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Abstract

4.15-d 124I decays simultaneously by positron emission (25.6 %) and by

electron capture (74.4 %). This dualistic decay allows in principle to use 124I in both

diagnostic and therapeutic approaches. In some high-current measurements, 124I

was produced via the nuclear reaction 124Te(p,n)124I using 12.6 MeV protons in

yields 25 % below those of the mainly used reaction 124Te(d,2n)124l, but with a very

much lower contamination by long-lived 125I and 1 2 6 I . The minimum obtained value

for the sum of all impurities was 0.14 % of the 124I activity, at 6 days after end of

bombardment, using 99.8 % enriched 124TeO2 as target material. This yield/purity

ratio also permits the production of 124I by low-energy "baby" cyclotrons which could

considerably increase the general availability of this nuclide.

[124l]IUdR was synthesized by direct electrophilic labelling in good yield (45-

65 %), high radiochemical purity (> 95 %) and high specific activity for functional

PET imaging of brain tumours. One day after administration to patients and after

completion of the "washout", the only remaining activity was that in tumour

structures. The comparison with the tumour labelling index showed that PET with

[124l]IUdR introduces a novel imaging approach: tumour diagnostics by the

measurement of cell proliferation.
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[124l]lodoHoechst 33258 was synthesized by direct electrophilic labelling in

yields of 70 % and in a radiochemical purity of 99 %. In cell culture experiments

using HTB-40 (human adenocarcinoma line), it was shown to be taken up by the

DNA as well as the unlabelled fluorescence dye H 33258. Furthermore, its

radiobiological activity was equal to that of the 125l-labelled H 33258, but markedly

stronger than that of the 131l-labelled derivative. This suggests a mechanism for

Auger-electron induced radiobiological activity as a novel therapeutical approach.

p-[124l]lodophenylalanine and [124l]iodo-ct-methyltyrosine are two other compounds

labelled with 124I that show potential for functional imaging in boron neutron capture

therapy.

1. INTRODUCTION

4.15-d 124I decays simultaneously by positron emission and by electron

capture. Detailed decay data are shown in Table I. Therefore, it should be a

prospective labelling radionuclide for both approaches: diagnostic PET

investigations, e.g. of tumours, and experimental radiotherapy by means of short-

range high-LET Auger electrons.

To date, no clinical studies confirming this dualistic behaviour are available.

Despite some single case reports, there are only few PET studies using 124I as

tracer and also with more patients [1-4]. The number of groups dealing with 124I on

tumour patients is even smaller [2, 4, 6, 7].

The short range of the emitted Auger electrons in tissue requires

investigations with biochemical systems containing the DNA as the actual radiation-

sensitive component and consequently a search for DNA ligands as labelling

molecules. In order to achieve this, two approaches are promising: (i) application of

labelled pyrimidine derivatives, which are incorporated into the DNA in vivo, and (ii)
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labelling of DNA dyes which bind to the DNA via hydrogen bridges. For diagnostics,

from analogies with thymidine [8] it may be concluded that cell proliferation could

play a role in the visualization of tumour structures. This would constitute a new

approach in PET diagnostics.

The availability of 124I poses a certain problem. It is recommended to produce

this nuclide in high yield and purity via the nuclear reaction 124Te(d,2n)124l, by

irradiation of isotopically enriched 124TeO2 with 15-MeV deuterons [9], which was

recently confirmed [10]. The cyclotrons useful for high-current acceleration of

deuterons are mainly old and personnel-intense machines. Since a relatively high

amount of the undesired long-lived 60-d 125I is simultaneously formed via this

nuclear reaction [10], 124I was tried to be produced by a proton-induced nuclear

reaction, the excitation functions of which were measured [11,12] but not verified

under realistic high-current production conditions. Once these requirements met,

124I should become available by low-energy "baby" cyclotrons.

2. PRODUCTION OF 1 2 4 I : UTILIZATION OF "BABY" CYCLOTRONS

For the production of 1 2 4 I , yields and impurity rates of both nuclear reactions,

124Te(d,2n)124l (Ed = 14 MeV), using 89.6 % enriched 124TeO2 and 124Te(p,n)124l (Ep

= 12.6 MeV), using 89.6 and 99.8 % enriched 124TeC>2 as target materials were

measured under realistic high-current production conditions. The irradiations were

performed at the compact cyclotron CV 28 in Essen, Germany, typically for 10 min

at a beam current of 25 jiA. The target material was molten onto a 90 % Pt/10 % Ir

plate which was cooled from the backside by a separate water circuit. To prevent

exfoliation of the brittle glassy target material, parallel furrows of 0.2 mm width and

0.2 mm depth with a distance of 0.1 mm each along the beam direction were cut

into the surface of the platinum backing. This target arrangement withstands beam

currents of up to 35 juA without measurable evaporation of iodine during irradiation.

The target is placed at a 15° angle from the beam direction.
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Table I. Diagnostic and radiotherapeutic properties of 4.15-d 124I

Decay mode

Particles emitted per

decay

Particle ranges in tissue

Chemical strategy

Diagnostic approach

Positron decay (25.6 %)

0.256 positrons

approx. 3.5 mm

Labelling of any cell-

seeking ligands

Therapeutic approach

Electron capture (74.4 %)

9.2 Auger electrons8

approx. 30 nm

Labelling of DNA ligands

Ref. [5]

Table II: Yields of 124I produced by different nuclear processes

Nuclear Reaction

124Te(d,2n)124l

124Te(p,n)124l

124Te(p,n)124l

Energy Range

(MeV)

14.0—>0

12.6—>0

12.6—>0

Enrichment of

124Te (%)

89.6

89.6

99.8

Yielda in MBq/^Ah

(mCi/|uAh)

15.0b (0.41)

11.3(0.31)

13.0 (0.35)

a corrected for distillation yield

b averaged on more than 30 production runs
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Table III: Characteristic data of the decay and formation curves for contaminants in

124| produced by different nuclear processes

Nuclear

Reaction

124Te(d,2n)

i24Te(p,n)

124Te(p,n)

Incident

Energy of

Particles

(MeV)

14.0

12.6

12.6

Isotopic

Enrichment of

i24Te (%)

89.6

89.6

99.8

Time Window

after EOB for

Observing 5 %

Impurities

1.6 —> 4.1 d

1.1 —>14.0d

0.7 —> 33.3 d

Minimum of

Impurities (%)

at Time after

EOB

4.5 % at 2.6 d

1.6 % at 4.0 d

0.14% at 6.0 d

Some minutes after the end of bombardment (EOB), the iodine radioisotopes

were distilled from the automatically dismantled target plate in a quartz tube for 6

min at 740°C, transported into a small stainless steel trap by a stream of air (20

ml/min) and eluted in about 100 \iL of 0.02 M NaOH solution. Under these

conditions, 80 - 95 % of the total activity of iodine radioisotopes was trapped in

solution and more than 90 % of the activity was concentrated in the first drop of 20

ML. Details are described elsewhere [10].

The distillation yields and the amounts of the long-lived iodine radioisotopes

were determined by measurement of 124I in the target before and after irradiation

and before and after distillation. 124| and the iodine radionuclides with high-energy

Y-lines were measured in a calibrated Ge(Li) spectrometer, 125| in a planar ultra-

pure Ge detector (0.3 mm Be cap).

The yields of the three production reactions are presented in Table II.

Generally, the yields of the (p,n) reactions are about 25 % less than those of the

(d,2n) reaction. Although the data were corrected for the distillation yield,
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Time after EOB (days)

Fig. 1: Impurities in 124I produced via the nuclear reaction 124Te(d,2n)124l using 89.6

% enriched 124TeC>2 and 14.0 MeV deuterons.

comparison between the three reactions is difficult: the yield of the (d,2n) process is

a more than two-year average of routine production runs for a clinical trial [13], the

yields of the (p,n) reactions were obtained by specially designed experiments using

freshly prepared targets, in three independent production runs. The reasonably

high yield of the (p,n) reaction may introduce the use of low-energy "baby"

cyclotrons for the production of 4.15-d 1 2 4 I . To date, these cyclotrons are used

almost exclusively for the production of short-lived positron emitters such as 20-m
11C, 10-m 13N, etc. Thus, even better use could be made of such cyclotrons by

producing 124I overnight when no patients are being treated.

404



The purity data of 124I are presented schematically in Figures 1 - 3. As can be

seen, in all three production reactions a time window can be defined within which

the sum of the contaminants does not exceed 5 % of the 124I activity. These

windows are presented in Table III. The 5 % limit for the sum of contaminating

activities was required by the Swiss Regulatory Authorities granting permission for

the clinical trial using [124l]IUdR [4,13]. Since the amount of 124I also decreases by

decay, it is advisable to administer 124I immediately after the contaminants reach

the limit of 5 % of 124I activity. It is noteworthy, however, that also for the production

0.01

Time after EOB (days)

Fig. 2: Impurities in 124I produced via the nuclear reaction 124Te(p,n)124l using 89.6

% enriched 124TeO2 and 12.6 MeV protons.
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Fig. 3: Impurities in 124I produced via the nuclear reaction 124Te(p,n)124l using 99.8

% enriched 124TeC>2 and 12.6 MeV protons.

of 124I by the (p,n) reaction using highly enriched 124Te a waiting time must be taken

into account until this limit is attained.

In practice, the most important factor is that the higher yield of 124I in the

(d,2n) process is accompanied by high amounts of the long-lived contaminants 125I

and 1 2 6 I . In our clinical trial using [124l]IUdR, however, this fact does not seem to play

an important role since 95 % of lUdR are metabolized in the first hour after

administration followed by rapid renal excretion (with blocked thyroid) [4,13]. In
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other potential applications, the remaining 125I bound to the DNA with its high

amount of more than 23 emitted Auger electrons per decay [5] could produce

radiobiological damage in the tumour cells. This effect was proposed for

radiotherapy applications [14] but could not yet be confirmed by predicative

experiments.

In the (p,n) reaction, the yield of 126I is somewhat smaller than that in the

(d,2n) reaction; the amount of 125I drops markedly below that of 1 2 6 I , and 131I could

not be detected at all. As expected, the product with the highest radionuclide purity

was obtained by using the highly enriched 99.8 % target material and the (p,n)

process. The yields here of 124I and 123I are comparable to those obtained from the

89.6 % enriched target as the 124Te(p,n) and 124Te(p,2n) channels are hardly

influenced by the enrichment grade alone. The results show that the amount of 123I

must also be considered in the (p,n) reaction with the highest enrichment grade of

the target material. From excitation function measurements [11,12], this effect can

be expected to be dramatically enhanced with increasing energy. Consequently,

the production of 124I by the 124Te(p,n) process could be carried out advantageously

at low energies which may again qualify this process as a domain of low-energy

accelerators.

3. 5-[i24|]|ODO-2'-DEOXYURIDINE: CELL PROLIFERATION AS APPROACH

FOR PET SCANNING

Radiohalogenated pyrimidine nucleosides are useful tracers for studying the

metabolic pathways of the incorporation of their precursors into the DNA and RNA

for measuring cell proliferation [8] in vivo. Their use for diagnosis in clinical trials

and especially for tumour growth prognosis in patients appears very promising.

Based on tests using 131I as labelling nuclide [15], the thymidine uptake for instance

should be imaged with [124l]IUdR (Fig. 4) and PET in patients, in order to evaluate
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Fig. 4: 5-[124l]lodo-2'-deoxyuridine.

the regional tumour growth potential and the grade of malignancy in a very early

phase of tumor progression, and to provide spatial information for radiation

treatment planning.

2'-Deoxyuridine (UdR) was labelled with 124I by direct electrophilic

substitution using lodogen®, a mild oxidizing agent. 600 ng UdR were allowed to

react in an lodogen®-coated ReactiVial with 185 MBq (5 mCi) Na[124l]l of high

specific activity (450 GBq(12 Ci)/(imol) in 100-200 nL aqueous solution for 15 min

at 65°C, adjusted with 250 JIL 0.2 M phosphate buffer to pH 7.2 to 7.4. The product

was separated by a SEP-PAK C-18 cartridge which was pre-conditioned with

ethanol. After washing the column with 30 ml water, the product was eluted with 2

ml ethanol. The solution was evaporated to dryness under nitrogen at 65°C, the

substance was taken up in 8 ml physiological saline solution and put through a

0.22-jim sterile filter. The entire labelling procedure was carried out manually

behind a local shielding of 5 cm lead and took about 1.5 h, including all

preparations.
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The radiochemical purity was determined by means of a fixed procedure by

both TLC on silicagel-60 and reverse-phase HPLC on a RP-18 column. Based on

about 45 syntheses, the average yield was between 45 and 65 %. The

contamination grade of [124I] was determined to be 2.7 % by TLC (mainly iodate)

and 4.6 % by HPLC which was taken as the official value for the authorities. The

chemical stability in solution (cleaving of approx. 1 % of the 124I activity per day in

the form of iodide under storage at 4°C) allowed a time window of two days after the

end of synthesis (EOS) for application, considering the required radiochemical

purity grade of 95 % [124l]IUdR before administration [13].

The brain tumour patients were studied using PET and [124l]IUdR in order to

assess whether a specific [124l]IUdR retention (kj) in tumours and normal brain

tissue can be measured, and whether the tumor-kj is correlated with the labelling

index obtained from the same patients through operation. The retention k, was

determined 24 hours after injection of [124l]IUdR ("washout" strategy) in 3 low-grade

meningiomas (LGG) and 12 malignant gliomas (glioblastoma, GBM; WHO IV).

Plasma metabolites of lUdR ([124l]IUdR, [124l]lodouracil, non-bound 124I) were

measured using HPLC.

For the purpose of validation of brain tumour [124l]IUdR uptake, the day after

completion of the PET study the patients received unlabelled bromodeoxyuridine

(BrUdR) as intravenous infusion, 4 hours before tumor resection. This compound

like lUdR was incorporated into dividing cells. The tumour labelling index values LI,

obtained from the tissue specimens which indicate the percentage of dividing

tumour cells, were determined, thus giving a measure for tumour cell proliferation.

The retention of [124l]IUdR was relatively homogeneous in LGG. In Fig. 5

GBM displays a marked variation of regional lUdR uptake, suggesting a wide range

of proliferative activity in these tumors. In 15 brain tumour patients a significant

correlation between [124l]IUdR tumour retention (PET) and the labelling index LI
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o

Fig. 5: MRI and [124l]IUdR PET scans of a Glioblastoma multiforme. The PET scan

was taken 24 h after application and demonstrates the cell proliferation.



Fig. 6: [124!]lodoHoechst 33258 (R = H), and [124l]lodoHoechst 33342 (R = C2H5).

(obtained through subsequent tumour resection) was established (KJ: LGG 4.4 +

0.9, GBM 11.7 ± 9.7 jil/g/min. LI: 3.0 + 2.5, GBM 7.1 ± 4.3%. Spearman rank (Kj vs.

LI): p = 0.927, p = 0.005). These preliminary data clearly demonstrated that PET

with [124l]IUdR assesses tumour cell proliferation non-invasively.

The following approaches are planned to be performed with the [124l]IUdR-

PET system: the [124l]IUdR retention in the tumour region extends beyond the

margins of GBM determined by contrast enhanced magnetic resonance

tomography (MRI). This effect indicates the presence of proliferating cells in the

tumour vicinity and is under current investigation [4]. In addition, PET scans in the

presence of the 5'-butyryl ester of lUdR, an lUdR deiodination inhibitor [16], will be

performed.

4. [124I]IODO-HOECHST 33258: TOWARDS THERAPY WITH AUGER

ELECTRONS

Hoechst 33258 and 33342 are bis-benzimidazoles with high affinity to the A-

T base pairs of DNA (Fig. 6) [17]. Both compounds attach very rapidly and stably to

the small groove of DNA, via hydrogen bridges at the nitrogen atoms in the

positions 1 and 1' of the benzimidazol rings (and possibly in position 1 of the

piperazine ring) [18]. They are used as fluorescence stains in cytology, and this

approach may introduce a new class of DNA-active drugs.
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When labelled with a short-range radioactive or activatable nuclide and

transported into the cell nucleus, both compounds create double-strand breaks in

the DNA which affect cell proliferation [19]. By this approach, Auger electron

therapy of small tumours and micrometastases is discussed.

Both compounds were labelled with 124I by direct electrophilic substitution of

the unlabelled Hoechst compounds with Chloramine-T. The procedure was

adopted from earlier experience using long-lived 1 2 5 I , with some minor

improvements [20]. 2 mg H 33258 or 33342, respectively, were dissolved in 0.5 ml

water and adjusted to pH 7.6 with phosphate buffer. It reacts at room temperature

for 90 min with Na[124l]l and 2 "lodo-beads®" (immobilized Chloramine-T on

polystyrene beads). After finishing the reaction, the non-bound iodine was removed

by a Sephadex A 25 column. The quality control was performed by both TLC

(Polygram CEL 300 (eluent: MeOH/H2O 80/20, v/v)) and HPLC (RP 18 column, 0.01

M triethylammonium hydrogencarbonate/THF 2/1, v/v, adjusted to pH 6.2 using

CO2). The yields were 70 % for H 33258 and 30 % for H 33342, respectively. The

final solution contains less than 1 % free iodine. The stability tests showed that the

product remained unchanged at 4°C for more than 1 week. The solution was

adjusted to 1 juCi/jnl and used in this form to produce double-strand breaks in in

vitro cell culture experiments.

In a series of experiments, the activity of H 33258 was investigated on Du-

145 (human prostata carcinoma line), HTB-40 (human adenocarcinoma line) cell

cultures, and for comparison in V-79 hamster fibroblasts. In order to distinguish

between the activity of Auger electron emitters and non-Auger electron emitters, H

33258 was labelled with 1241,125I and 1 3 1 I . Auger electrons are emitted by 125I and

1 2 4 I , but not by 1 3 1 I . The results are shown in Fig. 7 (the control diagram was taken

with unlabelled H 33258).
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Fig. 7: Radiobiological activity of [1241,1251,131l]lodoHoechst 33258, measured by

the number of surviving cells in the cell line HTB-40, vs. time. The control diagram

shows the results with unlabelled Hoechst 33258. The experiments started with

6'000 cells.

The experiment showed that 124I has radiobiological activity if coupled to the

DNA. To our knowledge, this experiment constituted the first evidence for the

radiotoxicity of 124I at all. The experiment further showed that the iodinated form of H

33258 is also bound to the DNA. The radiotoxicity of 124I proved to be similar to that

of 125I but not to that of1 3 11. This strongly indicates that actually the Auger electrons

are responsible for the radiotoxicity of 1 2 4 I . In particular, the radiotoxicity was

verified on human cell lines and not only on the hamster fibroblasts.

This experiment has to be quantified in order to be able to make statements

on the grade of radiotoxicity. This approach should help to set up novel test

procedures leading to in vivo radionuclide therapy .

5. OTHER APPLICATIONS FOR 124I

Boron neutron capture therapy (BNCT) becomes a useful clinical modality for

treating solid tumours for which current therapies are of only marginal utility, as
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Fig. 8: (a) p-Boronophenylalanine, (b) p-[124l]Iodophenylalanine, (c) DL-3-[124l]lodo-

a-methyltyrosine.

soon as effective boron-containing compounds are designed, synthesized, and

evaluated. One of the two existing compounds currently used clinically is p-

dihydroxyboryl phenylalanine (p-boronophenylalanine, BPA). In order to study the

pharmacokinetics of BPA in tumours and the surrounding tissues, and to draw

conclusions for its dosimetry, there is a big need for appropriate radioactive

substitutes for BPA (Fig. 8).

In this context, the following molecules were also labelled with 1 2 4 I , so far

without further clinical or biological investigations:

- p-[124l]lodophenylalanine,

- [124l]lodo-cc-methyltyrosine.

All of these compounds were labelled by direct electrophilic substitution,

analogously to the above-mentioned molecules.

BPA has already been labelled with 2-h 18F [21], but the cell proliferation is

visualized after the "washout" effect as described above, and thus the half-life of 2
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hrs for 18F seems too short for an efficient PET accompaniment of BNCT. It is

evident that the iodine label changes the pharmacological and physiological

behaviour of a small molecule like BPA strongly, and [123J]iodo-a-methyltyrosine

was found to be an insufficient surrogate for BPA [22], but validation of these

labelled compounds is still pending.

Uracil is the main metabolite of UdR in vivo. In order to study the metabolism

of [124l]IUdR and to visualize cell proliferation mechanisms more clearly,

comparison with the corresponding labelled uracil is necessary. Consequently, 5-

[124l]lodouracil was synthesized by direct electrophilic substitution using

chloramine-T, in > 90 % yield and with > 95 % purity. Pharmacokinetic

investigations are being carried out.

6. CONCLUSION

The described examples demonstrate the potential for wide-spread

utilization of 124I in nuclear medicine and biology. Its half-life of 4.2 h matches the

kinetics of tumour metabolism and cell proliferation. Thus, 124I might become a

universal radionuclide in future nuclear oncology. The high production yields and

purity levels of 124I using the proton-induced nuclear reaction would introduce its

large-scale production with the widely available "baby" cyclotrons and will

efficiently increase the general availability of 1 2 4 I . The use of 124I as therapeutical

Auger-electron emitter depends on its coupling (via Hoechst 33258) to a tumour-

seeking protein and on the exact study of the cell-kinetic responses. Finally, the

well-known chemistry of iodine, established in the labelling of numerous

compounds with 8.0-d 1 3 1 I , allows to conveniently apply this specialized know-how

to the corresponding procedures using 1 2 4 I .
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