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Introduction 

Ammonia (13N) ([13N]NH3) is indicated for diagnostic Positron Emission Tomography (PET) imaging of the myocardium under rest or pharmacologic stress conditions to evaluate myocardial perfusion in patients with suspected or existing coronary artery disease. The radionuclide nitrogen-13 (13N, t1/2 = 9.965 min, 99,8% β+) is most commonly produced by proton irradiation of water for injection (WFI) containing a small amount of ethanol, i.e. via the 16O(p,α)13N nuclear reaction. Due to its short physical half-life, Nitrogen-13 requires an on-site  cyclotron in close proximity of the PET-centre and an efficient production process. 



The standard Siemens Eclipse HP ammonia (13N) target configuration consist of an aluminium target body, a 25 µm titanium window and a 5 mmol/l ethanol in water solution as target material. The ammonia (13N) is produced by keeping constant pressure in the target with the ethanol/water solution by running an HPLC pump during irradiation. The following unload process is also performed by flushing the target with an ethanol/water solution. This results in a high final volume of ammonia (13N). The current setup also has a number of other limitations: a titanium window has a relatively short operational lifetime and a maximum beam current of 40 µA is recommended [1], the latter resulting in a low yield of 243 MBq/µA at saturation (i.e. typical yield is 8510 MBq after as much as 30 minutes of bombardment).

For this reason, we have employed the standard tantalum target which is normally used for fluorine-18 production. The results of this new production process using a Siemens Eclipse HP cyclotron are reported below.
Material and Methods
Irradiations were performed on a Siemens Eclipse HP cyclotron delivering a proton beam of 11 MeV energy. The final product dispensing was performed in a GMP-compliant clean room area. 

Materials



Target used were standard tantalum targets used for routine F-18 production, with standard beam windows made of 50 µm thick havar. The liquid used for irradiation is 10 mM Ethanol (Ethanol absolute EMSURE®, ACS, ISO, Reag. Ph Eur, Merck)  in Water For Injection (WFI, Ecoflac®, ABX). After irradiation, the radioammonia solution passes through the anionic SPE cartridge (Light Cartridge Accell Plus QMA Carbonate, Waters) for removal of impurities, followed by an extension set (Extension Set 30 cm, CODAN) with a sterilization filter (Supor®, 0.2 µm Hydrophobic Stripe Membrane, Pall). The sterile final product vial is pre-filled with 7 ml of NaCl solution (sodium chloride 0.9%, Ecoflac®, B.Braun). 
Production and Quality Controls


The target is loaded with a pre-defined volume of 2.65 ml and later pressurized with argon 6.0 gas to approximately 330 psi (~23 bars).  Irradiation parameters varied from 10-20 min irradiation time and 45-60 µA beams. The N-13 radionuclide is produced via a 16O(p,α)13N reaction and it recombines in the same liquid to the 13NH4+ ammonium ion. The ethanol functions as a free radical scavenger which prevents the formation of undesired NOx compounds. The unload process utilizes the same argon gas to push out the ammonia (13N)  solution of the target and through the hot-cell delivery lines for 4 minutes. The delivery lines used for transfer are made of 1/16” OD PTFE tubing, and its length from the target to the final unload vial in class A cabinet totals approximately 40 meters long. The final product vial is already placed in the dose calibrator beforehand. Immediately after unloading, the amount of radioactivity is measured in the dose calibrator and this activity and time is recorded. 

A single batch of ammonia (13N) consists of several vials, each distinguished as series produced by separate irradiations, with the restriction that the target material and beam parameters remain unchanged for every series within the batch. The first series is used for quality control tests and is the basis for the radiopharmaceutical release process. The quality control is carried out according to the current European Pharmacopoeia  monograph for ammonia (13N) injection [2]. The test for the aluminum content is not performed, since the aluminum target is not used.



Subsequent series are used as sterility sample, retaining sample and patient vials. Each patient series must have enough activity to be used for two injections that are imaged by a PET scanner: the rest scan (requires 150 MBq of 13N-NH3 at the time of injection) and 15 minutes later the stress scan (requires 300 MBq of 13N-NH3). 

Logistics



After the conditional release of the product, immediately after activity measurement, patient vials are dispensed to the lead containers through a retrieval port and prepared as type A package for the delivery. The delivery is carried out by the underground technical corridor to the nuclear medicine department in a separate building, which is approximately a 6 minute walk (Fig.1.). The preparation of two patient injections out of one patient vial is carried out at the Nuclear Medicine department. 
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FIGURE 1. Equipment location and product route at the Radboudumc hospital campus, Nijmegen, The Netherlands
Metallic impurities

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis was performed for the detection of trace amounts of non-radioactive metallic impurities. The values were compared to the  ICH Q3D guideline on elemental impurities [3]. 
Results and Conclusion 
The results of the runs using 10 mmol/L ethanol in water for injections as target material and beam currents above 40 µA can be found in table 1. After multiple beams for further optimization studies, we have found the optimum beam to be of 55 µA for 15 minutes. These tests concluded that we can perform 13N-NH3 production with comparable yields to the aluminum-titanium target technique with a 60 µA beam on target, with a theoretical yield of 280 MBq/µAsat for aluminum-titanium targets and an experimental yield of 273 MBq/µAsat for tantalum-havar targets. As beam currents above 40 µA on a titanium window are not recommended because of the decrease of window lifetime [1], these findings encouraged us to continue with the implementation of the new method. 
	I (µA)
	n
	Av. AEOB (MBq)
	Av. Yield at saturation (MBq/µAsat)

	45
	4
	7847 ± 47
	269

	50
	4
	8591 ± 82
	265

	55
	6
	9722 ± 95
	273

	60
	3
	8273 ± 194
	213


Table 1. Activities and yields in the target at EOB. The beam time for all irradiations is 15 min.

This typical beam results in a target yield of 273 MBq/µAsat, which translates to approximately 9.70 GBq at the End of Bombardment (EOB). A further increase of the beam time would certainly increase the produced activity; however, the gain would steadily diminish while the achieved beam already gives satisfactory results. A further increase of the beam current lowered the yield, which can probably be attributed to an insufficient amount of ethanol to catalyze the reaction or destruction of ethanol [4]. Both instances could lead to the creation of NOx contaminants typically observed where there is not enough ethanol present. This could be avoided by increasing its concentration. However, increased ethanol content leads to a higher pressure buildup, which poses a risk for the target. The use of 10 mmol/L ethanol concentration is in our case dictated by the beam current driven need to have higher ethanol concentrations than in other literature sources (typically 5 mmol/L [5,6]), while maintaining a safe pressure of approximately 530 psi inside the target. 

The final product vial contains approximately 9.5 ml of product (2.5 ml of ammonia solution from the cyclotron and 7 ml saline). Typical activity at this moment (regarded as EOS) is approximately 7.30 GBq. The quality controls results are presented in Table 2 and all of them comply with monograph specifications with radionuclidic purity results always above 99.9% of 13N and ammonia radiochemical purity results repeatedly above 99.5%. 

	n = 15
	Average result 
	Specifica-tion[2]

	Activity at EOS (GBq)
	7.3 ± 0.2 
	N/A

	Radionuclidic purity
	> 99.9
	> 99%

	Radiochemical purity
	99.88 ± 0.12
	> 99%

	pH
	6.7 ± 0.2
	5.5 – 8.5

	Bacterial endotoxins (EU/ml)
	< 0,5
	< 17.5


TABLE 2. 13N-NH3 quality control results


The results of the ICP-MS analysis are presented in Table 3. The results prove that the usage of the tantalum target and havar window introduces metallic impurities well within acceptable limits in the final product. 

	Element
	Concentration (in 2.5 mL target water)
	Monograph limit (ppb)
	ICH Q3D recommended limit (normalized to V* =  9,5 mL) (ppb)

	
	Mean (ppb)
	SD
	
	

	7Li
	0.74
	0.07
	
	95 000

	27Al
	25.39
	3.47
	2000
	-

	51V
	1.11
	0.24
	
	3 800

	52Cr
	2.08
	0.41
	
	418 000

	55Mn
	23.85
	0.30
	
	-

	57Fe
	6.53
	1.69
	
	-

	58Fe
	185.83
	7.92
	
	-

	59Co
	573.53
	17.86
	
	1 900

	60Ni
	190.43
	7.80
	
	7 600

	65Cu
	3.88
	0.41
	
	114 000

	75As
	1.40
	0.34
	
	5 700

	95Mo
	0.62
	0.23
	
	570 000

	111Cd
	0.58
	0.02
	
	760

	121Sb
	2.79
	0.86
	
	34 200

	182W
	8.71
	1.67
	
	-

	202Hg
	47.21
	12.34
	
	1 140

	208Pb
	0.99
	0.66
	
	1 900

	181Ta
	0.23
	0.05
	
	-


*V = Final prod. vol. (2,5 ml target material + 7 ml 0,9 % NaCl)
TABLE 3. ICP-MS results for 3 validation batches.
Conclusions


The utilization of the Siemens standard 18F tantalum target for 13N production changes several key points about radio-ammonia production.  The use of an 18F Target Support Unit equipped with a gas loading/unloading system simplifies the handling process and allows for a fast product transfer. The use of a havar target window instead of titanium allows to remove that material limitation for beam currents. Overall, adopting this method allowed us to shorten the production process and usage of high beam currents on regular basis. Thus, we were able to achieve a production and delivery cycle of approx. 30 minutes per one product vial (Table 4.). 
	Process
	Time (min)
	Approx. Vial activity  (MBq)
	Remarks

	Production
	Cyclotron ready
	0
	27
	
	Initialization 

is done

	
	Target 

loading
	5
	
	
	10 mM 

Ethanol in WFI

	
	Beam

Adjustments
	2
	
	
	For automatic

mode 

	
	13N

 Production
	15
	
	9700
	15 min 55 µA

330 psi on load 

	
	Target

unloading
	4
	
	7300
	EOS

	
	Measurement

& Dispensing
	1
	
	6800
	Next cycle can 

start already

	Logistics
	Packaging & Labelling
	4
	
10
	5150
	According to 

type A package

	
	Transfer to 

NM dept.
	6
	
	3400
	Underground 

corridors

	PET scan
	Injection 

preparation
	5
	
20


	2400
	-150 MBq for 

rest scan

	
	Rest scan
	15
	
	750
	-300 MBq for 

stress scan

	
	Stress scan
	N/A
	
	450
	

	Total time:
	57
	
	


TABLE.4. Timing of the 13N-NH3 production and delivery process.

Additional benefits resulting from the use of tantalum-havar target setup are: 

· The increase of cyclotron target maintenance period from recommended 300-400 µAh for aluminum-titanium setup to 1800 µAh,

· Avoidance of unnecessary dilution of the final product by using the pressurized gas for unload instead of an HPLC pump; this is especially beneficial since we can use only 10 ml product vials in our laboratory setup,

· The production method is kept simple, which allows for efficient mass production, installation and operation by trained non-technical staff.
Our validated method for 13N-NH3 production has been inspected and approved by the Dutch Healthcare Inspectorate (IGZ) and has been successfully used for patient scans since November 2017.
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