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Introduction 

There are still uncertainties regarding the global reactor-based 99mTc supply, with a supply disturbance occurring as recently as December 2017 which lasted until April 2018. We have previously shown that medium energy cyclotrons can be used to routinely provide large quantities of [99mTc]pertechnetate ([99mTc]TcO4-) 1.  
For the cyclotron-based [99mTc]TcO4- to be clinically useful it needs to be suitable for labelling commonly available radiopharmaceuticals. Two important factors are the peroxide concentration of the eluate and the specific activity of the 99mTc. These two factors are both of importance for the cyclotron-production of 99mTc as: (i) the separation process after cyclotron production of 99mTc commonly starts with dissolution of the 100Mo target using hydrogen peroxide (H2O2), which can decrease the labelling efficiency if not adequately removed and (ii) long-lived technetium species (e.g. 98Tc, 99gTc) are coproduced during the proton bombardment of 100Mo, and all Tc needs to be reduced during the radiolabelling step.  
We, therefore, wanted to determine the efficiency and mechanisms by which the H2O2 is eliminated, the mass of elemental technetium we have in our product, and the ability for the cyclotron-based [99mTc]TcO4-  to label radiopharmaceuticals. 
Material and Methods 
The targets were prepared in-house by creating and subsequently bonding a 117.6 ± 9.3 mg/cm2 foil (2 cm x 8 cm) onto an aluminum support2. This is achieved by rolling 100Mo powder (Isoflex) into a foil of the appropriate thickness before annealing the foils at 1300°C and then bonding the foil onto an aluminum plate by means of diffusion bonding. Irradiations were performed on a TR24 cyclotron. The downstream processing of the irradiated targets was performed as previously reported1. 
Three factors contributing to the decomposition of H2O2 were studied; Ammonium carbonate concentration (pH 2-10), molybdenum concentration (0 – 1.6 g), and temperature (23 ◦C or 70 ◦C). Decomposition for up to one hour was studied.
ICP-MS measurements were performed on a Thermo Scientific ICAP Q ICP-MS, molybdenum (CertiPUR, EMD Millipore Corp) was used as internal standard (m/z=92) and Ruthenium (CertiPUR, EMD Millipore Corp) was used as the check standard and to make the calibration curve (m/z=99). Cobalt (m/z=59) was used as internal standard and molybdenum was used to make the calibration curve for the m/z=98 determination.  
Radiolabelling and quality control of MDP (Medronate, Draximage), Sestamibi (Draximage) and Ceretec (Exametazime, non-stabilized, GE) were performed according to the package inserts for each radiopharmaceutical. For experiments at maximum radioactivity, the cyclotron-based product was diluted just prior to labelling using isotonic saline to be within volume specifications, if necessary. All radiolabeling experiments were performed using [99mTc]TcO4-  from 22 MeV, 400 μA, 6 h irradiations. 
Results and Conclusion
The effect of molybdate on H2O2 decomposition is significant as no disproportionation was observed in its absence. Both temperature and pH are significant positive factors for the disproportionation with MoO42- in the solution. 

Figure 1. Hydrogen Peroxide disproportionation in presence of MoO42-.

Our results indicate that the catalytic disproportionation is a first order reaction dependent on the H2O2 concentration, which is supported in previous reports3. The rate constant k was calculated to be 0.17 min-1 (figure 1).
Using worst-case dissolution and separation conditions, we observed 0.0067 % of the starting H2O2 coming through in the final product. In practice the level of H2O2 is never above 1000 ppm at the start of separation, the peroxide is then subject to two columns, for which retention is not expected on either, and the [99mTc]TcO4- will be diluted before labeling. Residual H2O2 content should not be a factor for labeling of radiopharmaceuticals even with low tin content. Together with the 100Mo oxidation and chemical separation, MoO42- catalyzed disproportionation of H2O2 is an important mechanism of H2O2 elimination. However, peroxides are still observed in the final product (750 GBq, 20 GBq/mL) and the fact that it starts at low levels (2 ppm) but over time increases to 10 ppm at 24 h post EOB, indicates that peroxides are formed by radiolysis. 

Table 1. Specific activity (Calculated at EOB) of cyclotron produced 99mTc as measured by ICP-MS.
	Energy (MeV)
	Irr.time (h)
	99m+gTc (µg/TBq)
	98gTc 

(µg/TBq)
	SA (GBq/µg)

	18
	0.5
	27
	0
	37

	22
	0.5
	29
	3.7
	31

	22
	3.1
	31
	2.4
	30

	22
	6
	39
	5.7
	23

	22
	6
	37
	3.9
	24

	22
	6
	38
	4.2
	24

	22
	6
	38
	4.2
	24

	24
	6
	39
	8.5
	21


For specific activity determination, we considered only 98gTc and 99gTc as the 100Mo(p,4n)97gTc reaction threshold is 24 MeV, and contribution from non-100Mo isotopes of molybdenum were considered negligible. When preparing the m/z=99 calibration curve for ICP-MS, 99Ru was used as a surrogate for 99Tc. 92Mo was used as the internal standard on all Tc samples and Ru calibration samples to account for instrument drift and sample introduction variability. This methodology was verified by comparing the intensities of 98Mo vs 98Ru and 100Mo vs 100Ru, with maximum errors of 1.1% and 2.8% observed respectively. Ru and Mo were chosen to compare detector response of isobaric isotopes because of a larger difference in stage I ionization energy4 than Ru and Tc, as well as limited availability of traceable Tc standards. The differences in ionization energy between Tc and Ru is smaller than between Mo and Ru so the error (due to ionization energy) would be expected to be low. A preliminary determination of 98gTc showed an energy dependence, where the 24 MeV production produced significantly more 98gTc and the 18 MeV, 30 min production did not contain enough 98gTc to be detected, which makes sense since the 100Mo(p,3n)98Tc reaction has a threshold of 16.854 MeV. Also, for one production where the dissolution of the target material was not complete, we observed higher concentration of 98gTc than in any other 22 MeV product (5.7 μg/TBq), likely due to only the outer layer being dissolved. A routine production run (22 MeV, 400 uA, 6h) typically produces ~1 TBq of 99mTc at EOB and gives a specific activity of 24 GBq/μg (Table 1). 
Three radiopharmaceuticals were selected for testing the cyclotron-based [99mTc]TcO4-, each having different amount of tin, ligand type, and labelling conditions. MDP which has the highest amount of tin (1.1 mg/vial) and chelates the Tc under slightly acidic conditions, radiolabeled readily (Table 2) without any difficulty at both maximum radioactivity (18.5 GBq) and maximum volume (10 mL). Sestamibi (MIBI) which contains less stannous chloride (0.025 – 0.086 mg) than MDP presents more challenging radiolabelling conditions. MIBI contains L-cysteine as an antioxidant, similar to MDP. Although the product insert suggests a maximum radioactivity of 5.6 GBq, we radiolabeled it using 20 GBq (3 h post EOB) with a radiochemical purity of >95% which is well within the specification (> 90%). Further tests using higher volumes of eluate remains to be completed. Ceretec presents the most challenging conditions as it contains the least amount of tin, no antioxidant, and labels at basic pH. 
Table 2. Kit labeling result using cyclotron based [99mTc]TcO4-. 
	
	Radio-activity (GBq)
	Volume (mL)
	Time

(h post EOB)
	RCP (%)

	MDP
	20.3
	2.5
	2.9
	94.5

	MDP
	21.9
	2.0
	3.7
	97.3

	MDP
	4.6
	9.0
	26.6
	95.7

	MDP
	3.3
	10.0
	24.6
	96.9

	MIBI
	20.4
	0.8
	2.9
	98.9

	MIBI
	19.2
	0.8
	2.8
	95.1

	Ceretec
	2.7
	0.2
	4.0
	86.1

	Ceretec
	1.9
	0.2
	3.5
	93.5


These factors comprise why the radiolabeling instructions for Ceretec recommend freshly eluted Tc (<2 hours) be used for the clinical product. We observed radiochemical purity of 86% and 93% with 2.7 and 1.9 GBq respectively using cyclotron based [99mTc]TcO4- 2 hours after dispensing, well within specification (> 80%).  
In conclusion, for the direct cyclotron production of 99mTc, residual H2O2 content will not be a factor for kit labeling even for kits with low tin content. Furthermore, we demonstrate a technetium specific activity of 24 GBq/µg and note that this does not seem to be a significant issue for kit labelling.
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