtered onto a 0.8

fim filter membrane, folded and wrapped up in two additional filters. Finally,

this source was secured with plastic strips. Several of these packets were made,

containing 20-450 MBq (0.54-12 mCi) of 228Th per g barium stearate.

4.1.2 The generator

For safe handling, the [^Thjbarium stearate packets were placed inside a gas

tight two compartment housing (Paper I). A removable lower compartment

which is a collection chamber, and an upper compartment which is a housing

chamber for the source when the collection chamber is removed. These two

stainless steel compartments are connected via a vacuum gate valve. To be able
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to move the packets of 228Th barium stearate between the two compartments,

they were placed in a filering basket mounted by threads to the end of a long

tube, which is closed in both ends.

When the 228Th sources are in the collection chamber the decay product, 212Pb,

from the emanated 220Rn, deposit on the walls of a polyethylene bottle in the

collection chamber. After a sufficient collection time the 228Th sources are

pulled up into the upper compartment and the gate valve is closed. The

collection chamber is safely removed, and the 212Pb is easily washed off the

bottle with a suitable solution. The solutions of 212Pb and 212Bi contained less

than 0.001 % of Th or Ra (below background level).

4.2 Production of 153Sm and 16SEr

I53Sm and 165Er for the biodistribution studies were produced through neutron

activation of natural S m ^ and Er2O3 (IFE, Kjeller, Norway) using a thermal

flux of 1 x 1013 n/cm2s for two days. The neutron activated Sm2O3 and Er2O3

were dissolved in dilute HC1.

The 1S5Er used in the detectability measurements had to be of high

radiochemical purity. During the production of 165Er, 171Er is also produced.

High levels of this radionuclide would interfere negatively with the

detectability measurements because it emits y-rays of higher energy. Thus, the

Er2O3 used in these experiments was 65% enriched in 164Er (ISOTECH INC.

Miamisburg, OH). The amount of 171Er was less than 1 Bq of 17IEr per 100 Bq of
165Er.
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4.3 Synthesis of the tetraphosphonates and complexation with

radionuclides

DOTMP was radiolabeled with 14C. This was done for two reasons. The

biodistribution of pure DOTMP was investigated and the in vivo stability of the

complexes 212Pb/212Bi-DOTMP and 212Bi-DOTMP could hereby be more

thoroughly assessed. The structure of DOTMP and the 14C labeling position is

shown in figure 3.

o

HO^"

2Cv iyCH

HO H2C CH2 OH

p»^H 2 C—N N»— CH 2 — p = O

HO H2C CH2 OH

H2C CH 2

CH

O
Figure 3. DOTMP (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra(methylene-

phosphonic acid))
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4.3.1 Synthesis ofEDTMP and J4C labeled DOTMP

The tetraphosphonates EDTMP (ethylenediamine-N,N'-tetra(methylene-

phosphonic acid)) and DOTMP (l,4,7,10-tetraazacyclododecane-l,4,7,10-

tetra(methylene-phosphonic acid)) were synthesized according to a Mannich-

type reaction as outlined by Moedritzer and Irani (1966). The synthesis of

DOTMP and EDTMP is described in paper III, and for EDTMP also in paper II

and IV. Briefly, ethylenediamine or 1,4,7,10-tetraazacyclododecane was

dissolved in 4 M HC1 with 4x molar amounts of phosphorous acid and heated

to reflux temperature (-110 CC). 8x molar amounts of aqueous formaldehyde

was slowly added over the course of 1 hour, and after additional 2 hours reflux,

the reaction mixture was allowed to cool to room temperature. EDTMP

crystallized directly out of the reaction mixture, while repeated

precipitations/dissolutions (acetone/water) were needed before DOTMP

crystallized out from a HC1 solution. [I4C]formaldehyde (NEN Research

products) was used for the synthesis of 14C labeled DOTMP The specific

activity of DOTMP was 0.25 GBq/mole (6.7 mCi/mole). CyDTMP (cis/trans-

l,2,-diaminocyclohexane-N,Isr-tetra(methylene-phosphonic acid)) was kindly

provided by R. Erhardt (Section for Nuclear Chemistry, University of Oslo).

NMR spectra were obtained in D2O, NaOD using a Varian 200 MHz

instrument.1

1 'H-NMR EDTMP: 2.50,2.56 ppm (dublets NCHjP) 2.73 ppm (singlets NCH2CH,N),
CyDTMP: 1.0-2.5 ppm (multiplets CH2CH2) 2.7-3.3 ppm (multiplets NCH2P)
3.3-3.6 ppm (multiplets NCH)
DOTMP: 2.63,2.69 ppm (dublets NCHJP) 2.71 ppm (singlets NCH2CH2N),

31P-NMR EDTMP: 17.6-17.9 ppm (triplets CH^PO,)
CyDTMP: 15.0-15.8 ppm (singlets) 16.3-17.0 ppm (quadruplets) CH,PO3

DOTMP: 18.5-18.8 ppm (triplets CttPO,)
(2 dimensional NMR was used to determine the structure of CyDTMP)
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4.3.2 Complexation of radionuclides to EDTMP, CyDTMP and DOTMP

The complexation of 212Pb/212Bi to EDTMP and DOTMP was carried out as

described in paper II, III and IV. Briefly, 30 ml of distilled water containing the

desired amount of either EDTMP or DOTMP was added to the polyethylene

bottle from the generator. After 5 min of shaking the solution was concentrated

on a rotavapor to approximately 1 ml and allowed further reaction for a few

minutes at 60-70 °C and pH 8-10. Removal of uncomplexed Pb1+ (> 90 %) was

achieved by eluting the solution through 2 x 10 mm columns containing the

chelating resin Chelex 100 (Bio-Rad, Richmond, CA). At the time of injection,
212Bi was in radioactive equilibrium with 212Pb.

2I2Bi-EDTMP was prepared by first extracting 212Pb/212Bi from the polyethylene

bottle with distilled water (> 70% yield). The 212Pb/212Bi solution was then

eluted through a 2 x 10 mm column containing the strong cation exchange resin

AG 50W-X4 (Bio-Rad, Richmond, CA), retarding 212Pb quantitatively. After 2

hours 212Bi (80% yield) was eluted with 0.26 M HC1 (< 0.5% 212Pb

contamination), and added EDTMP. The complexation reaction was allowed to

proceed for 30 minutes at approximately 60°C and pH= 7-8.

The preparation of 212Bi-DOTMP followed the same procedure as outlined for
2I2Bi-EDTMP except for a few changes. The extraction of 212Pb/212Bi from the

polyethylene bottle was carried out with 0.1 M HN03 (> 90% yield), and the
2I2Bi (80% yield) was eluted from the cation exchanger with 0.10 M HI (<

0.15% 212Pb contamination). The reaction time was 45 min at approximately

70°C and pH=7.

31



!53Srn-EDTMP and lwEr-EDTMP were prepared by mixing the dilute

hydrocloric solutions of ['"SmJSm^ and [165Er]Er3+ with the desired amount of

EDTMP for 5 min at 60-70 °C and pH= 8. Uncomplexed 153Sm and I6sEr were

removed (99%) by eluting the solutions through 2 x 1 0 mm columns containing

Chelex 100.

All solutions were added phosphate buffer saline (PBS) to physiological

conditions and filtered through 0.22 |im syringe filters before injection.

4.4 Biodistribution of the radiolabeled tetraphosphonates

To investigate the bone seeking ability, clearance kinetics and in vivo stability

of the chelates, biodistribution studies were performed in mice and rats.

4.4.1 Biodistribution in Balb/c mice

All Balb/c mice (15-26 g) received i.v. 0.10 ml of the actual solution of

radiolabeled tetraphosphonate. At predetermined time points they were killed

by cervical dislocation and samples of blood were immediately drawn from the

heart. The blood samples and the organs of interest were weighed and the

radioactivity content was measured. The measurements of radioactivity in the

samples were compared to diluted standards of the injected solution, and

thereby automatically corrected for decay and differences in detector

efficiency. The blood samples and organs containing I4C labeled DOTMP were

prepared for liquid scintillation counting by standard procedures described in

paper III.
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The solutions of I53Sm-EDTMP were 0.090 mM and 13 mM in EDTMP, 0.005

mM and 1.2 mM in Sm3+ and 20 MBq/ml (0.54 mCi/ml) in 153Sm. The solution

of 165Er-EDTMP was 13 mM in EDTMP, 1.2 mM in Er3+ and 20 MBq/ml (0.54

mCi/ml) in 165Er. The 2I2Pb/212Bi-EDTMP, 212Bi-EDTMP, 2I2Pb/2I2Bi-CyDTMP,
212Pb/212Bi-DOTMP, and 2I2Bi-DOTMP solutions were 1-20 mM in the

tetraphosphonate and 2-10 MBq/ml (0.05-0.27 mCi/ml) in either 212Pb/212Bi or
2I2Bi.

4.4.2 Biodistribution in Vistar rats and Nude rats

Sedated nude rats (140 - 180 g) received 0.40-0.50 ml of a solution 1.0 mM in

EDTMP and 10 MBq/ml (0.27 mCi/ml) in 212Pb/212Bi, or 5.0 MBq/ml (0.14

mCi/ml) in 212Bi. Vistar rats (300 g) received 0.70 ml of a solution 0.090 mM in

EDTMP, 0.005 mM in Sm3* and 20 MBq/ml (0.54mCi/ml). Blood samples

were taken at 30 min intervals, and plasma was separated from the blood cells

by centrifugation. Blood, plasma and organs of interest were weighed and the

radioactivity content measured. Each of the nude rats had implanted a

subcutaneous human osteosarcoma (supplied by Bruland at the NRH).

4.5 Radioactivity measurements

Measurments of 212Pb/212Bi, 153Sm, and 165Er were performed on a Ge detector

(Canberra) coupled to a multichannel analyzer (EG & Ortec). 212Pb were

quantified by the 239 keV y-line (43.6%), 212Bi by the 583 keV y-line (32.5%)

(from 208Tl in transient equilibrium with 2I2Bi), 153Sm by the 103 keV
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(28.4%), and 165Er by the 47 keV x-rays (-93%). Radioactivity of pure 212Bi was

measured with a Nal(Tl) detector, and the 14C radioactivity was measured with

a liquid scintillation counter (Beckman LS 6500).

4.6 Simulations of intraoperative detection of lungmetastases

To evaluate the possible improvement in detectability of lung metastases when

using 165Er-EDTMP in:

situations were made.

using 165Er-EDTMP instead of 153Sm-EDTMP, computer simulations of realistic

The sensitivity of the probe was measured for point sources of 125I, 153Sm and
165Er, located at various positions in a tissue equivalent medium. With these

data, computer simulations of the Neoprobe 1000 performance for any source

distribution of the three radionuclides can be made. The experimental set-up

and data acquisition is described in detail in paper IV.

4.7 The Neoprobe model 1000

The Neoprobe model 1000 (Neoprobe Corporation, Columbus, OH) consists of

a hand-held CdTe (semi-conductor) detector and a microcomputer-based

control unit offering readout of counts either in a predetermined time interval

or in counts per second (cps). The energy window was set at 27-364 keV.

4.7.1 Experimental set-up

Point sources of 0.1-0.3 MBq (3-8 jxCi) were prepared from batches of 125I (>
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99% radiochemical purity) in NaOH (Amersham, UK), I33Sm-EDTMP (>

98.5% radiochemical purity) (MAP Technologies OY, Espoo, Finland) and
165Er (described above). The actual point source was positioned in the bottom

surface of a cubic container, with sides 20 cm and 7 mm thick perspex walls.

The container and the detector handle were fixed to a 3 dimensional positioning

device (David Kopf instruments, Tujunga, CA) in such a way that the detector

handle could be moved only parallel and perpendicular to the bottom surface of

the container with an accuracy of 0.1 mm. To perform the measurements in a

tissue equivalent medium the container was filled with degassed water. The

physical characteristics of the detector were investigated with the probe

uncollimated, and with the original collimator from Neoprobe, and with a

conical collimator (made for this study), mounted on the probe.

4.7.2 Data acqusition

The origin of the coordinate system was selected to be in the center of the point

source, with the central axis of the detector coinciding with the z-axis. All

measurements referred to a cylindrical coordinate system (r,z) where r denotes

the radial distance from the central axis and z denotes the distance from the

source to the detector/collimator front. For each radionuclide/collimator

combination measurements were done by systematically performing 15-20 r-

scans for different values of z, and one z-scan for r= 0. All the collected data

were contained inside 50 x 50 mm2, with 0.5 to 5 mm spacing between adjacent

counting positions. These sensitivity matrices were expressed in terms of

counts per second and MBq, denoted by Cr2, for each radionuclide/collimator

combination investigated.
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Interactive Data Language (IDL) (Research System, Boulder, CO) was used as

a programming tool. The Crz matrices were interpolated and mirror imaged

(because the z-axis is a symmetry axis) into 100 x 200 points, corresponding to

50 mm in z-direction and 0.5 mm between each point. The isosensitivity plots

were obtained from these matrices.

With these count rate matrices any spatial source distribution/configuration in

front of the detector/collimator could be determined. Simple simulations have

been made of a spherical tumor of selected radius at a selected distance from

the detector/collimator front.
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5. SUMMARY OF RESULTS

5.1 The generator

r228ri
Freshly made [ Th]barium stearate packets have an ability to emanate 50-60%

of the 220Rn produced. Packets with high specific radioactivity gradually

decrease in their emanation ability. One packet initially containing 450 MBq of
228Th per g barium stearate had a loss in emanation ability of 50 to 11% during

one year. After one and a half years the emanation ability had decreased further

to 6%, and the packet was now visually inspected. The content had changed

from a white powder to a brown semi-solid substance. Similar packets at an

initial radioactivity level of 20-30 MBq of 228Th per g barium stearate did not

lose their emanation ability during a period of three years. A visual inspection

of these packets showed that the contents were still a white powder. No

contamination from ^Th or 224Ra outside the [228Th]barium stearate packets has

been observed.

5.2 The biodistribution of the radiolabeled tetraphosphonates

5.2.1 mPb/212Bi-EDTMP, 212Bi-EDTMP, 2I2Pb/212Bi-CyEDTMPand!53Sm-

EDTMP

In the biodistributions of 212Pb/2I2Bi-EDTMP in Balb/c mice high levels of 212Pb

and 2I2Bi in the bone specimens were observed at all time points. The levels of
2I2Bi were lower than 212Pb in the bone specimens and higher than 2I2Pb in the

kidneys. Within each biodistribution the levels of 212Pb and 212Bi in whole blood
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and other organs did not change substantially with time

Table 2 shows data from a biodistribution of 2UPb/212Bi-EDTMP where each

animal received 0.10 (J.mol of EDTMP. In the biodistribution of 212Pb/2I2Bi-

EDTMP presented in paper II, each animal received 2.0 |imol. It is clearly seen

that the animals receiving 0.10 nmol EDTMP had much higher levels of 212Pb

and 212Bi in blood, kidney, and liver than the animals receiving 20 times more

EDTMP.

Biodistribution of 212Pb/ 212Bi-EDTMP in Balb/c mice

Radionuclide

0.5 h 2I2Pb

4.0h2I2Pb

24 h 212Pb

0.5 h 212Bi

4.0h2l2Bi

24 h2l2Bi

Femur

16.6(1.2)

18(5)

18(4)

11.2(1.2)

14(4)

15(3)

Whole blood

1.8 (0.2)

2.0 (0.2)

1.43 (0.12)

1.6(0.6)

1.93 (0.14)

1.8 (0.3)

Kidney

21(3)

23(3)

21(2)

41(5)

37(2)

26(2)

Liver

4.3 (0.9)

5.8 (1.2)

6.5 (1.4)

4.0 (0.7)

5.0 (0.9)

6.0 (1.4)

Table 2. The table shows the % ID/g of 212Pb/ 212Bi-EDTMP in femur, whole

blood, kidney, and liver of Balb/c mice (18-19 g). Each animal received 0.10 ml

of a solution 1.0 mM in EDTMP and 10 MBq/ml (0.27 mCi/ml) in 212Pb/212Bi.

The values are averaged over three mice with SD in parentheses.

The data in table 2 are also shown in figure 4 where the biodistribution of
2I2Pb/212Bi-EDTMP is compared with 212Pb/2I2Bi-CyDTMP. No major differences

in biodistribution can be seen between these two compounds.
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Figure 4. The biodistribution of212Pb/212Bi-EDTMP and 2]2Pb/212Bi-CyDTMP in

Balb/c mice (18-19 g) are shown. Each animal received 0.10 ml of a solution

1.0 mM in EDTMP or CyDTMP, and 10 MBq/ml (0.27 mCi/ml) in 212Pb/ 212Bi.

The values are averaged over three mice with error bars equal to one SD.
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The clearance from whole blood of 212Pb/12Bi-EDTMP differed substantially

from that of 153Sm-EDTMP. Table 3 shows data from two biodistributions of
l53Sm-EDTMP with different concentrations of Sm3+ and EDTMP. In both cases

the radioactivity levels of I53Sm in whole blood decrease fast and continuously.

On the other hand, the whole blood levels of 212Pb and 212Bi in the animals

receiving 212Pb/2I2Bi-EDTMP (Table 2 and Paper II) do not show any substantial

change and remain relatively high.

Biodistribution of 153Sm-EDTMP in Balb/c mice

Solution

A 0.50 h
A2.0h
A24h
B 0.50 h
B2.0h
B 24 h

Femur

21(3)
26(3)
20(8)
22(4)
16(4)
19(6)

Whole blood

1.04(0.09)
0.029 (0.012)
0.004 (0.003)

0.24 (0.08)
0.03 (0.02)

0.001*

Kidney

2.6 (0.5)
1.14(0.14)
0.73 (0.13)

1.3 (0.2)
1.0(0.6)

0.54 (0.09)

Liver

0.86 (0.10)
0.99(0.12)

1.1 (0.3)
0.4 (0.2)

0.25 (0.06)
0.19(0.04)

* only one significant measurement

Table 3. The table shows the % ID/g of153Sm-EDTMP in femur, whole blood,

kidney and liver of Balb/c mice for two different solutions of the

radiopharmaceutical. Solution A was 0.090 mM in EDTMP and 0.005 mM in

Sm*, and solution B was 13 mM in EDTMP and 1.2 mM in Sm*. Both solutions

were 20 MBq/ml (0.54 mCi/ml) in I53Sm. Each animal received 0.10 ml of either

solution. The animals receiving solution A weighed 18-19 g, while the animals

receiving solution B weighed 15-16 g. The values are averaged over three mice

with SD in parentheses.

In figure 5 normalized plasma/whole blood ratios (normalized to 1 at the 5 min

time point) are shown for )53Srn-EDTMP and 2I2Pb/2I2Bi-EDTMP. During the
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first 2 hours after injection, the ratio is constant for 153Sm, but decreases sharply

for both 212Pb and 212Bi.

Plasma /whole blood ratio plotted versus time

Tlme(min)

Figure 5. Normalized plasma/whole blood ratios from rats (normalized to 1 at

the 5 min time point) are shown for mSm-EDTMP and 212Pb/212Bi-EDTMP. Two

nude rats (140-180 g) and one Vistar rat (300 g) received 0.40-0.70 ml of a

solution 1.0 mM in EDTMP and 10 MBq/ml (0.27 mCi/ml) in 212Pb/212Bi. One

vistar rat received 0.70 ml of a solution 0.090 mM in EDTMP, 0.005 mM in

Sm*, and 20 MBq/ml (0.54 mCi/ml) in 1S3Sm. The error bars are accumulated

uncertainties (counting statistics, volumetric, etc).

Table 4 shows the biodistributions of 2I2Bi-EDTMP and mPb/2I2Bi-EDTMP in

nude rats implanted subcutaneously with human oseosarcoma. In the animals

receiving 212Bi-EDTMP there were low levels of 212Bi in the blood and the bone
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specimens and high levels of 212Bi in the liver and kidneys. The rats receiving
2]2Pb/2I2Bi-EDTMP had bone/organ ratios for 212Pb and 212Bi similar to the mice

shown in figure 4. The tumor did not show increased uptake of radionuclides in

either of the two cases, showing that this animal model does not represent a

good simulation of the properties of real osteoblastic lesions.

Biodistribution of 212Bi-EDTMP and 2I2Pb/ 2I2Bi-EDTMP in nude rats

Organs

Blood

Plasma

Heart

Lung

Liver

Kidney

Spleen

Sternum

Epiphyse

Diaphyse

Tumor

2 l 2Bi-EDTMP
212Bi

0.08 (0.04)

<0.02

0.06 (0.02)

0.26(0.14)

1.4(0.2)

8.9 (1.3)

0.52 (0.14)

0.4 (0.2)

1.0(0.2)

0.5 (0.4)

0.6 (0.3)

212Pb/212Bi-EDTMP
212Pb

0.35 (0.08)

0.011 (0.005)

0.076 (0.009)

0.176(0.035)

0.56 (0.06)

2.0 (0.7)

0.30 (0.06)

1.3 (0.6)

4.2 (0.7)

2.5 (1.1)

4.2(1.8)

• 2l2Pb/2I2Bi-EDTMP
2I2Bi

0.36(0.16)

0.11(0.04)

0.17 (0.03)

0.30 (0.06)

0.48 (0.12)

5.8 (0.6)

0.32 (0.08)

0.8 (0.5)

2.7 (0.7)

1.9(1.0)

2.7 (1.5)

Table 4. The table shows the %ID/g of 212Bi and 2!2Pb in different organs of

nude rats (140-180 g) 2.0 hours after injection with 2l2Bi-EDTMP or mPb/212Bi-

EDTMP. Each rat had implanted subcutaneously a human osteosarcoma

tumor. The animals received 0.40-0.50 ml of a solution 1.0 mM in EDTMP and

either with 5 MBq/ml 212Bi or 10 MBq/ml 2I2Pb/ 212Bi. Values are averaged over

two (2!2Bi-EDTMP ) and four (212Pb/212Bi-EDTMP) rats, with SD in parentheses.
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5.2.2 212Bi-DOTMP and212Pb/212Bi-DOTMP

In paper III, studies of 2I2Bi-DOTMP and 212Pb/2I2Bi-DOTMP in Balb/c mice are

described. 2l2Bi-DOTMP showed prominent bone localization and a rapid

clearance from blood and other organs. The femur/blood ratios increased from

13 at 15 min up to 490 at 2.0 h post injection. The uptake of 212Bi-DOTMP was

larger in the femur of young animals than in the femur of old animals. The

levels of 212Bi in the kidneys were low. A comparison between 212Bi-DOTMP

and I53Sm-EDTMP showed essentially no differences in biodistribution.

Measurements of 14C labeled DOTMP confirmed the analogous biodistribution

of DOTMP and 212Bi in every organ investigated and at all time points. Similar

levels of 212Bi and DOTMP were also found in urine samples.

212Pb/2l2Bi-DOTMP showed a similar biodistribution. The femur/blood ratios for
212Bi and 212Pb increased from 29 and 18 at 30 min post injection to

approximately 100 and 400 at 4.0 h post injection, respectively. No further

change in the femur/blood ratios was observed 24 h post injection.

Measurements of 14C labeled DOTMP showed analogous biodistribution of

DOTMP and 212Pb except for lower levels of 212Pb in the bone specimens.

Higher levels of 212Bi than the 14C labeled DOTMP were observed in the kidneys

at all time points. The levels of 212Bi in the bone specimens were similar to the
14C labeled DOTMP at 30 min post injection, but dropped to a level just below

the 212Pb at 4.0 h and 24 h post injection.

5.2.3 I65Er-EDTMP

The biodistribution of 165Er-EDTMP and 153Srn-EDTMP in Balb/c mice is shown
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in paper IV. 165Er-EDTMP accumulates rapidly in the bone specimens and

clears rapidly from blood and other organs, as does 153Sm-EDTMP. At 2 hour

post injection the femur/lung ratio of I6SEr was approximately 300.

5.3 Simulations of tumor detection with Neoprobe 1000

Plots of isosensitivity for the different collimators and radionuclides are shown

in figure 3 in paper IV. The importance of collimation of the probe is striking.

With a collimator mounted on the detector the isosensitivity curves for a given

radionuclide are markedly compressed in the radial direction, most so for the

conical collimator.

Detectability curves for different tumor sizes at variable tumor depths are also

shown in paper IV, simulating the detection of osteoblastic lung metastases and

colorectal cancer. For detection of osteoblastic lung metastases the tumor to

background ratio (TBR) for 1251,153Sm and I65Er were plotted for two tumors with

radii 2 and 5 mm located at various depths in 50 mm background tissue (Figure

4 and 5 in Paper IV). Tumor count rate (TCR) was plotted for 165Er for tumors

with radii from 1 to 10 mm (Figure 6 in Paper IV). These curves were plotted at

a background level of 0.0010 MBq/g (0.027 (iCi/g) and with a tumor/normal

tissue uptake ratio of 100. TBR curves for detection of two colorectal tumors

with radii 2 and 3 mm located at various depths in 10 mm background tissue,

are also shown (Figure 7 in Paper IV). Also here the background level was

chosen to be 0.0010 MBq/g (0.027 |iCi/g), but the tumor uptake ratio was set at

10.
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Figure 4 (Paper IV) shows that the probability for detecting micrometastases is

increasing in the order 125I > 165Er > 153Sm. The differences between the three

radionuclides are largest at shallow tumor depths. In figure 5 (Paper IV) it is

clearly seen that the conical collimator improves the detectability far more than

the original collimator. Even for measurements of 125I at shallow depths, the

detectability is better with the conical collimator, than with the uncollimated

probe. From figure 4 and 5 (Paper IV) it is also seen that changing collimator

has larger impact on detectability than changing radionuclide.
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6. DISCUSSION

6.1 The generator

The generator described in paper I is easily operated and has a high degree of

radiation safety. One disadvantage of the generator design is the low collection

yield of 212Pb, but the most severely disadvantage is the decrease in emanation

ability at high specific radioactivity levels of the [22STh]barium stearate.

The loss in emanation ability was only observed for the sources with high

specific activity. Thus, it is likely that the loss in emanation ability is due to

chemical changes of most of the stearate molecules by the large radiation doses

received. The visual inspection of the [228Th]barium stearate packets and a

simple dose calculation support this anticipation. At a source strength of 450

MBq/g the barium stearate received 30 MGy during 1.5 years from the cc-

decays of ^Th and ^Ra. The real dose is probably even larger because not all

of the 220Rn escapes from the source.

Loss in emanation ability measured as a function of specific radioactivity of the

[228Th] barium stearate has not been quantified. It has been shown, however, that

this generator can operate with a specific radioactivity of 30 MBq/g without

loss in emanation ability. Delivery of 2I2Bi labeled radiopharmaceuticals for

treatment of human diseases entails a generator of approximately 10 GBq. A

generator at this radioactivity level based on the above mentioned principle

with a specific radioactivity of 30 MBq ^Th per g barium stearate, would

contain approximately 0.3 kg of barium stearate. The generator described in
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paper I could not operate efficiently if it contained this much barium stearate.

Nevertheless, it should be possible to construct a generator based on the

collection of 220Rn from [228Th]barium stearate only with a different collection

principle.

6.2 Therapeutic potential of 212Pb and 212Bi labeled tetraphosphonates

Only tetraphosphonates were synthesized as bone seeking carriers, because the

radionuclides in question demand a high coordination number in order to be

stably chelated. Furthermore, the hydrophilic character of these compounds

should give fast blood clearance, which is desirable considering the short half

life of 2I2Pb and especially 212Bi.

6.2.1 212Pb/212Bi-EDTMP, 2I2Pb/212Bi-CyDTMP, and212Bi-EDTMP

In the biodistributions of 212Pb/212Bi-EDTMP high levels of 212Pb and 2I2Bi are

observed in the bone specimens, indicating that 212Pb and 212Bi are both bound to

the bone seeking chelator EDTMP. On the other hand, there are several strong

indications of instability of the complex. The elevated levels of 212Bi in the

kidneys indicate that some of the in vivo generated 212Bi are lost from the

complex, because uncomplexed bismuth concentrates in the kidneys

(Zidenberg-Cherr et al. 1987). Lower levels of 212Bi compared to 212Pb in the

bone specimens also indicate loss of 212Bi. This is not unexpected since

Mirzadeh et al. (1993) have shown that 36 % of in situ generated 212Bi is lost

from a chelator which otherwise made stable complexes of non-radioactive lead

and bismuth ions under the experimental conditions used. This loss is due to
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the radiative event, most probably electronic excitations after internal

conversion of y-rays emitted in the 212Pb decay (Mirzadeh et al. 1993).

There are several strong indications that also non-radiative events cause

EDTMP complexes of lead and bismuth to break-up in vivo. First, in all the

biodistributions of 2I2Pb/212Bi-EDTMP, the levels of 212Pb and 2I2Bi in blood do

not decrease continuously as expected from small and highly polar compounds

such as 212Pb/212Bi-EDTMP. This is in contrast to 153Srn-EDTMP where a

continuous and fast reduction of the blood levels of 153Sm was observed for two

different concentrations of EDTMP and Sm3+ (Table 3). These observations are

in accordance with previous results of Goeckeler et al. (1987). Second,

increased levels of 212Pb in blood, kidneys, and liver were observed when the

concentration of EDTMP was lowered (Paper II, Table 2 and Figure 4). Third,

the separation of plasma from blood showed that during the first 1.5 hour after

injection almost all of the 2I2Pb activity was removed from plasma, leveling out

at approximately 2 % (Figure 5). No such reduction of radioactivity in plasma

was observed for I53Sm-EDTMP. In a biodistribution study of [^PbJPbClj in

rats, high levels of lead were found in blood, kidney, and liver, with clearance

half lives of several hours (Morgan et al. 1977). They anticipated that the lead

was associated with red blood cells, because the lead content of plasma did not

exceed 2 % of that in whole blood.

It may be inferred from the localization of 2I2Pb in bone observed in this study

that break-up of 212Pb-EDTMP is not an instantaneous process. We observed

femur/blood ratios much higher than Morgan et al. (1977), who reported

localization of uncomplexed lead in bone, but with femur/blood ratio not

exceeding 1 until several hours after injection. Thus, it is reasonable to
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anticipate that some of the Pb reaches bone as intact complex.

212TThe break-up of Pb-EDTMP and the differences in biodistribution between

the animals receiving high and low EDTMP concentrations may be explained

by considering competition for EDTMP by the Ca2+ ions in plasma. Since 212Pb

is carrier free, essentially all of the EDTMP is uncomplexed. Thus, by

increasing the concentration of EDTMP, more of the Ca2+ could be bound,

thereby lowering the amount of Ca2+ available for competition with 2l2Pb for

EDTMP. This anticipation is supported by the observation of transient tetany in

some of the mice receiving 20 mM EDTMP (Paper II). Although less likely,

another possible explanation for the observed difference may be increased

probability for rechelation of lost 212Pb at higher EDTMP concentration. The

chemical break-up may also be explained by competition for 2I2Pb by other

chelators and negatively charged compounds, e.g. transferrin.

The biodistribution of 212Bi-EDTMP was only performed in two animals (rats)

but further experiments were considered unnecessary because the results were

unambiguously negative. The biodistribution showed low levels of 212Bi in bone

and very high levels in the kidneys, a biodistribution pattern similar to

uncomplexed bismuth (Zidenberg-Cherr et al. 1987).

Thus, these results show that 212Pb-EDTMP and 2I2Bi-EDTMP are not

sufficiently in vivo stable and they are therefore not suitable candidates for a-

particle therapy of osteoblastic osteosarcoma and sclerotic bone metastases.

The in vivo stability of the complex may be increased by making the chelator

more rigid (Busch and Stephenson 1990). CyDTMP has restricted rotation of
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the amino groups relative to each other and was therefore investigated as a

suitable candidate. It was assumed that both cis- and trans-CyDTMP were

present in the injection solution, and that 2l2Pb would combine with the isomer

giving the highest stability. A comparison of the complexing strength of cis-

and trans-1,2-diaminocyclohexane tetraacetic acid (CyDTA) and

ethylenediamine tetraacetic acid (EDTA) for Ca2+ and Sr2+ shows that trans-

CyDTMP are the best chelator followed by EDTA and with cis-CyDTA as the

worst (Martell and Smith 1974). The trans-CyDTA is also a better chelator for

Pb2+ and Bi3+ than EDTA (Martell and Smith 1974). Thus, assuming equilibrium

of the complexation reaction, only trans-CyDTMP complexes of 212Pb and 212Bi

will be present. This assumption is likely since Brechbiel et al. (1991) have

shown that complexation of bismuth to diethylenetriamine pentaacetic acid

(DTPA) is achieved within seconds. They also used a derivative of trans-

cyclohexyldiethylenetriamine-pentaacetic acid (CyDTPA) successfully for

chelation of 212Bi to antibodies, a situation with very low chelator concentration

and mild reaction conditions. The speed of complexing 212Pb and 2I2Bi with

EDTMP and CyDTMP should not differ very much from DTPA and CyDTPA

because of the structural similarity. Furthermore, complete complexation of
)53Sm (carrier added) with EDTMP is achieved within 5 min at otherwise

similar reaction conditions.

Unfortunately, the biodistributions of 212Pb/2I2Bi-CyDTMP and 212Pb/212Bi-

EDTMP indicate that 2l2Pb-CyDTMP is either insufficiently in vivo stable, or

its clearance is very slow. In either case, the results were not good enough to

make further investigations worthwhile.

One probable cause for the observed instability of 212Pb-EDTMP, 212Bi-EDTMP
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and probably also 212Pb-CyDTMP, is an insufficient coordination sphere. Even

if EDTMP and CyDTMP have a total of 10 donor atoms, it is not likely that

more than 6 of them will be functional as donor atoms because of charge

repulsion and steric hindrance. This gives a coordination number of 6, which is

lower than the preferred 8 coordination for lead, and probably also to low for

bismuth.

6.2.2 212Bi-DOTMP and 212PW212Bi-DOTMP

The present study has shown 212Bi-DOTMP to be an in vivo stable bone-seeking

compound. This is evident from the fact that identical biodistribution patterns

between 212Bi and 14C labeled DOTMP were found. The high in vivo stability of
2I2Bi-DOTMP is further corroborated by the low kidney values and the

similarity with the biodistribution of !53Srn-EDTMP. The high uptake of 212Bi-

DOTMP in the femur of the young mice is attributed to the active growth

zones, demonstrating enhanced accumulation of the radiopharmaceutical in

regions with high bone turnover. The uptake in osteoblastic osteosarcoma and

sclerotic bone metastases might be considerably higher than the bone values

reported in this study. These diseases often show an enhanced bone turnover

exceeding that observed in normal growth zones of young individuals (Bruland,

personal communication).

A chromatographic system for separation of uncomplexed 212Bi from 212Bi-

DOTMP could not be developed easily, because of the complicated aqueous

chemistry of bismuth. Thus, it was decided to allow the complexation reaction

to reach equilibrium (or close to) by applying long reaction time, high reaction

temperature and high DOTMP concentration. High DOTMP concentration was
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also necessary to ensure significant measurements of the 14C labeled DOTMP.

It is likely that the complexation kinetics of bismuth to DOTMP may be slow.

It has been reported that DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetra(methylene-acetic acid)) which has the same structural backbone as

DOTMP, complexes bismuth more than 10" times more slowly than DTPA

(Brechbiel et al. 1991). However, the biodistribution data shown in paper III

(low kidney values and analogous biodistribution of 212Bi and 14C labeled

DOTMP) confirmed that the reaction conditions were satisfactory.

The possibility of in vivo generating the a-emitter from 2l2Pb-DOTMP was also

investigated (Paper III). The observed amount of uncomplexed 2I2Bi in the

kidneys shows that some percent of the in vivo generated 212Bi is lost. However,

contrary to 212Pb-EDTMP, the low and similar values of 212Pb and I4C labeled

DOTMP in blood and soft tissue organs indicate that this loss is caused solely

by the radiative event. The lower levels of 212Pb than 14C labeled DOTMP found

in bone may be due to a general lower bone affinity of the lead-DOTMP

complex than uncomplexed or bismuth complexed DOTMP.

The amount of uncomplexed 2I2Bi might cause kidney and bone marrow

toxicity. In a study of 212Pb labeled monoclonal antibody for therapy of murine

erythroleukemia (Ruble et al. 1996), high values of 212Bi in the kidneys was also

observed, but kidney toxicity was not reported to be a problem. Nevertheless,

the large kidney affinity of free Bi(III) must be kept in mind. The bone marrow

toxicity, on the other hand, was severe. However, considering the very low

blood levels of 212Bi observed in the present study, the potential use of 212Pb-

DOTMP for therapy of osteoblastic osteosarcoma and sclerotic bone metastases
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should not be ruled out.

A possible strategy to reduce the levels of 212Bi in kidneys and blood could be

administration of a chelator which binds free 212Bi and clears rapidly from the

patient. DMSA (meso-2,3-dimercaptosuccinic acid) and DMPS (2,3-

dimercapto-1-propane-sulfonic acid) have high affinity for lead and bismuth,

and Jones et al. (1996) have shown that these compounds are able to lower the

amount of free 212Bi in normal tissues considerably.

The increased in vivo stability of 212Bi-DOTMP and 212Pb-DOTMP, compared to

the previously investigated complexes, may be explained by an increase in

coordination number, and to the rigidity of the chelator. DOTMP has the

possibility of 8 coordination, which should increase the binding strength and

suffice both lead and bismuth. The preorganization of the ligands may also

contribute to the binding strength, and it is also a probable explanation for the

expected slow reaction kinetics. Slow reaction kinetics should be an advantage

when considering competition from other ions in vivo.

6.3 The diagnostic potential of 165Er-EDTMP

The similar biodistributions of 1S5Er-EDTMP and ls3Sm-EDTMP indicate that
I65Er-EDTMP is an in vivo stable compound (Paper IV). It has been shown that

this compound localizes rapidly in bone and clears fast from blood and non-

osseous tissues. The detectability measurements with Neoprobe show that it has

a potential for intraoperative detection of osteoblastic lung metastases (Paper

IV).
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6.3.1 Production of mEr

The production of I65Er by neutron activation of Er2O3 64 % enriched in 164Er

gives a contamination level of I7IEr sufficiently low to avoid significant

perturbation of the detectability measurements. !65Er may though be produced

alternatively by the direct nuclear reactions (p,n) or (d,2n) on a holmium target

(Ryde et al. 1962). This procedure would give carrier free 165Er with much less

contamination from other radionuclides.

6.3.2 Detection of osteoblastic lung metastases with Neoprobe 1000

The TBR(d) curves in paper IV have clearly shown that I65Er is a more suitable

radionuclide than 153Sm for detection of osteoblastic lung metastases. This is

not unexpected because 165Er emits lower energy photons than 153Sm.

Furthermore, the radiotoxicity and especially bone marrow toxicity, would be

reduced by using 165Er-EDTMP instead of I53Sm-EDTMP, because 165Er has a

shorter physical half life and emits only low energy Auger electrons. This

reduction in radiotoxicity also opens the possibility for injection of larger

amounts of radioactivity, thereby improving the counting statistics.

The maximum depth for reliable detection of an osteblastic lungmetastasis with
165Er-EDTMP can be found for other radioactivity levels and other uptake ratios

than those considered in paper IV. As shown in paper IV, it may be calculated

from the TBR(d) and TCR(d) curves for 165Er (with the conical collimator

mounted on the detector), that an osteoblastic lung metastasis with 1 mm radius

may be reliably detected at a maximum depth of 13 mm, if the background

level is 0.0030 MBq/g (0.081 |iCi/g) and the tumor uptake ratio is 300. This
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radioactivity level corresponds to 2.5 GBq (0.067 Ci) of 165Er-EDTMP initially

injected in the patient, assuming that 50 % of the radiopharmaceutical is

localized in the skeleton, that the tumor bone/normal bone ratio is 10, and that

surgery is performed 10 hours after injection. The detection of tumors with

radii as small as 1 mm clearly requires a systematic and very accurate use of the

probe, due to the very limited "field of view". Although theoretically supported,

it remains to be shown if such a low detection limit is practically achievable.

6.4 Simulations of tumor detection with Neoprobe 1000

Intraoperative detection of tumors with accumulations of 125I, I53Sm and 165Er

have been simulated (Paper IV). It has been shown that detectability is

improved when the energy of the emitted photons is lowered. Thus 125I gave the

best results, as expected, because it emits lower energy photons than the two

other radionuclides investigated (Howell 1992).

More unexpected though, was the large variation in detectability among the

different collimation configurations. Generally, the TBR(d) curves show that

changing collimator has larger impact on detectability than changing

radionuclide. The conical collimator constructed for this study is clearly better

than the original collimator and the uncoliimated probe in every situation that

has been simulated. Thus, shielding against photons from large bulks of

background tissue have larger impact on the TBR than the reduction of photon

intensity from the tumor due to the extra length of the conical collimator.

Although for some cases, it may be better to remove the conical collimator. For

instance this would be the situation with superficial tumors with high tumos

uptake ratios and low radioactivity levels.
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The TBR(d) curves shown in paper IV are simple simulations of the

detectability of single tumors. With the constructed data matrices it would be

possible to simulate more complicated situations, e.g. multiple tumors at

different sizes located at different places in the background tissue. Situations

with inhomogenous distribution of the actual radionuclide in the background

and tumor tissue could also be handled.
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7. CONCLUSIONS

The main goal of this work has been synthesis of radiolabeled phosphonates to

improve diagnostic and therapy of osteoblastic osteosarcoma and sclerotic bone

metastases. 212Bi-DOTMP has been shown to be an in vivo stable bone seeking

radiopharmaceutical with a potential for a-particle therapy of the above

mentioned diseases. It has biodistribution characteristics similar to I53Sm-

EDTMP, which is now formally approved in several countries, most recently in

the US. 212Pb-DOTMP is also a promising candidate having the advantage of

increasing the effective half life of the cc-emitter, although loss of some of the

in vivo generated 212Bi may be a problem. The radiotoxicity and therapeutic

potential of these compounds should be evaluated in relevant animal models.

A generator system for production of 2I2Pb was also constructed. It is easily

operated with a high level of radiation safety, but radiation damage of the

source material makes it unfit for the radioactivity levels needed clinically.

Measurements of the count rate from point sources of 125I, I53Sm and I65Er in a

tissue equivalent medium (water) with the Neoprobe model 1000 have been

performed. Based on these measurements, the detectability of micrometastases

with accumulations of the above mentioned radionuclides has been computer

simulated.

For intraoperatively detection of osteoblastic metastases with the Neoprobe

model 1000, it has been shown that using 165Er-EDTMP instead of 153Sm-

EDTMP improves the detectability. Moreover, the radiation burden to the

patients would be reduced considerably. It has also been shown that 165Er-
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EDTMP has biodistribution characteristics similar to I53Sm-EDTMP, indicating

in vivo stability of the compound. The potential of 165Er-EDTMP for

intraoperative detection of osteoblastic lung metastases, should be further

evaluated.
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8. FUTURE PROSPECTS

8.1 A large scale optimized generator for production of 212Pb/ 212Bi

Developing an improved generator for production of 212Pb, capable of stably

and continuously delivering approximately 10 GBq (0.27 Ci) of 212Pb. High

radiation safety and easiness of operation must be emphasized.

8.2 Toxicity and therapeutic studies with 212Bi-DOTMP

Investigating the microdistribution in bone and kidney tissue, and the

radiotoxicity and the therapeutic potential of 212Bi-DOTMP and 2!2Pb-DOTMP

for treatment of osteosarcoma and osteoblastic bone metastases in a suitable

animal model.

8.3 Removal of 212Bi lost in the decay of 212Pb

Investigating the possibility of removing the 212Bi lost in the 212Pb decay with

DMSA (meso-2,3-dimercaptosuccinic acid) and DMPS (2,3-dimercapto-l-

propane-sulfonic acid) or other chelators, having the ability to speed up the

clearance of free 2I2Bi.

8.4 Chelators for 212Pb/212Bi which retains all in vivo generated 212Bi

Synthesis of an in vivo stable 212Pb labeled bone seeking compound, capable of

maintaining all the in vivo generated 2I2Bi. Possible approaches could be

increasing the number of chelator "arms" (increasing the coordination number),
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to immediately recapture the 212Bi lost in the 212Pb decay, and incorporation of

sulfur as donor atoms in the chelator to increase the bonding strength.

8.5 Diagnostic studies with 165Er-EDTMP

The potential of 165Er-EDTMP for diagnostics of lung metastases should be

further evaluated, by detection of point sources in a phantom and detection of

lung metastases in an animal model.
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A generator has been developed for the production of the s-emitting radionuclide 212Bi and its parent
nuclide 212Pb. The generator is based on the emanation of 220Rn from [228Th]barium stearate. The decay
product of ^Rn, 2l2Pb deposits on the walls of a polyethylene bottle, and can be washed off with distilled
water. The generator shows no leakage of any long-lived parent nuclides, is easy to operate and has a
high degree of radiation safety.

Introduction

The potential for a-emitters in the radiation-therapy
of tumors is well documented (Huneke et al., 1992;
Vergote et al., 1992; Ford and Terzaghi-Howe, 1993;
Humm and Chin, 1993). The a-emitters of choice,
2"At and 212Bi, have been investigated in several
in vitro and in vivo experiments (Macklis et al., 1989;
Huneke et al., 1992; Vergote et al., 1992). As 2"At
must be produced in an accelerator, its availability is
limited and the production costs relatively high; 212Bi
occurs in the natural decay series from ^Th (Fig. 1),
and can be produced by an isotope generator. Several
generators have been made, based on different prin-
ciples, for the separation of 2]2Bi from its parent
nuclides.

One type of generator utilizes the different cation
and anion exchange properties of the individual
decay products of 228Th (Zucchini and Friedman,
1982; Atcher et al., 1988). Generators based on ^Th
(r]/2 = 1.9 yr) experienced problems with radiolytic
damage in the resin, with consequent diminished yield
and serious radiation safety problems. To avoid
these problems, another generator based on 2MRa
(tl/2 — 3.7 days), was made. However, because of the
short half-life it must be regenerated after 1-2 wk.
This generator has given good yields of 2I2Bi and its
parent nuclide 2l2Pb, but demands regular mainten-
ance and skilled chemists to operate it.

Another system is based on separation of ^Rn
from ^Th by emanation of-Rn gas from Th salts. It
has been shown (Gregory and Moorbath, 1951; Wahl
and Daniels, 1958) that nearly quantitative separ-
ation of ^Rn from 228Th of 2"Rn from 223Ra, can be

•To whom all correspondence should be addressed.

achieved if the ^Th/^Ra is incorporated into solid
Ba stearate [Ba(C,sH35O2)2]. One type of generator
collects 2"Pb by distillation of 2"Rn from
P'RaJbarium stearate under reduced pressure. Negli-
gible contamination from parent nuclides is reported,
but the yield is low, approx. 10% (Atcher et al.,
1989).

Because of its short half-life, 220Rn has a relatively
short diffusion distance at room temperature and
atmospheric pressure. It therefore appeared to be a
simpler and better approach to collect 212Pb and 2i2Bi
by enclosing the [22STh]barium stearate in a gas-tight
collection chamber. The Rn gas will then fill the
volume of the collection chamber, and after decay of
220Rn and 216Po, 212Pb will deposit on the walls. Patent
rights have been claimed on a generator based on this
principle (Norman et al., 1991), including claims for
Rn emanation from [22STh]barium stearate already
described in 1951 (Gregory and Moorbath, 1951) as
well as different kinds of collecting media for the 2l2Pb
and 2l2Bi.

The generator described in this paper is also based
on the well-known Rn emanation, but with a different
collection principle.

Materials and Methods

Production of [~sTh]barium stearate
228Th was purchased commercially as dry nitrate

(Harwell, U.K.). The [228Th]barium stearate was pre-
pared by a method outlined by Hursh and Lovaas
(1967). A 5 ml 0.01% HC1 solution containing 0.025 g
BaCl,-2H,O and 20-30 MBq of 228Th(NO,)4 was
added to 25 ml of 100% methanol and stirred at low
speed for 5min. Then 0.084 g of sodium stearate
dissolved in 25 ml of 100% methanol was added
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slowly. The desired p'ThJbarium stearate precipi-
tated from the solution was filtered onto a 0.8 fim
filter membrane (Gelman, U.S.), and washed with
25 ml of 100% methanol. The filter membrane with
the precipitate was folded and wrapped up in two
additional filters to avoid any loss of [228Th]barium
stearate. The packet was secured with plastic strips.
Several packets were made. The whole chemical
procedure was performed in a sealed plastic glove-
box which was discarded afterwards. For security
reasons, the use of electrical equipment inside the
glove-box was avoided.

The generator

The generator is shown in Figs 2 and 3. All
generator parts were made of stainless steel, and
connected to standard high vacuum equipment to
avoid leakage of radioactivity to the surroundings.
The generator was made with two compartments, a
lower compartment which is a collection chamber
and an upper compartment which is a housing
chamber for the source when the collection chamber
is removed. These two compartments are connected
via a gate vaive (VAT). The packets of [228Th]barium
stearate are placed in a filering basket mounted
by threads to the end of a long tube closed in both
ends. The filering basket has a capacity of 3-4
[228Th]barium stearate packets. The tube can slide on
two O-rings, thus facilitating the filering basket to
move between the two chambers, through the gate
valve. To neutralize pressure differences when the tube
is moved, an on-off valve (VAT) with connection to
a filtered air outlet is placed in the upper chamber. To

T h
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a 54.5 s
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212Po
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208Pb
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208Tl
Fig. 1. The decay mode of ^8Th to stable !08Pb.

collect the 2l2Pb and 2l2Bi, a polyethylene bottle is
placed inside the collection chamber.

When the tube is lowered, the filering basket with
the emanating [228Th]barium stearate becomes posi-
tioned inside the bottle. The decay products from the
emanated 220Rn, 212Pb and 2l2Bi, deposit on the walls
of the bottle. After an appropriate collection time, the
tube is pulled up, placing the 228Th source in the upper
compartment, and the gate valve is closed. The
polyethylene bottle is then removed and the radio-
activity easily washed off with a suitable solution.

Results

Filter membrane packets with [228Th]barium
stearate with 228Th at the kBq level have shown
unchanged emanation ability for 220Rn during 1 yr.
At higher radioactivity levels, however, a loss in
emanation ability was observed during this period.
The generator has been operated with 40-50 MBq
(l.l-1.4mCi) of 228Th for 1 yr, and the total amount
of 212Pb that can be collected inside the polyethylene
bottle at saturation has decreased from 50 to 11 % of
the 228Th radioactivity.

About 70% of the radioactivity inside the
polyethylene bottle can be easily washed off with
approx. 30 ml of distilled water. By increasing the
ionic strength of the washing solution or by adding
a chelating agent, the yield increases. With a 1.0 M
NaCl solution, 99% of the 2I2Pb can be washed of the
walls of the bottle. No contamination from 228Th or
224Ra outside the filter membrane packets has been
detected.

Despite the relatively strong 228Th source, no de-
tectable leakage of any kind of radioactivity out of
the generator has been observed.

Discussion

The obvious advantage of the this generator com-
pared to those based on ionic exchange is the ease of
operation. It does not require experienced chemists
for safe operation and handling. The two compart-
ments of the generator, one for collection and one for
storage, combined with the possibility of decreasing
the inside pressure, gives the generator a high degree
of radiation safety. Moreover, the system is static
with the long tube as the only moving part, and
therefore the only regular maintenance required is
lubrication of the tube and the O-rings by a silicon
based grease. This operating simplicity diminishes the
probability of accidents and improves the radiation
safety.

Since the 2l2Pb and 212Bi can be removed nearly
quantitatively from the walls of the polyethylene
bottle after a few minutes washing, it may be con-
cluded that implantation of 212Pb into the plastic due
to recoil in the 2l6Po decay is of no importance.

The dismounting of the filering basket from the
tube is simple, and the [~8Th]barium stearate packets
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36 mm

Tube

Vacuum
Pump

0-ring

Tube passage

O-ring

Threads connecting the tube
to the filering basket

Filering basket containing

the^Thjbarium slearate
Diam. 30 mm

Housing (upper) chamber
Diam. 44 mm

Centering ring and Clamp

Toggle
lever

Centering ring and Clamp

Kl Centering ring and Clamp

140 mm 120 mm

Inner diam. 31 mm

polyethylene bottle

Collection (lower) chamber

70 mm

Fig. 2. The design of the generator showing functional details and operating mechanism.
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Fig. 3. A picture of the generator.

are easily replaced. If desired, it is easy to introduce
safety obstacles to prevent unintentional dismounting
of the 228Th source or free exposure to the surround-
ings.

In conclusion, this generator produces 212Pb and
212Bi without any contamination from the parent
nuclides. It has a high degree of radiation safety,
needs very little maintenance and is simple to operate.
The decreasing yield of 212Pb and 2i:Bi is due most
likely to radiation damage of the stearate or the filter
membranes. Methods for regaining the emanation
ability will be investigated.
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novel bone seeking alpha-emitting radiopharmaceutical
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Summary

At present, haematological toxicity is dose limiting in radionuclide therapy of bone

metastases, and there is a need for radiophannaceuticals with improved tumour/bone

marrow dose ratios. Therefore, a-emitters e.g. 212Bi may be more suitable than p-emitters,

because of the short range and high LET values of a-particles. In this study, 212Bi and its

mother nuclide 212Pb were produced in an isotope generator by collecting gaseous ""Rn

emanating from barium (22*Th) stearate. The carrier-free 212Pb/212Bi were bound to the

chelating bone-seeking compound ethylene-diamine-tetra(methylene-phosphonic acid)

(EDTMP) with 90% yield. The biodistribution in Balb/c mice was investigated by injecting

100 [A of a saline PBS buffer 0.020 M in EDTMP and 10 MBq/ml in 212Pb/212Bi. Mice

were killed in groups of three at 0.5, 2, 13 and 24 h post-injection times. Both 212Pb-

EDTMP and 212Bi-EDTMP localised strongly in the skeleton, especially in the femur, at all

time points measured, with the % of injected dose per gram (%ID/g) as high as 15 for 212Pb

and 13 for 212Bi. All other organs investigated showed low uptake of both radionuclides,
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with the exception of the kidneys, for which a ratio femur/kidney of 1.5 for 212Bi 2 h post-

injection was observed. By comparison the ratio femur/blood was 20 for 212Bi 2 h post-

injection. The experiment indicates a potential for 212Pb/2l2Bi-EDTMP in targeted

radiotherapy of osteoblastic bone lesions.

Key words: a-emitters, 212Pb-EDTMP, 212Bi-EDTMP, radiotherapy.

Introduction

For some years, compounds labelled with a-particle emitters have been investigated

as potential tumour therapeutic agents (1,2). Heavy charged particles, such as a-particles,

leave densely ionized tracks when traversing matter. This is expressed in their high LET

value, which is typically of the order of 100 keV//«n. This value gives an optimal

radiobiological effect (3). By comparison, p-particles are low LET radiation, with

characteristic values around 1 keV//^m. There are several biological consequences of this

difference in LET. Firstly, there is a much higher likelihood of cell inactivation with a-

particle radiation, due to higher probability of irrepairable cell damage, expressed as a high

RBE value. Another aspect is that the fraction of hypoxic cells in a tumour are more

radiation resistant than oxygenated cells when low LET radiation is used for therapy. This

difference in radiation resistance does not exist for high LET radiation (3). There is also

a relatively high probability that a single a-particle traversal of a cell nucleus causes cell

death (4,5).

An important characteristic is the short range of a-particles, about 50-100 fan in

tissue. Thus, small clusters of tumour cells and single cells can be irradiated with little

damage done on surrounding healthy tissue. This is particularly important when tumour

cells are close to radiation sensitive cells, e.g. in tumour-cell infiltrated bone marrow.

There are a limited number of a-emitters suitable for radiotherapy (6). The most

promising are 21JAt and 212Bi. 2uAt has a physical half life of 7.22 h, but can only be
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produced in an accelerator. 2l2Bi, with a physical half life of 60.6 min, occurs in a natural

disintegration series starting with 232Th. Both of these nuclides decay to stable lead isotopes.

In contrast to 211At, 212Bi can be produced at relatively low cost by different types of

generators (7,8). Since 60.6 min half life may be too short for many radiotherapeutic

applications, there is a possibility of creating an in vivo 212Bi generator by alternatively

using the mother radionuclide, 212Pb. 212Pb decays with a low energy p-particle to 212Bi,

with a physical half-life of 10.6 h. The decay chain from 212Pb to stable 208Pb is shown in

Fig. 1.

212 Pb

Figure 1. The figure shows the branched decay scheme from 2I2Pb to stable 208Pb.

Experience with tumour targeting vehicles labelled with 212Pb and/or 212Bi in

biological systems is relatively sparce. Most experiments so far have dealt with the

properties of different monoclonal antibodies labelled with 212Bi by means of different

chelating agents. Promising therapeutic effects have been obtained with intraperitoneal

injection in a murine T-cell lymphoma model (9) and in a virus-induced murine leukemia

model (1,10). The two latter experiments also showed that stable in vivo complexes with

bismuth can be obtained with chelating agents.

In another study 212Pb was co-precipitated with Fe(OH)2 and administered into the

peritoneal cavity in a murine ovarian cancer model. Ascites production was strongly

reduced and survival prolonged (11). Thus, the results so far indicate that a-particles from
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212Bi may be useful in treatment of cancers which are restricted to the surface of a cavity,

to the liquid filling it, or free-floating tumour cells in blood and bone marrow. Systemic

delivery of ZI2Bi-labelled MoAbs to solid cancers does not appear to be a realistic option.

Even the 10.6 h half-life of 212Pb seems too short to obtain sufficient uptake in solid

tumours.

However, several compounds of low molecular weight concentrate in certain types

of solid malignant tissue much more rapidly than MoAbs do. Therefore, a third strategy for

the use of 212Bi is to bind it or its predecessor 2I2Pb to small chelating compounds

possessing high tumour affinity themselves. The absence of published experiments

following this strategy is astonishing.

A nigh percentage of patients with lung, breast and prostate cancer develop bone

metastases (12). The morbidity in this group of patients is substantial. 32P as orthophosphate

and 89Sr as SrCI2 have been administered intravenously as palliative agents, but their

application is restricted by bone marrow toxicity. For 89Sr an absorbed dose ratio for

metastases : red marrow of 10 is reported (13).

These high energy |3-emitters are therefore replaced by medium energy (3-emitters e.g.

153Sm, in attempts to improve the tumor/bone marrow dose ratio (14). Due to the properties

of a-particles, it seems likely that further improvements can be achieved with an a-emitter.

Carrier-free radioisotopes of Pb and Bi are not efficiently enriched in bone (15,16),

and therefore need a bone seeking carrier vehicle. As carriers, multidentate

aminophosphonate ligands have given promising results. The 1S3Srn-aminophosphonate

complexes have been shown to exhibit a high skeletal localisation, especially in regions

with high bone turn-over and osteoblastic lesions (17).

Most promising so far has been I53Sm-EDTMP, with a complex constant of

logK=22.39 (18). EDTMP is a compound with high bone affinity and at the same time a

strong complexing agent for numerous bi- or tri-valent cations (17,18). The 153Sm-EDTMP

complex is already in limited clinical use for palliative treatment of metastatic bone lesions.

Phase I/II trials have been positive, but with escalating dose, bone marrow suppression was
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limiting (14,19). This compound has also recently been used by one of the authors in the

treatment of a patient with an advanced therapy-resistant osteosarcoma (20).

Hence, 212Pb/212Bi-EDTMP was an obvious candidate for a new bone seeking cc-

emitting therapeutic agent. The aim of this study was to investigate its in vivo stability,

skeletal localisation, and biodistribution.

Materials and methods

Production of 2UPb

Carrier free 212Pb with a half life of 10.6 hours was produced in an isotope generator

as a daughter product of 228Th (t1/2= 1.9 y). The details of our generator will be published

separately (8). The 228Th source was purchased commercially as dry nitrate (Harwell, UK)

and co-precipitated with barium stearate following the procedure of Hursh and Lovaas (21).

Gaseous ^ R n (tw= 56 s) emanates rapidly from the barium stearate (22), and is collected

in polypropylene bottles filled with air at atmospheric pressure. The decay product of 220Rn,

212Pb, deposits on the walls of the bottle, from where it can be easily extracted with more

than 70 % yield with distilled water. If a complexing agent is present in the solution, more

than 90 % can be extracted. The aquatic solution of 212Pb and its daughter nuclide 212Bi can

then be used in the prodution of the 212Pb/212Bi EDTMP complex.

Preparation of EDTMP

EDTMP was synthesised according to a Mannich-type reaction as outlined by

Moedritzer and Irani (23).

A concentrated HC1 solution was carefully added to stoichiometric amounts of

ethylenediamine and phosphorous acid and then heated to reflux temperature (aprox. 110-

125 °C). Thereafter a 100 % excess of aqueous formaldehyde solution was added dropwise

over the course of 1 hour. For optimum yield the reaction was carried out in aprox. 2 - 3

moles of hydrochloric acid per mole of ethylenediamine. After refluxing for an additional

period of 1 - 2 hours, the resulting EDTMP was filtered from the solution and purified by

three recrystallizations in distilled water.
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V 0 H HV°
: N — C H 2 — C H 2 — N :

X H(/\

Figure 2. Ethylene-Diamine-Tetra(Methylene-Phosphonic acid) (EDTMP)

Preparation of "W^Bi-EDTMP

To a solution of EDTMP with pH adjusted to 10 with NaOH was added the desired

amount of 212Pb/212Bi activity, and the mixture heated at 60 °C for 5 min. The product was

then purified from unbound activity by separating the complexed 212Pb/212Bi from

uncomplexed ^ P b / ^ B i on a 3 x 30 mm Chelex 100, 100-200 Mesh (Bio-Rad) chelating

column. The unbound 2WPb/"2Bi was then retained on the column, while the anionic

complexes were eluted in void with distilled water. To the EDTMP with complexed

212Pb/212Bi was then added a physiological sodium phosphate saline buffer. The final

solution was 0.020 M in EDTMP and 10 MBq/ml in 212Pb/212Bi. At the time of injection,

212Bi was in radioactive equilibrium with 212Pb.

Biodistribution experiments

Unanesthetized Balb/c mice, weighing 20 g, were injected (into the tail vein) with 70-

100 microliters of the 212Pb/212Bi-EDTMP solution. Shortly after the injection tetany was

observed in some of the animals, probably due to hypocalcemia caused by an overdose of

EDTMP. All the affected animals recovered within a few minutes. Mice were killed in

groups of three by cervical dislocation at 0.5 h, 2 h, 13 h and 24 h post-injection times.

Blood samples were drawn from the heart and weighed immediately after killing. In some

of the animals, urine was collected from the bladder. The animals were then dissected, the

tissue samples were weighed and the radioactivity content measured.
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Radioactivity measurement

Since a clear discrimination between 212Pb and 212Bi was essential, all radioactivity

measurements were performed on a calibrated high purity 50 % Ge y-ray detector

(Canberra) coupled to a multichannel analyzer (EG & Ortec). The 2I2Pb activity was

determined by measurement of its 238.6 keV (43.6 %) y-ray. To quantify the 212Bi content,

the intensity of the 583.1 keV (32.5 %) y-ray of its "^Tl daughter nuclide (tia= 3.07 min)

was measured at transient equilibrium with the parent. All radioactivity measurements of

the samples were compared to diluted standards, and thereby automaticaly corrected for

decay and differences in detector efficiency.

Results

Complexation yield

The yield of the carrier free ^ P b / ^ B i EDTMP complex after purification was 90 %

of the total activity in the original solution. No detectable complex dissociation was

observed over a 24 h period at pH 7.4.

Biodistribution in mice

Tables 1 and 2 show the % of injected dose per gram of organ at 0.5 h, 2 h, 13 h and

24 h post-injection times for 212Pb and 212Bi respectively. The data are also presented in

figs. 3-6. The ratios % ID/g cortical bone / % ID/g organs are given in Table 3 for 212Pb

and Table 4 for 212Bi.

A considerable affinity for bone was observed for both radionuclides at all time

points measured. Femur, skull and sternum were all investigated, and the highest values

were found in the femur. All the other organs investigated showed low uptake of both 212Pb

and 212Bi, with the exception of kidneys, which showed high uptake at every time point

measured. The renal clearance of 212Pb and 212Bi was high 2 h after injection, but had

decreased substantially 13 h after injection.

The highest uptake in femur was seen 2 h after injection. For 212Pb it was 14.5 % of

ID/g and for 212Bi it was 12.5 % ID/g (Tables 1 and 2). The kidney uptake of 212Bi and
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212Pb at this time point were 8.46 % ID/g and 2.40 % ID/g respectively. This gives a ratio

femur/kidney of 1.52 for 212Bi (Table 4). The ratios femur/blood and femur/liver for 212Bi

at this time point were 16.3 and 11.8 respectively (Table 4).

At the p=0.05 level there was no difference in % ID/g of 212Bi in femur when all the

measurement times were compared. Neither was there any significant difference in % ID/g

of 212Bi in the kidneys. There was however significantly more (p=0.02) 2I2Pb 13 h post-

injection than there was 0.5 h post-injection in femur, and significantly more 212Pb in

kidneys both 13 h (p=0.03) and 24 h (p=0.05) post-injection compared to 0.5 h post-

injection.

When the activity levels of 2I2Pb and 212Bi were compared, it was found significantly

more (p=0.04) 212Pb than 212Bi in femur 13 h postinjection, but this significant difference

was not observed for the other time points measured. At 2 h and 24 h, no conclusion is

possible due to higher uncertainties (p=0.45 and p=0.76, respectively). It was significantly

less 212Pb than 212Bi in kidneys 0.5 h (p=0.002), 2 h (p=0.003) and 13 h (p=0.001) post-

injection but not 24 h post-injection (p=0.08).

Discussion

As expected from biodistribution data of 153Sm-EDTMP (14,17,24), 212Pb/"2Bi-

EDTMP showed high renal clearance during the first minutes after injection. The rapid and

high uptake of 212Pb/2I2Bi-EDTMP in bone was also comparable to 1S3Sm-EDTMP. The

radioisotopes remained bound to the bone over a time-frame longer than two 212Pb half-

lives. In contrast to 1S3Srn-EDTMP (17) the uptake of 212Pb/212Bi in the kidneys was high,

and they were the only organs showing marked difference between 212Pb and 2I2Bi, with

212Bi as the highest.

Several explanations for the high kidney uptake of 212Pb and 212Bi may be possible.

The high values even after 13 h and 24 h showed that both radionuclides had a high

affinity to this organ when injected as EDTMP-complexes.
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Table 1.

Distribution of 212Pb in Balb/c mice in terms of % ID/g after injection of 70-100 fA of a

0.020 M solution of EDTMP with carrier free 212Pb/212Bi. Unless otherwise stated each time

point is the mean of three animals. Calculated standard deviation is given in parenthesis

after the mean value.

Organ

Blood

Spleen

Liver

Kidney

Heart

Lung

Brain

Stomach

Muscle

Femur

Skull

Sternum

Bladder

Urine

Intestine

Faeces

0.5 h

0.8(2)

0.39(14)

0.7(2)

2.3(5)

0.27 <">

0.9(3)

0.19'

1.2 »

0.23(8)

10.0(8)

3.7(3.9)

3.5(1.5)

--

--

--

--

2.0 h

0 . 8 "

0.38(13)

1.0(4)

2.4(9)

0.12(4)

0.5 W

n.s.

1.0(9)

0.5(4)

15(3)

8(1)

3.0(3)

5.0 w

2 - 1 0 2 <">

0.62 <"

19 <"

13 h

0 . 6 w

0.28(4)

0.71(10)

3.5(4)

0.08(3)

0.35(8)

0.09"

0.29(15)

0.3 <">

13.0(1.2)

9(4)

2.8(5)

n.s.

2.9 «

0.50 <"

1.5 «

24 h

0.53(13)

0.37(12)

0.8(3)

3.6(7)

0.17"

0.27(14)

n.s.

0.22 "

0.2*

10(6)

7(2)

2.8(6)

n.s.

n.s.

0.30 w

--

• Only one measurement significantly different from 0.

** Only two measurements significantly different from 0.

n.s. None of the measurements were significantly different from 0.

(a) Only one tissue sample

(b) Only two tissue samples
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Table 2.

Distribution of 2l2Bi in Balb/c mice in terms of % ID/g after injection of 70-100 /d of a

0.020 M solution of EDTMP with carrier free 212Pb/2I2Bi. Unless otherwise stated each time

point is the mean of three animals. Calculated standard deviation is given in parenthesis

after the mean value.

Organ

Blood

Spleen

Liver

Kidney

Heart

Lung

Brain

Stomach

Muscle

Femur

Skull

Sternum

Bladder

Urine

Intestine

Faeces

0.5 h

0.9(3)

0.6(3)

1.0(3)

7.6(1.2)

0.30 <•»

0.9(2)

0 .44 '

1.3*'

0.38 "

10.0(4)

4.1(4.3)

4(2)

--

-

-

-

2.0 h

0 . 7 "

0 . 4 "

1.1(3)

8.5(1.3)

0 . 3 "

0 . 7 6 <">

n.s.

1.2(1.1)

0 . 4 9 <">

13(3)

7.1(7)

2.7(4)

4. 7 00

2 - 1 0 2 <•>>

0 . 9 4 <"

23 «

13 h

n.s.

0.28(8)

0.64(10)

7.0(6)

0.11(2)

0.39(10)

n.s.

0.28(14)

0.3 <">

10.3(1.0)

8(5)

2.3(7)

n.s.

23 w

0.56 <"

6.4 «

24 h

0.7(3)

0.5(3)

0.8(2)

7(2)

n.s.

0 . 5 '

n.s.

0.34"

0.1*

8(4)

5.7(1.2)

2.5(4)

n.s.

n.s.

0.63 "

-

* Only one measurement significantly different from 0.

** Only two measurements significantly different from 0.

n.s. None of the measurements were significantly different from 0.

(a) Only one tissue sample

(b) Only two tissue samples
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Table 3.

Distribution of 212Pb as the ratio of % ID/g for femur / % ID/g for organ. Unless otherwise

stated each time point is the mean of three animals. Calculated standard deviation is given

in parenthesis after the mean value.
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Organ

Blood

Spleen

Liver

Kidneys

Heart

Lung

Brain

Stomach

Muscle

Femur

Skull

Sternum

Bladder

Urine

Intestine

Faeces

0.5 h

13(4)

28(7)

16(4)

4.5(7)

36 th'

13(5)

51*

11 »>

46(11)

1

5(3)

3(2)

--

--

--

--

2.0 h

2-10' *>

4-101 (3401)

17(8)

7(3)

1.4402(840 ])

3-101 <">

n.s.

3401 (2401 )

540 1 (5401 )

1

1.8(5)

4.94(14)

5.6<>"

0.3 w

29 M

0.94 ("

13 h

2.10i w

47(9)

19(3)

3.7(6)

1.7402(7-101)

38(7)

1.4-102 '

640' (4401 )

8401 w

1

1.6(8)

4.7(6)

n.s.

4.1 w

29 »

7.9 «

24 h

18(6)

25(7)

12(3)

2.6(1.0)

49*

36(6)

n.s.

4 9 "

6401 "

1

1.4(5)

3.4(1.2)

n.s.

n.s.

4 5 <">

--

* Only one significant measurement.

•* Only two significant measurements,

n.s. No significant measurement.

(a) Only one tissue sample

(b) Only two tissue samples
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Table 4.

Distribution of 212Bi as the ratio of % ID/g for femur / % ID/g for organ. Unless otherwise

stated each time point is the mean of three animals. Calculated standard deviation is given

in parenthesis after the mean value.

Organ

Blood

Spleen

Liver

Kidney

Heart

Lung

Brain

Stomach

Muscle

Femur

Skull

Sternum

Bladder

Urine

Intestine

Faeces

0.5 h

12(5)

20(8)

10(3)

1.3(2)

34 w

10(2)

2 3 '

10 w

2 8 "

1

4(3)

3(2)

--

--

--

--

2.0 h

2-101 "

8-101 "

12(4)

1.5(6)

1-102 "

24 W

n.s.

19(15)

33 0"

1

1.8(3)

4.7(1.4)

3.7 w

0.2 w

17 <•>

0.69 <"

13 h

n.s.

40(14)

16(3)

1.5(3)

9-101(2-101)

27(5)

n.s.

4-101(3-101)

7-101 »>

1

1.5(8)

4.6(1.1)

n.s.

0.40 «

20 w

1.4 <"

24 h

13(4)

18(5)

11(2)

1.2(2)

n.s.

3-101 *

n.s.

58*

M02 *

1

1.4(4)

3.3(1.0)

n.s.

n.s.

1 6 "

--

• Only one significant measurement.

•* Only two significant measurements,

n.s. No significant measurement.

(a) Only one tissue sample

(b) Only two tissue samples
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% ID/g in different organs 0.5 h post-injection

Blood Spleen Liver Kidney Stomach Lung Femur Skull Sternum

Organ

Figure 3. The % ID/g of 212Bi-EDTMP and 212Pb-EDTMP in different organs at 0.5 h

post-injection.

ID/g in different organs 2 h post-injection

Blood Spleen Liver Kidney Stomach Lung Femur Skull Sternum

Organ

Figure 4. The % ID/g of 212Bi-EDTMP and 212Pb-EDTMP in different organs 2 h

post-injection.
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ID/g in different organs 13 h post-injection

Blood Spleen Liver Kidney Stomach Lung Femur Skull Sternum

Organ

Figure 5. The % ID/g of 212Bi-EDTMP and 212Pb-EDTMP in different organs 13 h

post-injection.

% ID/g in different organs 24 h post-injection

OJO

Blood Spleen Liver Kidney Stomach Lung Femur Skull Sternum

Organ

Figure 6. The % ID/g of 212Bi-EDTMP and 212Pb-EDTMP in different organs 24 h

post-injection.
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The Bi/Pb ratio showed that some of the 212Bi in the kidney must have another origin

other than the decay of 212Pb already localised in this organ. This extra 212Bi contribution

was probably due to rupture of the complex in the p-decay of 212Pb to 212Bi. This is

consistent with observations of Mirzadeh et al. (25), who reported that for 212Pb complexed

to DOTA, 36 % of the nuclear transitions from 212Pb to 212Bi induced rupture of the 212Bi-

DOTA complex, due to electronic excitations after conversion electron emission. This

interpretation was supported by the fact that at 0.5 h, there were almost equal amounts of

212Pb and 212Bi in femur, but at 13 h post-injection there was significantly less 212Bi

compared to 212Pb. At 13 h post-injection all the 212Bi-EDTMP initially injected had

decayed. This implies that all 212Bi activity must have been produced in vivo from the 212Pb

mother nuclide, while at 0.5 h post-injection the major contribution was from the 212Bi-

EDTMP injected.

The high uptake of 212Pb and of 212Bi at 0.5 h can not be explained that way, but must

be due to the chemical in vivo behavior of the EDTMP complexes. There were no

indications for a lower in vivo chemical stability of 212Pb-EDTMP compared to 212Bi-

EDTMP, although this could have been expected because of the different valence of Pb(II)

and Bi(III).

A biodistribution study in rats of carrier free ^ B i showed that bismuth mainly

located in the kidneys (15). The reported ratio kidney/bone was of the order of 100, 2 h

post-injection, in contrast to the kidney/femur ratio of only 0.7 found in the present study

2 h post-injection. Thus, it was clear that most of the 212Bi produced in vivo from 212Pb-

EDTMP remained bound to the bone. The somewhat higher levels of 212Bi/212Pb in blood

and other organs compared to I53Sm-EDTMP could be due to the fact that 2I2Bi/212Pb were

carrier free.

A study with intravenously injected carrier added 203Pb as PbCl2 (16) showed a

distribution pattern in soft tissue similar to this study, but with only 1-2 % of injected dose

per gram observed in different bone structures. This is also clearly different from the bone

localisation observed by us.
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Distribution experiments in mice and rats with 14C labelled 3-amino-l-

hydroxypropylidene-l,l-bisphosphonate (APD) showed that the ratios bone/liver and

bone/kidney decreased as the injected amount of APD increased (26,27). Since the injected

amount of EDTMP in this study was approx. 40 mg/kg, there is a possibility that more

favourable ratios can be obtained with lower EDTMP concentrations. This will most

likely prevent the tetany observed in some of the animals.

Even if the ratios bone/organ were slightly inferior to those observed for 153Sm-

EDTMP, they exceeded 10 for all the investigated organs except for kidneys. The bone

localisation of ^Bi/^Pb-EDTMP was fast compared to the physical half-life of the

radionuclides. Importantly these ratios will be much more favourable for metastases

inducing pathologically enhanced bone turn-over. Ratios tumour bone/normal bone for

organic phosphonates are reported as high as 10-20, in bone lesions which are due to

metastatic deposits in the skeleton (13) as well as in the "malignant bone" synthesised in

osteoblastic osteosarcomas (20). For the latter, the pathological bone formation is a

characteristic feature of the tumour cells themselves. Hence, it is possible that an cc-emitting

bone seeking radiopharmaceutical could be an important achievement in the treatment of

this disease.

A decrease of the high initial dose to the renal clearance system may probably be

achieved by injecting purified 212Pb-EDTMP. 212Pb will produce the a-emitter 212Bi to 50

% saturation at 1 h, and since the important contribution to the dose is from 2I2Bi, there

will be a dose build-up during the first few hours. Distribution data of li3Sm-EDTMP in

rats have shown that 80 % of the total excretion is done in the first 30 min (17), during

which time the major part of the excreted EDTMP complexes would be very mildly

radiotoxic 212Pb-EDTMP, with the clear consequence that the dose to the renal clearance

system is lowered. Since the kidneys seems to be the only critical organ, ways of reducing

the kidney uptake should be exploited. Other multidentate aminophosphonate ligands may

show more suitable properties than EDTMP as bone seeking agents for 212Pb/212Bi.
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In conclusion, the present study has shown that the bone seeking properties of

212Pb/212Bi-EDTMP are good, with the kidney as the apparently sole problematic organ. The

biodistribution of the compound is substantially different from free Pb and Bi. Further

experiments will be conducted to clarify the potential for therapy of bone lesions or

osteosarcomas with ^ P b / ^ B i bound to EDTMP or similar compounds.
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ABSTRACT. The synthesis and in vivo stability of the bone seeking a-particle emitting

compounds 212Bi-DOTMP and 212Pb/212Bi-DOTMP are described. 2I2Bi-DOTMP, injected i.v.

into Balb/c mice, showed prominent bone localization and a rapid clearance from blood and

other organs. Femur/blood ratios increased from 13 at 15 min up to 490 at 2.0 h post

injection. Enhanced uptake of 212Bi-DOTMP was demonstrated in regions with high bone

turnover. A comparison between 212Bi-DOTMP and [153Srn]Sm-EDTMP showed essentially

no differences in biodistribution. 2l2Pb/212Bi-DOTMP followed a similar biodistribution,

except for slightly elevated levels of 212Bi in the kidneys. The present study has shown 212Bi-

DOTMP to be an in vivo stable bone seeking radiopharmaceutical with promising biological

properties for the treatment of sclerotic metastases and osteoblastic osteosarcoma.



INTRODUCTION

In recent years the focus on radiolabeled molecules as tumor therapeutics has increased (25).

The reason for this interest is the high affinity and specific in vivo tumor targeting observed

for several of these compounds. In particular, some smaller molecules (< 1 kda) have been

shown to give high target to non-target tissue ratios shortly after injection (1,2,17).

Metastases to the skeleton from prostate, breast and lung cancer is a frequent and

painful condition. The malignant cells induce pathological bone turnover by osteoclast

activation, and in some cases pronounced bone formation by osteoblasts occurs at metastatic

sites. Some bone-seeking radiopharmaceuticals accumulate rapidly and with strong

enrichment after i.v. injection in regions with osteoblastic activity (19,21). For instance,

patients treated with [153Sm]Sm-EDTMP, a tetraphosphonate labeled with a P-emitter,

frequently experience pain relief (1,5). In one clinical study, lesion/normal bone ratios of 4

were found for the diagnostic radiopharmaceutical "mTc-HDP and for [153Srn]Sm-EDTMP (6).

The total skeletal uptake of [153Sm]Sm-EDTMP varied from 40 to 90 percent of the injected

dose (% ID) (6).

New bone formation is also a characteristic feature in a majority of osteosarcomas. In

this case the tumor cells themselves produce osteoide, and primitive bone is deposited in the

intercellular matrix. Both primary tumors as well as bone and soft tissue metastases produce

primitive bone matrix, and "intense hot spots" are observed on conventional diagnostic bone

scans (""Tc-MDP) (4,26) The radioactivity contents in samples from osteosarcoma

metastases and various normal tissues obtained at surgery 16 hours after injection of "'"Tc-

MDP have been measured (4). Tumor/normal bone ratios of 5-10 and metastases/normal lung

ratios as high as 100-300 were found. Hence, bone-seeking compounds are interesting



candidates for therapy of this type of tumor. In a study by Lattimer et al. (20), forty dogs with

bone tumors received [153Sm]Sm-EDTMP and 80 % responded positively to the treatment.

Recently Bruland et al. (3) have reported the successful use of [I53Sm]Sm-EDTMP as

palliative treatment in a patient with inoperable relapsing osteosarcoma, and also reported a

case with combined therapy in a dog with osteosarcoma (23).

In treatment employing bone-seeking radiopharmaceuticals labeled with p-emitters,

the dose limiting factor has always been bone marrow toxicity (1,5,14). By replacing P-

particles with a-particles one might achieve better dose deposition on the target and less

damage to the surrounding radiation-sensitive bone marrow. The a-particles from 212Bi leave

densely ionized tracks when traversing matter and have LET values close to the theoretical

optimum of 100 keV/|im (11). Compared to the P-emitters, which have LET values of

approximately 1 keV/|im, the difference in energy deposition per decay and cell is

considerable. Due to this difference, a-particles are much more efficient for cell sterilization

than P-particles. Furthermore, the dose-survival relationship of cells irradiated by a-particles

is virtually independent of dose rate and oxygen content (11). Humm (15) has calculated the

probability for cell sterilization after exposing cells with P-particles from ^Y or with a-

particles from 211At. In a theoretical system with surface bound radioactivity on single cells,

he found that 99 % cell death required 300 a-particles bound per cell in contrast to 361000 P-

particles per cell. In fact, even a single a-particle traversal of a cell nucleus has a high

probability of killing the cell (7).

The ranges of the a-particles from 212Bi are only 60-90 (am (a few cell diameters),

considerably shorter than p-particles. Considering the proximity of the bone surface to the

bone marrow cells, a further reduction in hematological toxicity may be accomplished by



changing to a-particle emitters.

The a-particle emitter 212Bi is the daughter nuclide of 212Pb, which is readily available

from a ""Th generator (12). The physical half-life of 212Bi is only 1.0 h. Thus, if this

radionuclide is to be used directly, rapid tumor enrichment and clearance from blood and

non-target organs are imperative. Since a 1.0 h half-life may be too short, the use of the

precursor 2l2Pb (tm = 10.6 h), a pure low energy (J-emitter might be a possible alternative.

Biodistribution studies of [1S3Sm]Sm-EDTMP in rats showed that skeletal localization

and clearance from blood and organs are achieved within minutes following injection (8).

Studies in patients given [153Sm]Sm-EDTMP for palliative treatment of bone metastases

showed that the radiopharmaceutical was predominantly cleared from blood by an initial 5.5

min half-life during the first 30 min (1). It therefore seems possible that sclerotic bone

metastases and osteoblastic osteosarcoma are suitable candidates for a-particle targeted

radiotherapy with 212Bi, provided that the radionuclide can be stably attached to a bone-

seeking vehicle. In a previous paper we investigated the biodistribution of 212Pb/212Bi-EDTMP,

which showed good bone localization but with relatively high kidney values of 212Bi (13).

Since this biodistribution study showed 212Pb/212Bi-EDTMP to have rapid kinetics, in vivo

stability of 212Bi-EDTMP was investigated, but EDTMP was found to be an unsatisfactory

chelator for 212Bi (unpublished data). Thus, in search for an in vivo stable chelator for 2I2Bi, we

have in this paper explored the usefulness of DOTMP.

MATERIALS AND METHODS

Synthesis of DOTMP and EDTMP

The tetraphosphonates DOTMP (l,4,7,10-tetraazacyclododecane-l,4,7,10-tetra(methylene-

phosphonic acid)) (figure 1) and EDTMP (ethylene-diamine-tetra(methylene-phosphonic



acid)) were synthesised according to a Mannich-type reaction as outlined by Moedritzer and

Irani (24). For the synthesis of DOTMP, described by Simon et al. (29), 250 mg of 1,4,7,10-

tetraazacyclododecane and 492 mg of phosphorous acid was dissolved in 5 ml of 4 M HC1

and heated to reflux temperature (-105-110 °C). Thereafter 1.0 ml (100 % excess) of a 37 %

aqueous [14C]formaldehyde (NEN research products) solution was added in small amounts by

a 1.0 ml syringe over the course of 1 hour. After refluxing for additional 2 hours, the reaction

mixture was allowed to cool to room temperature, then evaporized on a rotavapor to a reddish

brown oil-like substance, dissolved in distilled water and subsequently precipitated by adding

acetone. This procedure was repeated three times and the final precipitate was dissolved in

2.5 ml distilled water and pH adjusted to 0 by adding HC1. Seed crystals were added and the

solution was stored at approximately 4°C. After a few days white crystals had formed at the

bottom of the beaker. The crystalized DOTMP was further purified by one recrystallization in

1 M HC1, and dried in a desiccate for two days. The final product had a specific 14C activity of

0.25 GBq/mole (6.7 mCi/mole), determined by liquid scintillation counting (Beckman LS

6500).
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FIG. 1. Structure of DOTMP (l,4,7,10-tetraazacyclododecane-l,4,7,10-tctra(methylene-
phosphonic acid))



The synthesis of EDTMP followed the reaction sequence outlined for DOTMP but

with ethylenediamine instead of 1,4,7,10-tetraazacyclododecane and ordinary formaldehyde

instead of [14C]formaldehyde. EDTMP crystalized directly out of the reaction mixture, and

was purified by one recrystallization in 1 M HC1.

All non-radioactive chemicals were purchased from Fluka chemical company and

NMR spectra (!H and 31P) were obtained in D2O, NaOD using a Varian 200 MHz instrument. 1

Preparation of radioconjugates

212Pb and 212Bi were obtained from a radionuclide generator (12), based on the principle of

collecting gaseous 220Rn emanating from barium stearate doped with ^Th. The 220Rn (t1/2= 55.6

s) is trapped in a 250 ml polyethylene bottle, where it decays to 2l2Pb (t]/2= 10.6 h). The 212Pb

deposits on the walls of the bottle and can be easily washed off with an appropriate solution.

Since 212Pb is the precursor of the a-particle emitter 212Bi (tl/2= 60.6 min), the solution will

contain both radionuclides.

2l2Bi-DOTMP. To obtain pure 212Bi-DOTMP the polyethylene bottle was shaken with 5

ml of 0.1 M HNO3 for 5 min. By this method 212Pb/212Bi were washed off to more than 90 %

yield. This solution was eluted through a 2 x 10 mm column, containing the strong cation

exchange resin AG 50W-X4 (Bio-Rad), retarding 212Pb quantitatively. The column was then

washed with 0.2 ml of 0.1 M HNO3, and allowed to stand for more than two hours to ensure

that 212Bi was in equilibrium with 212Pb. Approximately 80 % of the 212Bi, with < 0.15 % 212Pb

contamination, was then eluted with 0.10 ml of 0.10 M HI, and added a solution of 0.20 M

DOTMP. The pH of the reaction solution was now 7, and the complexation reaction was

1 'H-NMR (D2O) EDTMP: 2.73 ppm (singlets, NCH2CH2N), 2.50, 2.56 ppm (doublets, NCflyP)
DOTMP: 2.71 ppm (singlets, NCtt,CH2N), 2.63, 2.69 ppm (doublets, NCH.P)

3'P-NMR (D2O) EDTMP: 17.6-17.9 ppm (triplets, CH,PO3)
DOTMP: 18.5-18.8 ppm (triplets,

6



allowed to proceed for 45 min at approximately 70°C. After dilution of the reaction solution

with distilled water and addition of sodium phosphate saline buffer to physiological

conditions, the final solution was 7 mM in DOTMP and 2 MBq/ml (0.05 mCi/ml) in 212Bi. It

is possible that the complexation kinetics of bismuth to the chelator may be slow. This has

been reported for DOTA (l,4,7,10-tetraazacyclododecane-l,4,7,10-tetra(methylene-acetic

acid) (16) which has the same structural backbone as DOTMP. Thus, to ensure complete

chelation of 212Bi to DOTMP, long reaction time, high reaction temperature and high DOTMP

concentration were applied. The biodistribution data (e.g. low kidney values) confirm the

complete chelation of 212Bi to DOTMP. A chromatographic system for separation of

uncomplexed 212Bi from 212Bi-DOTMP could not be developed, due to the complicated

aquaeous chemistry of bismuth.

inPb/ 212Bi-DOTMP. For chelation of the mixture of 212Pb and 212Bi to DOTMP, the

polyethylene bottle was washed with 30 ml of distilled water containing the desired amount

of DOTMP. After 5 min of shaking, approximately 90 % of the 212Pb activity was washed off

the walls. This solution was then concentrated on a rotavapor to approximately 1 ml and

added 1 M NaOH to pH = 8. After 15 min reaction time at approximately 70°C the solution

was eluted through a 2 x 10 mm Chelex 100 column to remove unbound 2I2Pb. After adjusting

to physiological conditions by adding sodium phosphate saline buffer, the solution was 10

mM in DOTMP and 4 MBq/ml (0.1 mCi/ml) in both 212Pb and 212Bi.

[ISSSm]Sm-EDTMP. The [153Sm]Sm was produced through neutron irradiation of

natural Srr^Oj by IFE at Kjeller, Norway, using a thermal flux of 1 x 1013 n/cm2s' for two

days. [!53Srn]Sm-EDTMP was prepared by dissolving the neutron activated natural Sm,O3 in

0.1 M HC1 and adding the desired amount of radioactivity to the EDTMP solution. After

adjusting the pH to 9 with 1 M NaOH, a reaction time of 15 min was applied. The solution



was then eluted through a 2 x 10 mm Chelex 100 column for removal of unbound

[153Sm]Sm3+ and then added sodium phosphate saline buffer to physiological conditions. The

final solution was 1.2 mM in Sm, 20 MBq 153Srn/ml (0.54 mCi/ml) and 13 mM in EDTMP.

Before injection, all solutions were filtered through a 0.2 micron sterile syringe filter

(Nalgene).

Biodistribution experiments

Unanesthetized Balb/c female mice were injected into the tail vein with 0.10 ml of either

2'2Bi-DOTMP, 212Pb/212Bi-DOTMP or the [I53Sm]Sm-EDTMP solution. The distribution of

212Bi-DOTMP were performed on three different age groups, weighing 15-16 g, 18-19 g and

25-26 g. The mice receiving 212Pb/212Bi-DOTMP weighed 18-19 g while [ls3Sm]Sm-EDTMP

was injected into mice weighing 15-16 g. The mice were killed by cervical dislocation and

blood samples from the heart/thoracic region were immediately obtained, followed by

removal of the various organs. Two different bone specimens were dissected, i.e. the femur

containing "growth zones", and the calvarium from the skull bone representing "flat bone".

All samples were weighed and the radioactivity content measured. The results are expressed

in terms of % of injected dose per gram (% HVg). The organ ratios are calculated by dividing

the % JD/g for femur with the % JD/g for the actual organ. The animal experiments were

performed in accordance with national regulations.

Radioactivity measurement

In order to discriminate between 212Pb and 2l2Bi in the samples containing both radionuclides,

the measurements were performed on a calibrated 50 % high purity Ge y-ray detector

(Canberra) coupled to a multichannel analyzer (EG & Ortec). The 2I2Pb activity was



determined by measurement of its 238.6 keV (43.6%) y-ray, and to quantify the 212Bi content,

the 583.1 keV (32.5%) y-ray from 208Tl at transient equilibrium with the parent was measured.

Samples containing pure 212Bi were counted on a NaI(Tl) scintillation detector coupled to a

sealer/timer unit (Nucl. Enterprises), whereas the activities from 153Sm were determined by

measurements of its 103 keV y-ray (78%) on a calibrated low energy Ge detector (Canberra)

coupled to a multichannel analyzer (EG & Ortec). All radioactivity measurement of the

samples were compared to diluted standards, and thereby automatically corrected for decay

and differences in detection efficiency.

Organs containing DOTMP were prepared for 14C counting by the following

procedure: Samples of whole blood (0.1-0.4 ml) were mixed in the counting vial with 1.0 ml

isopropanol/SOLUENE-350 1:1 mixture, and then added dropwise 0.5 ml of 35 % hydrogen

peroxide under gentle swirling. After 30 min at 40°C 15 ml of 0.5 M of HC1/INSTA-GEL 1:9

mixture was added to each vial. The bone samples (50-100 mg) were dissolved during 1 hour

at 80°C in a mixture containing 0.2 ml of 60 % perchloric acid and 0.4 ml of 35 % hydrogen

peroxide. After cooling all vials were added 15 ml of INSTA-GEL. The other organs were

dissolved by addition of 1.0 ml of SOLUENE-350 per 100 mg tissue, heated for 4 hours at

50°C, and then added 15 ml of INSTA-GEL. To avoid chemiluminescence, all vials were

allowed to stand for one day before counting. The measurement of 14C in blood and the

different organs are a direct measure of the DOTMP content. SOLUENE 350 and INSTA-

GEL were purchased from Packard Chemical Company, and the I4C measurements were

performed on a Beckman LS 6500 multi-purpose scintillation counter.



RESULTS

Biodistribution of mBi-DOTMP and "W'Bi-DOTMP

212Bi-DOTMP. The biodistribution data show that 212Bi-DOTMP is rapidly taken up in the

bone matrix with a fast clearance from blood and other organs. The maximum uptake of 212Bi

of 26 % ED/g was reached in the femur already 15 min after injection (Fig. 2). At this time

point the femur/blood ratio was 13, rapidly increasing to 190 and 490 at the 1.0 and 2.0 hour

time points, respectively. The rapid excretion is illustrated in Figure 3 by comparing the 2'2Bi

contents in femur, blood and lung. A comparison of the biodistribution of 2I2Bi-DOTMP with

the similar biodistribution study of [l53Sm]Sm-EDTMP revealed no differences in

biodistribution pattern. This is clearly seen in Figure 4 which shows the distribution at the 2.0

hour time point for both radiolabeled phosphonates. The 14C measurements confirm the

analogous biodistribution of the polyphosphonate DOTMP, and the radionuclide 212Bi, in

every organ studied and at all time points (Fig. 2). Urine was collected from the three animals

at the 1.0 hour time point, which spontaneously emptied their bladder at the moment of death.

Also here the contents of 212Bi and 14C were the same. The 212Bi values were 40, 4.0 and 33 %

ED, compared to 14C measurements of 39,3.5 and 32 % ID.

The 212Bi-DOTMP contents in the femur were lower in older animals compared to

young ones. The animals weighing 18-19 g had values in the range of 14 % ID/g and those

weighing 25-26 g had approximately 8 % ID/g. The uptake of 212Bi-DOTMP in the skull bone

showed much less age variation compared to the uptake of 212Bi-DOTMP in the femur. The

youngest mice, weighing 15-16 g, had about 11 % ID/g, while the mice weighing 18-19 g had

values in the order of 9 % ID/g, and the oldest, weighing 25-26 g, approximately 6 % ED/g.

The clearance of 212Bi-DOTMP from blood and organs in the older animals was not different

from the younger ones, but followed the same rapid pattern. The ratios femur/organ for the
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youngest and the oldest mice at the 1.0 hour time point are presented in Table 1.

Fe Sk He K Li Lu S> a LI. SI

Bl Fe Sk He Ki Lj Lu Sp St L.I. S.I.

Organ

FIG. 2. Biodistribution of i.v. administered 212Bi-DOTMP in Balb/c mice (15-16 g). The
amount of 212Bi and of 14C labeled DOTMP are plotted as % ID/g for several organs at
15 min, 1.0 h and 2.0 h after injection. Each animal received 0.10 ml of a solution 7.0
mM in DOTMP and 2 MBq 212Bi/ml (0.05 mCi/ml). Values are averages ± SE of three
mice. (Bl=blood, Fe=femur, Sk=skull, He=heart, Ki=kidney, Li=liver, Lu=lung,
Sp=spleen, St=stomach, L.I.=Iarge intestine and S.I.=smaIl intestine)
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FIG. 3. The clearance of 212Bi-DOTMP in Balb/c mice (15-16 g). The % ID/g values of
212Bi for femur, blood and lung are normalized to 1 at the 15 min time point. Values are
averages ± SE of three mice. (Animals at the 0.5 h time point weighed 18-19 g)

Bl Fe Sk He Ki Li Lu Sp St In

FIG. 4. A comparison between the biodistribution pattern of i.v. administered 212Bi-
DOTMP or [IS3Sm]Sm-EDTMP in Balb/c mice (15-16 g) 2.0 h after injection. The
animals received 0.10 ml of a solution which was either; 7.0 mM in DOTMP and 2 MBq
(0.05 mCi/ml) 2I2Bi/ml or; 13 mM EDTMP, 1.2 mM Sm* and 20 MBq 1S3Sm/ml (0.54

mCi/ml). Values are averages ± SE of three mice. (Bl=blood, Fe=femur, Sk=skull,
He=heart, Ki=kidney, Li=liver, Lu=lung, Sp=spleen, St=stomach and In=intestine)
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Table 1. Ratio femur/organ of 212Bi-DOTMP in young and old female mice.

Organ

Blood
Skull
Heart
Kidney
Liver
Lung
Spleen
Stomach
Large Intestine
Small Intestine

Young mice

190 (30)
2.19 (0.13)
190(15)
17(2)
120(10)
112(6)
170 (60)
142 (9)
142 (7)
180(40)

Old mice

73 (12)
1.27 (0.05)
100 (20)
4.9 (0.5)
75(2)
59(6)
74(9)
50 (20)
62 (14)
27 (10)

The table shows the ratio femur/organ of 212Bi in Balb/c female mice from two different age
groups. The young mice weighed 15-16 g, and the old mice weighed 25-26 g. The ratio is
calculated by dividing the % ID/g for femur with % ID/g for the specified organ. Each animal
received 0.10 ml of a solution 7.0 mM in DOTMP and 2 MBq (0.05 mCi/ml) 212Bi/ml. Values
are averages of three mice with SE in parenthesis.

2nPb/ 212Bi-DOTMP. The biodistribution pattern of the tetraphosphonate DOTMP

complexed with the mixture of the two radionuclides 212Pb and 212Bi was quite similar to 2l2Bi-

DOTMP. The enrichment of both radionuclides in the bone matrix was fast, together with a

rapid clearance from blood and other organs, with the uptake of 212Bi in the kidneys as the

only exception (Fig. 5). The blood levels were 0.6 % ID/g at the 30 min time point for both

212Bi and 212Pb, and decreased to 0.06 % ID/g for 212Bi and approximately 0.02 % ID/g for 212Pb

at the later time points. Even if the kidney values were high, the ratio femur/kidney always

exceeds 1, with values in the range 1.4 - 2.8.

The 14C measurements coincide with the measurements of both 212Pb and 212Bi except

for kidneys and bone. In the kidneys there were elevated levels of 212Bi compared to 2I2Pb and

14C at all time points. In the femur at the 30 min time point, the 212Bi and !4C levels coincided

(16 % ID/g and 18 % ID/g respectively), and were somewhat higher than the 212Pb level (10 %

ID/g). The 2I2Pb and 14C levels showed little change, but the 2I2Bi content dropped to a stable
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level of 6 % ID/g at the two later time points.

.D)

Q

B Fe 9< He K U Lu a> a In

Bl Fe Sk He Ki Li Lu Sp St In

Organ

FIG. 5. Biodistribution of i.v. administered 212Pb/212Bi-DOTMP in Balb/c mice (18-19 g).
The amount of 212Pb, 2UBi and 14C labeled DOTMP are plotted as % ID/g for several
organs at 0.5 h, 4.0 h and 24 h after injection. Each animal received 0.10 ml of a solution
10 mM in DOTMP and 4 MBq/ml (0.1 mCi/ml) in both 2I2Pb and 212Bi. Values are
averages ± SE of three mice. Blank columns represent radioactivity levels below
detection limit. (Bl=blood, Fe=femur, Sk=skull, He=heart, Ki=kidney, Li=Hver,
Lu=Iung, Sp=spleen, St=stomach and In=intestine)
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DISCUSSION

The aim of the present work was to produce an in vivo stable bone-seeking 212Bi-labeled

compound with rapid kinetics following i.v. injection.

2nBi-DOTMP. The biodistribution data of the radiolabeled polyphosphonate 212Bi-

DOTMP showed prominent enrichment in normal bone matrix and a rapid clearance from

blood and other organs. In vivo stability of 212Bi-DOTMP is evident from the fact that

identical biodistribution patterns between 2!2Bi and 14C labeled DOTMP were found.

Furthermore, these results show that 212Bi is deposited in the bone as intact 2l2Bi-DOTMP

complex. The high stability of 212Bi-DOTMP was further corroborated by the low kidney

values. Several groups have shown that approximately 50 % of injected uncomplexed

bismuth (HI) is retained by the kidneys (10,28,30). Hence, if the compound had been

unstable, very high kidney values and lower bone values would have been observed.

To better assess the bone-seeking ability and clearance, 212Bi-DOTMP was compared

with 153Sm[Sm]-EDTMP in a biodistribution study in mice of the same age. We found

essentially no differences in biodistribution patterns between these two compounds. Several

radiolabeled poly- and bis-phosphonates have been studied in rats (8) and 153Sm[Sm]-EDTMP

has been shown to be most favorable when comparing bone seeking ability and clearance

from blood and non-target organs. It is also reported that [!53Srn]Sm was complexed to

EDTMP in urine samples (9), demonstrating in vivo stability of [153Srn]Sm-EDTMP. In the

present study we found equal levels of 212Bi and 14C labeled DOTMP in urine samples,

indicating stability. Measurements of stomach and intestine with and without contents have

shown that 212Bi-DOTMP to some extent is excreted in the contents of these organs.

As expected, 212Bi-DOTMP levels in the femur were considerably higher than in skull

bone due to the presence of growth zones with high bone turnover in the femur. To further

15



investigate this contribution, bone values from older and younger animals were compared.

Clear differences between the different age groups were found. The weight difference

between the youngest and the oldest group were about 60 %, whereas the radioactivity

content was 3 times as high in femurs from the youngest group. The radioactivity levels in

skull bone varied no more than expected from the weight difference between the three age

groups. This clearly demonstrates that 2I2Bi-DOTMP targets to a greater extent to regions with

high bone turnover, such as the growth zones. Femur is a mixture of active and quiescent

regions. The uptake of 212Bi-DOTMP in osteoblastic ostesarcoma or sclerotic bone metastases

might therefore be considerably higher than any bone-value found in this study.

212Pbf"Bi-DOTMP. The intriguing possibility of in vivo generation of the oc-particle

emitter for therapy of osteosarcoma and bone metastases was investigated in a previous work

with a biodistribution study of 2I2Pb/2l2Bi-EDTMP (13). Compared to that compound,

212Pb/212Bi-DOTMP has better in vivo stability. This is evident from the lower values of 2I2Pb

and 212Bi in blood and organs, leading to considerably improved bone/blood and bone/organ

ratios. Thus, this study has showed DOTMP to be a better chelator than EDTMP for both lead

and bismuth.

In general, 212Pb/212Bi-DOTMP showed rapid bone localization and fast clearance from

blood and other organs with the exception of elevated levels of 2I2Bi in the kidneys compared

to 212Pb and DOTMP. This is not unexpected since Mirzadeh et al. (22) have shown that 36 %

of 212Bi-DOTA formed from P decay of 212Pb-DOTA is dissociated to free bismuth as a

consequence of the nuclear transformation. The 212Bi lost from the bone is efficiently trapped

in the kidneys, as expected from the biodistribution of uncomplexed bismuth (10).

Despite this problem, injection of pure 212Pb-DOTMP may be an alternative strategy.

Large amounts of the injected radiolabeled polyphosphonate are excreted in the first minutes.
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By this, the initial high dose to bone marrow and kidneys from the a-particles might be

reduced. However, already after approximately 3 hours the distribution of 212Pb-DOTMP will

be virtually the same as for an equilibrium mixture of 212Pb and 212Bi complexed with

DOTMP. In a recent work of Ruble et al. (27), a 212Pb-labeled monoclonal antibody was used

in the treatment of a murine erythroleukemia. Elevated levels of 212Bi in the kidneys did not

seem to give any observable toxicity. On the other hand, bone marrow toxicity was a serious

problem in this model. Another study by Huneke et al. (16) using the same tumor model and

the same antibody but labeled with 2I2Bi, bone marrow toxicity was not a problem. It therefore

seems likely that 212Bi lost from the chelator directly causes bone marrow toxicity. This may

limit the use of 212Pb-DOTMP.

In the present study the amount of 2I2Pb and 2l2Bi in the bone matrix were quite similar

at the 4.0 hour and 24 hour time points, indicating stable binding of 212Pb and stable binding

of the amount of 2l2Bi not lost from the bone in the nuclear transformation. The difference

between 2l2Pb and 212Bi in the bone specimens at the two later time points indicate that 70-85

% of the in vivo produced 212Bi is retained.

The close similarity between 14C-labeled DOTMP and 212Bi-DOTMP in the bone

matrix (Fig. 2) is not as clear when comparing "C-labeled DOTMP and 2I2Pb-DOTMP (Fig.

5). The slightly lower bone values of 212Pb-DOTMP may be due to lower bone affinity of the

compound or a chemical break-up of the complex. However, a chemical break-up is unlikely

since the kidney and liver values then would have increased considerably more (10,18).

Furthermore, there is close resemblance between the radioactivity content of '4C-labeled

DOTMP and 212Pb-DOTMP in the other organs. It therefore seems likely that Pb-DOTMP has

a slightly lower bone affinity compared to DOTMP and Bi-DOTMP.

In conclusion, we have shown the a-emitting tetraphosphonate 212Bi-DOTMP to be an
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in vivo stable bone-seeking compound. It is shown to rapidly enrich in regions with high bone

turnover, making it a possible candidate for the treatment of sclerotic bone metastases and

osteoblastic osteosarcoma. Due to the high LET and the short range of the a-particles,

knowledge of the microdistribution of Bi-DOTMP in normal bone and in tumor regions is

essential.
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Summary

Measurements of the sensitivity in water for the radioguided surgery system Neoprobe 1000

have been performed. Point sources of 125I, 153Sm and !65Er were measured with a geometric

accuracy of 0.1 mm. These measurements were performed with the detector uncollimated and

with two different collimators, and the results used to construct 3 dimensional sensitivity

matrices from which isosensitivity curves were made. The matrices were used to simulate the

probability to reliably detect tumorous foci of various sizes, at variable depth, and with variable



uptake ratios and activity levels of either of the three radionuclides investigated. Simulations

showed large improvements in tumour detection potential in favour of a conical collimator,

demonstrating that collimator design is of vital importance. In order to minimise the radiation

dose in diagnostic workup, a novel bone-seeking radiopharmaceutical, 165Er-EDTMP, has been

developed and tested. It showed rapid bone localization, especially in growth zones, and rapid

clearance from blood and non osseous tissues. The biodistribution was essentially similar to

153Srn-EDTMP. Based on these results and previous clinical data, the simulations predict that

lung metastases with radii of 1 mm might be reliably detected with the Neoprobe 1000 system,

if equipped with a suitable collimator.

Introduction

Radioguided surgery was introduced by Martin et al. [1] and has since then been used for

detection of metastatic tumour sites that have accumulated radionuclides [2]. Provided that a

high tumour/background ratio is achieved, the Neoprobe system allows the detection of small

tumours intraoperatively. It has successfully been used clinically for the detection and surgical

removal of metastases from different cancers accumulating 125I labelled monoclonal antibodies

(MoAbs) [3-7]. Recently, the Neoprobe 1000 system has also been used in our institution (The

Norwegian Radium Hospital) to detect lung metastases in patients subjected to thoracotomy

following 99mTc-MDP injection [8], and in patients who have received I53Sm-EDTMP for

treatment of osteoblastic osteosarcoma (unpublished).

There are two motivations for developing a new bone-seeking radiopharmaceutical for

radioguided surgery. Firstly, photons with high energies penetrate the tissue to a larger extent

than low energy photons. Therefore, the relative contribution from radioactivity in the bulk of

normal tissues surrounding the tumour increases with photon energy. Photon energies used for



y-camera scintigraphy, such as the 140 keV y-rays from 99mTc, are inappropriate for radioguided

surgery. For instance, in patients administered 99mTc-MDP, only palpable lung metastases larger

than 2 cm could be reliably detected with the Neoprobe 1000 system [8]. Secondly,

radionuclides used for diagnostic work should comply with the requirement of minimising

patient doses in diagnostic work. 153Sm-EDTMP is a bone seeking tetraphosphonate which

accumulates rapidly in the skeleton, especially in regions with high bone turnover, e.g. the

pathological bone matrix often generated by osteosarcoma [9] The rest clears rapidly from blood

and normal tissues [10]. 153Sm emits medium energy P-particles, y-rays of 70 and 103 keV and

Eu X-rays. The photon energies are more favourable for radioguided surgery than the 140 keV

y-rays from 99mTc, but the P-particles give an unnecessary radiation dose to the patient,

especially to the radiosensitive bone marrow.

To possibly improve the detectability of osteoblastic tumours and reduce the radiation

burden to the patients, we have therefore developed the novel bone seeking agent 165Er-

EDTMP. ' 5Er decays solely by electron capture with a physical half-life of 10.3 h to the stable

nuclide 165Ho, and can be detected through the 47 keV Ho X-rays. Since it only emits low

energy photons and Auger electrons, the use of 165Er instead of 153Sm should improve

detectability. Besides, the soft radiation and short physical half life will give a much lower

radiation dose per MBq of administered radioactivity. Obviously, it is a prerequisite that 165Er-

EDTMP has distribution characteristics and kinetics comparable to 153Sm-EDTMP.

The ability to detect small tumours in normal tissue depends on a number of different

factors, but most important are the physical characteristics of the probe and the biodistribution

(tumour/background ratio) of the radiopharmaceutical. Therefore, we have undertaken a

thorough investigation to establish the performance of the Neoprobe 1000 system when used to

detect tumours containing one of the three following radionuclides: 125I, 153Sm and I65Er, with
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and without collimation of the detector.

By measuring the sensitivity of selected combinations of probe, collimator and

radionuclide to a point source located at various positions in a tissue equivalent medium in front

of the detector, 3 dimensional sensitivity matrices can be constructed. The equally sized volume

segments (voxels) that constitute such a matrix may be made small enough to allow them to be

treated as point sources. Thus, it is possible to construct a model of the tumour and the

background tissues and to superimpose the contributions to the detected count rate from all the

voxels of the model. If the radioactivity distribution, in terms of MBq/voxel, can be specified

for the model, computer simulations of the Neoprobe 1000 performance may be done by

specifying the tumour/background ratio, the radioactivity level, and the tumour size and depth.

The calculations are simplified by the fact that the sensitivity is symmetric around the central

axis of the detector.

In principle, any source distribution of 125I, 153Sm or 165Er within a volume

corresponding to the size of the sensitivity matrices may be simulated in this way. It was

decided to simulate two realistic situations: the detection of osteoblastic lung metastases with

153Srn-EDTMP, 155Er-EDTMP and a I25I labelled bisphosphonate, and the detection of

colorectal cancer metastases with 125I labelled MoAbs.

Materials and methods

The experimental set up and data acquisition

The Radioguided surgery system, Neoprobe model 1000 (Neoprobe Corporation, Columbus,

OH) consists of a CdTe (semi-conductor) detector, a microcomputer-based control unit, battery

charger and a collimator. The detector is housed in a cylindrically shaped rod, 16 cm long and 2

cm diameter, with the frontal 3 cm bent at a 60° angle. The control unit is powered by a



rechargeable battery, and offers readout of counts either in a predetermined time interval or in

cps. It has the possibility of audible signals at certain predetermined count rate levels. The

energy window was set at 27-364 keV.

For each of the actual radionuclides of interest, characterization of the probe was

performed without a collimator, and with two different probe/collimator-combinations. The

original collimator from Neoprobe™ is made of tungsten and formed as a cylinder with a 5.5

mm central bore (Fig. 1). A conical collimator of lead was designed and manufactured as part of

this project. Its inner wall forms a cone that converges at the central axis, 10 mm from the front

surface of the collimator (Fig. 1). Collimators were fitted tightly onto the detector with two

rubber O-rings.

The measurements were performed in a container filled with water (a tissue-equivalent

medium).The container was shaped as a cube with sides 20 cm and with 7 mm thick perspex

walls. A point source holder was fitted tightly into a bore drilled into the perspex container in

the centre of its outside bottom surface. Point sources were prepared as described below and

positioned 4.0 mm below the inner surface of the container. The reading of counts in preset time

intervals was performed with the detector submerged in degased water. In order to avoid direct

exposure of the detector to water, a finger from a latex glove was stretched around the outside of

the detector and/or collimator and fixed with adhesive tape. This arrangement also corresponds

to the operative situation, where there is air inside the collimator.

The container with the point source in the bottom was positioned inside a stereotaxic 3

dimensional positioning device (David Kopf instruments, Tujunga, CA). The detector handle

was fixed to a support in such a way that the detector surface was kept parallel to the bottom

surface of the container. The detector and support could be moved manually with an accuracy of

0.1 mm along the x and y directions, parallel to this surface, as well as in the z-direction, by



means of three independent micrometer screws. Thus, the point source remained in the same

position during the data acquisition, while the detector was moved relative to it. The framework

with detector and container mounted is shown in figure 2.

The origin of the coordinate system was selected to be in the centre of the point source,

with the central axis of the detector coinciding with the z-axis when x = 0 and y = 0. This

position was determined by measuring the count rate at different positions along the x-axis and

y-axis (scanning). The exact x-axis and y-axis origin were found as the symmetry axis of the

count rate profiles.

In the following measurements, the detector movement was locked at y = 0, and scans in

the x-direction were considered to be scans along a radial coordinate r. This means that all

measurements referred to a cylindrical coordinate system (r,z) where r denotes the radial

distance from the central axis of the detector to the source, and z denotes the distance from the

source to the detector/collimator front along the central axis. These scans are equivalent to a

movement of the source to positions (r,z) relative to the centre of the frontal surface of the

detector/collimator. The measured sensitivity was expressed in terms of counts per second and

per MBq, denoted by Cr,z, for each of the radionuclides and collimators investigated.

For each combination of radionuclide and collimation, the measurement of Cr>2 was done

by systematically performing 15-20 r-scans for different values of z, and one z-scan along the z-

axis. The sealer unit was set at a counting interval from 5 to 100 seconds depending on the

count rate (varying from 104 to 1 cps) in the actual measuring position. The uncertainty in the

lowest count rates are high, but their contribution to the total detector count rate is marginal. All

the collected data were contained inside 50 x 50 mm2, with only 0.5 mm spacing between

adjacent counting positions in areas with high variation in count rate, and spaced up to 5 mm in

areas with little variation in count rate.



The radionuclides investigated for their suitability in intraoperative localization were all

in dilute solutions in the specific activity range 10-50 kBq/jil. The 125I was a sodium hydroxide

solution (pH 9-10) (Amersham, UK) and the 153Sm was a dilution of a batch of I53Srn-EDTMP

(MAP Technologies OY, Espoo, Finland). The 165Er solution was made by dissolving neutron

activated (WE, Kjeller, Norway) Er2C>3 in dilute hydrochloric acid. The Er2O3 was 65 %

enriched in 164Er (ISOTECH INC. Miamisburg, OH).

Approximate point sources of 0.1 - 0.3 MBq were prepared from these dilutions by

micro syringe injections of droplets into a shallow thin bore, 2.0 mm deep and 2.0 mm in

diameter, in an 8 mm high and 10 mm in diameter cylindrical polyacrylate (perspex) point

source holder. The point sources were evaporated to dryness with a hair dryer. A thin layer of

parafilm was stretched over the top of the point source holder to avoid any loss of radionuclide

and contamination of the equipment. One such point source holder was made for each

radionuclide.

The linear attenuation coefficients of photons from the nuclides were measured by

forming a beam of parallel photons by means of a piece of a y-camera low energy parallel hole

collimator (LEAP), and by inserting different thicknesses of perspex plates into this beam,

between the detector and the collimator.

Since the point source was positioned 4.0 mm below the bottom of the container, the

lowest 4.0 x 50 mm2 could not be covered by the technique described above. Additional z-scans

were performed in air with another point source holder containing I25I in a 1.0 mm deep bore,

but with the same 2.0 mm diameter. This point source holder was fixed with adhesive tape to

the bottom surface inside the container. To avoid leakage of radioactivity, the container was not

filled with water. In this way the additional 3.0 x 50 mm2 volume was scanned, leaving out only

the lowest 1.0 x 50 mm2. Since the measurements were performed in air instead of water, the



data points of the first 3 mm of the z-scan were corrected by multiplication with exp(-jid),

where jx is the linear attenuation coefficient for the actual photon energy, and d is the distance

from source to the detector/collimator front. Based on the overlapping part of each of the z-

scans, a scaling factor was calculated as the ratio of the mean values of three adjacent data

points. By use of the scaling factor these two parts of the z-scan were joined together.

Interactive Data Language (HDL) (Research System, Boulder, Colorado) was used as a

programming tool. For each combination of radionuclide and collimation, the measured count

rate in points (r,z) was interpolated into a two dimensional matrix Cr,z containing 100 x 200

points, corresponding to 50 mm in z-direction and spaced 0.5 mm apart. To carry out this

interpolation, the following method was used: Each radial scan was normalized to its value at r

= 0, giving the matrix C, z. Missing radial scans and missing data points within existing radial

scans were derived by linear interpolation between adjacent data points and between these

normalized scans. Finally, all the radial scans were multiplied by Co,z to form matrix elements

Cr,z = C0,z x C z. This procedure facilitated the interpolation and automatically corrected for

variation in counting efficiency due to battery discharge and decay of the point source. Due to

high count rates close to the source, the final matrix Cr,z was corrected for dead time (td) by

multiplication with the factor l/(l-tdCr,2). By measuring the count rate of a """Tc source

decaying in a fixed position in front of the detector, the dead time had been found to be 15 jis.

Plots of isosensitivity curves were obtained from Cr,z.

Once the count rate matrix Cr,z (count rate/MBq s) had been established, the count rate

response for any spatial source distribution/configuration in front of the detector/collimator

could be determined. We have so far only examined simple geometries where a spherical

tumour of a selected radius is located within a background tissue of selectable thickness dmax,

and at a selected distance d from the detector/collimator front. The simulated spherical tumour



has a radius equal to rt, located on the z-axis with centre in the origin. The additional count rate

contribution caused by activity in the tumour was numerically calculated as:

TCR(d,u,A,r,r,) = A(u-1) 2^ ZsVr.jCr.d+j <*>
j=-r, r=0

where d = tumour depth in pixel units, A = MBq/cm3 in the background region, u =

tumour/background uptake ratio and Vr,z is a matrix containing the volumes of the concentric

rings that the sphere was subdivided into. Up to a radius where the pixel is still completely

within the sphere surface, the height and width of each ring is equal to the pixel size p (0.5 mm).

The inner ring (r = 0) collapses to a cylinder with radius equal half of the pixel dimension, and

the volumes of the outer rings were calculated taking into account the curvature of the sphere.

The exact volume of a slice extending from zj to z2 is:

The volume of the outer ring was then calculated as the difference between the slice volume

(Vs) and the sum of the volumes of the rings at lower radii. Some of the elements of Vrj will be

zero since they correspond to regions outside the sphere. The background count rate caused by

activity in the entire volume was determined as:

Bid^, A) = J lX2nrp2 + A J " TtU) Co (3)

Since there is no tissue background contribution from the tumour volume, the additional counts

are proportional to (u-1). In the program code designed to calculate the absolute count

contribution from tumour and background, dmax, r,, d, u and A, could be arbitrarily selected by

the user.



As a criterion for a reliable positive detection of a tumour, we demand that:

-B = (k,-kz)>2a

i

where ki= TCR(d,u,1.0,r,), k2= BCdmax.l.O) and A = 1.0. Since a - (o^CR +O2
BY where aTCR

and aB are the standard deviations of the tumour count rate and the background count rate,

respectively, a may be expressed as:

( 5 )

Production and biodistribution of'65Er-EDTMP and 153Sm-EDTMP

The l53Sm-EDTMP and the l65Er-EDTMP used in the biodistribution study were made by

dissolving neutron activated natural S1TI2O3 and Er2O3 (WE, Kjeller, Norway) in dilute

hydrochloric acid and then adding EDTMP and sodium hydroxide to pH 8. After 5 min reaction

time the 153Sm-EDTMP and the 165Er-EDTMP were separated from uncomplexed 153Sm and

165Er by elution through 2x10 mm Chelex 100 columns. Phosphate buffer and sodium chloride

were added to the products to obtain physiological conditions. The final solutions were now 13

mM of EDTMP, 1.2 mM of either Er3+ or Sm3+, and 10 MBq/ml of either 165Er or 153Sm. All

solutions were filtered through 0.22 |im syringe filters (Nalgene) before injection.

The biodistribution was investigated in young Balb/c female mice weighing 15-16 g.

Each animal received 0.10 ml of either 165Er-EDTMP or 153Srn-EDTMP solution by i.v.

injection. At predetermined time points they were killed by cervical dislocation and blood

samples were immediately drawn from the heart. The blood samples and the organs of interest

were weighed and the radioactivity content was measured. To avoid counting of possible

neutron activated impurities of other lanthanides, the radioactivity measurements were
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performed on a calibrated Ge detector (Canberra) coupled to a multichannel analyser (EG &

Ortec). 165Er was identified by the 46.70 keV Ko2 and the 47.55 keV Kai X-rays from Ho, and

153Sm was identified by its 103 keV y-ray. The measurements of radioactivity in the samples

were compared to diluted standards of the injected solution, and thereby automatically corrected

for decay and differences in detector efficiency.

The data for tissue uptake and uptake ratio for 125I labelled MoAbs were taken from

Martin [2].

Results

Biodistribution ofmEr-EDTMP and 153Srn-EDTMP

The measurements in mice demonstrate that the novel bone-seeking radiopharmaceutical l65Er-

EDTMP localizes fast in the bone matrix with a rapid clearance from blood and other non-target

organs, and has a biodistribution similar to the bone-seeking radiopharmaceutical 153Sm-

EDTMP (Table 1). The data also show that accumulation of both radio labelled

tetraphosphonates are most prominent in the femur, which contains growth zones with high

bone turnover. Thus, it may be anticipated that 165Er-EDTMP could be useful in localisation of

osteoblastic lung metastases.

The bone/lung ratio at 2 hours is approximately 300 for 165Er-EDTMP (derived from

Table 1). Since tumorous bone may show a factor of 5-10 higher uptake than normal bone [8],

the tumour/lung ratio could clinically be even larger. The clearance in humans is slower, but

rumour/lung tissue uptake ratios of 100-300 have been observed with 99mTc-MDP in

osteosarcoma patients [8]. Since Goeckeler et al. [11] have observed faster clearance of 153Sm-

EDTMP than 99mTc-MDP in rabbits, even higher ratios may be expected with 153Srn-EDTMP.

Thus, an uptake ratio of 100 was used in the simulations of detectability of lung metastases, but
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even higher uptake ratios may be realistic.

hosensitivity plots and detectability curves

Figure 3 shows the isosensitivity plots for the different collimators and radionuclides. To

facilitate comparison, all these plots have been drawn with the same isosensitivity levels. When

a collimator is mounted on the detector, the count rates are lower due to longer distance from

the source to the detector, and the isosensitivity curves for a given radionuclide are markedly

compressed in the radial direction. This radial compression is most pronounced for the conical

collimator.

The model parameters determining the ability to detect tumours are the selectable

quantities in equation (1). Given the limitation of the two fields of application examined by us,

the most interesting variables are the tumour depth and the tumour size. We have preferred to

plot the tumour to background ratio (TBR), the ratio between contributions from tumour and

from the tissue background. Alternatively, one can plot the count rate caused by the tumour

(TCR). By plotting TBR and TCR as a function of tumour depth, a direct comparison between

the different radionuclides is possible (Fig. 4-6). This comparison cannot be performed from the

isosensitivity plots since the photon yields per Bq for the three radionuclides are not the same.

Figure 4 and 5 shows the simulated detection of osteoblastic lung metastases with

153Sm-EDTMP, 165Er-EDTMP and an unpublished 125I labelled bisphosphonate [12] represented

by plots of TBR(d) for two tumours with rt = 2 and 5 mm, t = 50 mm, and u = 100. These curves

allow a direct comparison among the three radionuclides, for cases where the detector is

equipped with the two different collimators or is used without collimator. They also give a

direct impression of the maximum depth at which a tumour may be reliable detected.

In figure 4 the TBR(d) curves for the three radionuclides are shown for the case of the
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conical collimator. The TBR(d) curve for 125I is the largest at shallow depth, meaning that there

is highest probability for detection of superficial micrometastases with !25I. At larger depths,

however, the differences between the TBR(d) curve for I25I, and the TBR(d) curves for 165Er

and 153Sm diminish. The TBRs for the large tumour are of course much higher than for the

small tumour, but the three curves run parallel in both plots. Thus, it is favourable to use 125I for

detection of small (rt = 2 mm) tumours at shallow depths, but as the tumour size increases, the

TBR increases considerably and the advantages of using I25I instead of 165Er or 153Sm diminish.

In figure 5, the TBR(d) curves for each radionuclide are shown for the cases where the

detector is used without collimation and with the original and the conical collimators,

respectively. Compared to the case of the uncollimated detector, the conical collimator improves

the TBR for both tumour sizes and for all three radionuclides. At large tumour depths, however,

the improvement is marginal. When the original collimator is mounted on the detector (still

using the uncollimated case as a reference) the improvement in TBR is less. The TBR is even

inferior for the smallest tumour at very shallow depths, as demonstrated by the crossing of the

TBR(d) curves. A comparison of the curves for 153Sm (Fig. 5), shows that also for this

radionuclide the TBR is considerably improved with the conical collimator. These figures

clearly show that the TBR is more affected by changing collimator than by changing

radionuclide, demonstrating the importance of collimator design.

For the detection of lung metastases containing 165Er-EDTMP with the conical

collimator, the tumour count rate TCR(d) was calculated with u = 100 and A = 0.0010 MBq/g

(Fig. 6). This radioactivity level corresponds to a background count rate of 85 cps, drawn as a

horizontal line in the plot. The TCR curves, plotted for tumours of various sizes, demonstrate

large variations.

In figure 7 the simulation of the detection of colo-rectal tumours with 125I labelled
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MoAbs is shown. The plots show the TBR(d) for detection of two tumours with radii 2 and 3

mm at A = 0.0010 MBq/g and u = 10. The thickness t of the background tissue (colon and

surrounding fat) was chosen to be 10 mm.

As for lung metastases, considerable improvements in TBR for all depths are found for

the conical collimator. This is not the case for the original collimator, which improves TBR

considerably less. It is even inferior to the uncollimated case for the smallest tumour at shallow

depths, similar to the previous example (Fig. 5).

Discussion

For a given combination of uptake ratio (u) and specific radioactivity (A), the TBR(d) and

TCR(d) curves may be used to determine the depth at which a tumour of a given radius may be

reliably detected. Consider as an example the following question: at what depth can a lung

metastasis, which contain 165Er-EDTMP, with r, = 2 mm and u = 100 be reliably detected? If we

use 2 second counting intervals, the background counts would be 170 (Fig. 6), giving a = 19.5

and TBR = 0.23 (detector count rate 23% higher than background). A TBR of 0.23 corresponds

to a depth of 8.0 mm for the uncollimated case, and 11 and 19 mm for the case of the original

and the conical collimator, respectively (Fig. 5).

By increasing u or A in the simulations, the maximum depth at which reliable tumour

detection is possible increases. For instance, when increasing u from ua to ub, the TCR(d) values

get larger by a factor Ub/ua. The increase in A increases the count rate, and thereby lowers the

TBR for which the tumour may be reliably detected (refer to the criterion of eq. 4). For instance,

at A = 0.0030 MBq/g or with u = 300, it can be shown for the case of the conical collimator

(Fig. 5 and 6) that the maximum depth for reliable detection of the tumour with r, = 2 mm

increases from 19 mm to 23 mm (TBR = 0.15) and 30 mm, respectively.
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The conditions mentioned above are realistic. Assume that 50% of the

radiopharmaceutical has been cleared from the blood in a 70 kg person, that the ratio tumour

bone/normal bone is 10, and that surgery is performed 10 hours (one physical half life of 165Er)

after injection. If 2.5 GBq of 165Er-EDTMP was injected, it would give an radioactivity level

(A) of 0.0030 MBq/g. At this level, and with u = 300, it is possible to reliably detect tumours

with rt = 1 mm at a maximum depth of 13 mm.

The biodistribution of 165Er-EDTMP and the TBR(d) and TCR(d) curves, have shown

the potential use of this radiopharmaceutical for intraoperative detection of lung metastases.

Even though the TBR(d) values for 165Er are only slightly better than for 153Sm, it would be

preferable to use 165Er-EDTMP instead of 153Sm-EDTMP for the following reasons: The

radiation burden to the patient would be considerably reduced, since the Auger electrons emitted

from the decay product of 165Er have much lower energy than the P-particles emitted from

153Sm. Furthermore, the physical half-life of 165Er is shorter. The mean energy deposited per

decay from 165Er is approximately 12 keV (not taking into account the X-rays of energy > 47

keV), with maximum kinetic energy of 55 keV for the Auger electrons [13]. The average energy

of the p-particles from 153Sm isEp= 0.23 MeV, with a maximum kinetic energy of 0.81 MeV

[14]. Notably, the radiosensitive bone marrow would be spared considerably with l65Er due to

the short range of the Auger electrons and the lesser energy deposited per decay. Thus, it would

be possible to improve the counting statistics for I65Er by increasing the radioactivity level

without an unacceptable radiation burden to the patient. The production of l65Er-EDTMP is not

much different from the production of 153Sm-EDTMP, and they could therefore both easily be

produced at the same facilities.

The TBR(d) curves for 125I are even more favourable than for 165Er, and similar to I65Er
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the decay product of 125I emits only low energy electrons (IC and Auger) with Ee = 19.5 keV per

decay [15]. However, the considerably longer physical half-life of 125I (ti/2= 60 d) may limit the

injectable amount of 125I labelled bisphosphonate, thereby lowering the count rate. Besides,

because iodine is accumulated in the thyroid, very high in vivo stability of the I25I labelled

phosphonate would be demanded.

As the results have shown, the difference in TBR between 153Sm and 165Er is small

compared to the difference between 125I and 165Er. This is most likely due to the considerable

amount of Eu X-rays (60%) emitted in the decay of 153Sm [14]. Thus, the mean photon energy

emitted from 153Sm is not so much larger than the mean photon energy from 165Er.

The TBR(d) curves have shown that collimator design is of crucial importance. The

conical collimator constructed for this study is clearly better than the original collimator and the

uncollimated probe in every situation that has been simulated. These results show that the

shielding against photons from large bulks of background tissues achieved with the conical

collimator has larger impact on the TBR than the reduction of photon intensity from the tumour

due to the 5.5 mm extra length of the conical collimator (Fig. 1). Although the conical

collimator has proven superior, it may be better to remove it in situations of superficial tumours

with high uptake ratios (u) and low radioactivity levels (A).

Further improvement might also be achieved by constructing other conical collimators

with different lengths and cone angles. Exchanging of the conical collimator used in this study

with one converging 20 mm from the front surface of the collimator would give an increase in

TBR for a tumour located at 2 cm depth.

As the results indicate, lung metastases with radii as small as 1 mm may be detected.

This clearly requires a systematic and very accurate use of the probe, due to the very limited

"field of view" (see isosensitivity curves). To achieve as high TBR and TCR as possible, it must
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be emphasized that the detector/collimator surface has to be perpendicular to the tissue and

positioned over the tumorous focus. Knowledge of the isosensitivity curves may help the

surgeon with respect to the intervals at which to position the probe.

By the use of the TBR(d) and the TCR(d) curves, exemplified for 165Er (Fig. 5 and 6), it

is possible to indicate the depth at which tumorous sites with variable size, radioactivity levels

and uptake ratios may be reliably detected. It would also be possible to simulate other more

complicated situations, e.g. multiple tumours at different sizes located at different places in the

background tissue. Situations with inhomogenous background and tumour radioactivity could

also be handled.
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Figure 1. Cross-sections through the two actual collimators. All dimensions are in mm.

Figure 2. The experimental set-up, showing the container and the detector mounted on the

stereotaxic 3 dimensional positioning device, and the detector control unit.

Figure 3. The isosensitivity curves for 165Er, 125I and 153Sm for the cases when the detector is

uncollimated, and when the original and the conical detector is mounted. The abcissa

corresponds to the z-axis and the point source is located at (-1,50). All measures are in mm.

Figure 4. The ratio of count rate from the tumour to that from background tissues (TBR) as a

function of depth in background tissue calculated for spherical tumours with radii 2 and 5 mm,

respectively. The tumours and background tissues were assumed to contain either 165Er, I25I or

153Sm. The detector was equipped with the conical collimator. The background tissue has

uniform density (1 g/cm3) and a thickness of 5.0 cm.

Figure 5. The ratio of count rate from the tumour to that from background tissues (TBR) as a

function of depth in background tissue calculated for spherical tumours with radii 2 and 5 mm

respectively. The tumours and background tissues were assumed to contain either 165Er, 125I or

153Sm. The detector was either uncollimated or equipped with the original or the conical

collimator. The measurements of 153Sm were only carried out for the original and the conical

collimators. The background tissue has uniform density (1 g/cm3) and a thickness of 5.0 cm.
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Figure 6. The tumour count rate as a function of depth in background tissues calculated for

tumours with radii from 1 (lower curve) to 10 (upper curve) mm. The tumours and background

tissues were assumed to contain I65Er, and the detector was equipped with the conical

collimator. The count rate from background tissues is shown as a horizontal line (85 cps). The

background tissue has uniform density (1 g/cm3) and a thickness of 5.0 cm.

Figure 7. The ratio of count rate from the tumour to that from background tissues (TBR) as a

function of depth in background tissue calculated for spherical tumours with radii 2 and 3 mm

respectively. The tumours and background tissues were assumed to contain 125I. The detector

was either uncollimated or equipped with the original or the conical collimator. The background

tissue has uniform density (1 g/cm3) and a thickness of 1.0 cm.
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Biodistribution of I53Sm-EDTMP and I6SEr-EDTMP

Organ

Blood

Femur

Skull

Heart

Lung

Spleen

Liver

Kidney

Stomach

Intestine

'"Sm-0.5 h

0.24 (0.08)

22(4)

14(9)

0.10(0.05)

0.4 (0.3)

0.10(0.05)

0.4 (0.2)

1.3(0.2)

2(2)

0.14(0.07)

1MEr-0.5 h

0.16(0.08)

17(4)

9(2)

0.08 (0.04)

0.20 (0.07)

0.12(0.07)

0.22(0.12)

1.1 (0.4)

0.2 (0.2)

0.09 (0.04)

153Srn-2h

0.03 (0.02)

16(4)

18(12)

0.04 (0.03)

0.2 (0.2)

0.06 (0.04)

0.25 (0.06)

1.0(0.6)

1.0(1.2)

0.14(0.13)

165Er-2h

< 0.027

20(3)

14(4)

<0.11

<0.06

<0.1

0.14(0.06)

0.8 (0.3)

0.16(0.06)

0.3 (0.3)

'53Sm-24 h

< 0.001

19(6)

8(2)

0.024(0.012)

0.06 (0.06)

0.04 (0.02)

0.19(0.04)

0.54 (0.09)

0.11 (0.08)

0.04 (0.04)

1BEr-24h
*

22(5)

11(4)

*

*

*

0.13 (0.05)

0.7 (0.3)

<0.05

<0.04

's3Sm-48 h

< 0.0008

18(5)

8.7 (0.9)

0.022 (0.012)

0.08 (0.03)

0.06 (0.02)

0.25 (0.04)

0.51 (0.09)

0.14(0.03)

0.014(0.006)

'65Er-48 h
*

30(13)

15(6)
*

*

*

*

<0.5
*

*

* Not detectable

Table 1. Biodistribution of Sm-EDTMP and Er-EDTMP in female Bal/cC mice weighing 15-16 g. Each animal recieved

0.10 ml of a solution 13 mM in EDTMP, 1.2 mM of either Sm3+ or Er3t and 10 MBq/ml (0.27 mCi/ml) of either 153Sm or 165Er.

The accumulated uncertainty is given as one standard deviation in parenthesis.
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