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1. Introduction

Targeted alpha therapy (TAT) combining alpha-emitting radionuclides with disease-targeting biomolecules 
has shown great promise for the treatment of advanced and aggressive cancers and is an active area of research 
(McDevitt et al 1998, Couturier et al 2005, Mulford et al 2005, Brechbiel 2007, Kim and Brechbiel 2012, Baidoo 
et al 2013, Elgqvist et al 2014). 211At is one of the few isotopes suitable for use in these radiopharmaceuticals, 
favourable due to its 7.2 h half-life that provides sufficient time for preparation of the pharmaceutical and 
targeting of the cancer once in the body. Results from preclinical and clinical trials have demonstrated this 
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Abstract
The development of alpha-emitting radiopharmaceuticals using 211At requires quantitative 
determination of the time-dependent nature of the 211At biodistribution. However, imaging-based 
methods for acquiring this information with 211At have not found wide-spread use because of its low 
abundance of decay emissions suitable for external detection. In this publication we demonstrate the 
theranostic abilities of the 211At/209At isotope pair and present the first-ever 209At SPECT images.

The VECTor microSPECT/PET/CT scanner was used to image 209At with a collimator suitable for 
the 511 keV annihilation photons of PET isotopes. Data from distinct photopeaks of the 209At energy 
spectrum (195 keV (22.6%), 239 keV (12.4 %), 545 keV (91.0 %), a combined 782/790 keV peak  
(147 %), and 209Po x-rays (139.0 %)) were independently evaluated for use in image reconstructions 
using Monte Carlo (GATE) simulations and phantom studies. 209At-imaging in vivo was 
demonstrated in a healthy mouse injected with 10 MBq of free [209At]astatide. Image-based 
measurements of 209At uptake in organs of interest—acquired in 5 min intervals—were compared to 
ex vivo gamma counter measurements of the same organs.

Simulated and measured data indicated that—due to the large amount of scatter from high energy 
(>750 keV) gammas—reconstructed images using the x-ray peak outperformed those obtained 
from other peaks in terms of image uniformity and spatial resolution, determined to be  <0.85 mm. 
209At imaging using the x-ray peak revealed a biodistribution that matched the known distribution of 
free astatide, and in vivo image-based measurements of 209At uptake in organs of interest matched ex 
vivo measurements within 10%.

We have acquired the first 209At SPECT images and demonstrated the ability of quantitative 
SPECT imaging with 209At to accurately determine astatine biodistributions with high spatial and 
temporal resolution.
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isotope’s potential for TAT (Bloomer et al 1981, Zalutsky et al 2008, Andersson et al 2009, Orozco et al 2013), 
though much of 211At-radiopharmaceutical development remains in the early stages.

Crucial to the development of an 211At -radiotherapeutic is an understanding of its time-dependent biodis-
tribution. Such information regarding the uptake within the targeted cancerous or healthy tissues informs on 
the therapeutic effect and normal tissue toxicity of the radiopharmaceutical in question. For many isotopes in 
preclinical trials, this information is easily provided in vivo by SPECT or PET imaging, methods often comple-
mented by ex vivo whole-organ counting of excised organs post-sacrifice. Therapeutic isotopes (alpha, beta, or 
Auger emitters) that also have gamma emissions sufficient for diagnostic SPECT or PET imaging can potentially 
be used as theranostics (ex. 213Bi). A therapeutic isotope and a diagnostic isotope of the same element can also 
form a theranostic pair (ex. 124I and 131I). As a result of their identical chemical behaviour, the diagnostic isotope 
indicates the biodistribution of the therapeutic isotope. Radiolabelling with similar but different elements can 
also be used as theranostic pairs (e.g. 177Lu and 68Ga, or 211At and 123I); however the distinct chemical properties 
between the elements must be considered and interpretted for these pairs to be used as effective theranostic tools.

While first demonstrated in 1993 by Turkington et al (1993) and Johnson et al (1995), and later utilized in 
phase I clinical trials (Zalutsky et al 2008, Andersson et al 2009), quantitative SPECT imaging with 211At is limited 
by the low intensity of its photon emissions and the relatively low activity concentrations in practical therapeutic 
applications. Complementary to SPECT, alpha-camera imaging has also been used to determine 211At biodis-
tributions at the sub-organ scale (Back and Jacobsson 2010, Chouin et al 2012, Back et al 2014, Miller et al 2014, 
2015). Due to the short 65 μm range of 211At alpha particles, this level of detail regarding the 211At biodistribution 
is required to conduct 211At dosimetry (Sgouros et al 2010, 2011). Unfortunately, this imaging method requires 
time-consuming and careful sample preparation and is limited to ex vivo, planar imaging. Ex vivo methods for 
determining biodistribution data are also limited by their inability to reveal the time-dependence of 211At uptake 
within an organ (a time-activity curve or TAC) without using many animal subjects. Despite the progress made 
regarding SPECT and alpha-camera imaging of 211At, new methods that can easily and accurately determine 
211At biodistribution information with high spatial and temporal resolution would assist the development of 
211At-radiopharmaceuticals.

Another astatine isotope, 209At, has x-ray emissions more favourable for SPECT imaging compared to 211At 
table 1 (Turkington et al 1993, Johnson et al 1995). As 209At x-rays are three times more intense, they potentially 
provide a higher sensitivity signal. 209At also has medium-energy gamma emissions 195 keV (22.6%), 239 keV 
(12.4%), and 545 keV (91.0%) that have potential for SPECT imaging. However, 209At also has more intense high 
energy gamma emissions that are expected to produce large amounts of scattered photons that will potentially 
interfere with and corrupt lower-energy photopeaks—such effects have been observed for imaging 123I in the 
presence of 124I impurities, (Polak et al 1984, Macey et al 1986, Gilland et al 1991), and 188Re (Esquinas et al 2017). 
In addition, 209At decay figure 1 produces longer-lived daughters 205Bi (gamma emitter) and 209Po (alpha emit-
ter); however, effective dose contributions from these decay products is negligible due to their distinct half-lives: 
1 MBq of 209At corresponds  <1 kBq 205Bi and  <10 Bq 209Po. 205Bi is primarily a gamma emitter and does not 
contribute significantly to effective dose compared to 209At. 209Po is an alpha emitter with toxicity presumably 
comparable to 210Po. For preclinical imaging applications, the amount of 209Po resulting from 209At injection is 

negligible but can potentially be an important consideration with respect to longitudinal studies.

Table 1. Gamma and x-ray emissions resulting from the decay of 209At and 211At. 209At emissions with branching ratio  <5% or 
energy  <70 keV are excluded. Data obtained from NNDC (National Nuclear Data Center 2017).

209At 211At

Energy (keV) Intensity (%/decay) Energy (keV) Intensity (%/decay)

77 36.3 77 12.4

79 60.0 79 20.7

89 7.3 89 2.5

90 15.8 90 4.9

92 5.2 92 1.8

x-rays (total) 124.6 x-rays (total) 42.3

195 22.6 570 (211Po) 0.5

239 12.4     687 0.26

545 91.0 898 (211Po) 0.5

782 83.5

790 63.5

1103 5.4

Phys. Med. Biol. 63 (2018) 045025 (10pp)
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In this study, we evaluate 209At as a novel SPECT isotope, using high energy collimation to preserve the integ-
rity of lower energy photopeaks. Distinct photopeaks of the 209At energy spectrum were used for independent 
image reconstructions in phantom studies so as to optimize the choice of photopeak and image reconstruction 
parameters before demonstrating the abilities of 209At-SPECT in vivo. In this way, we present 211At and 209At as a 
new, element-matched theranostic pair for preclinical therapy and imaging studies, respectively.

2. Materials and methods

2.1. 209At production
209At was obtained from the decay of 213Fr (t1/2  =  35 s) and 213Ra (t1/2  =  2.7 min) produced at the TRIUMF ISAC 
Facility as previously decribed (Crawford, Kunz, Yang, Schaffer and Ruth 2017). The combined decay chain of 
209At, 213Fr, and 213Ra is shown in figure 1. Briefly, these radionuclides were produced by irradiating a uranium 
carbide target with 480 MeV protons at 10 μA, followed by on-line surface ionization to create a radioactive 
ion beam containing Fr and Ra isotopes. The A  =  213 isobars were separated from other products via a high 
resolution mass separator and implanted into a thin NaCl disc. After implantation, the salt was dissolved with 
0.1–2 M NaOH.

In order to purify and isolate the 209At, the bulk basic solution was added to a granular tellurium (Te) col-
umn, as previously described for 211At purification following analogous production methods (Bochvarova et al 
1972, Crawford et al 2017a). For rapid measurement of 209At quantities, a dose calibrator—cross-calibrated with 
known quantities of 209At deteremined via gamma spectroscopy—was used, as previously described (Crawford  
et al 2017b).

2.2. SPECT data acquisition and image reconstruction
All imaging was performed with the VECTor microSPECT/PET/CT system (MILabs, Utrecht, Netherlands). 
VECTor is a small-animal scanner capable of single-photon imaging and equipped with an on-board x-ray CT 
scanner (Goorden et al 2012). The minimum energy for imaging with this system is 20 keV while the energy 
resolution is 9.3% for 140 keV and 8.6% for 511 keV. While a variety of cylindrical collimators are made available 
for use with VECTor, a high-energy (HE) collimator was selected for these studies given the high energy gamma 
emissions from 209At (Miwa et al 2015). Designed for single-photon imaging of PET isotopes (511 keV), the HE 
collimator consists of a 4.0–4.5 cm thick tungsten wall with inner bore radius of 4.8 cm. 162 focused pinhole 
apertures surround and are focused onto a central 0.9 ml region from which SPECT data are collected. Larger 
volumes were imaged by translating the animal bed in the x, y, and z directions using a 3D helical motion. With 
this collimator, the system has a sensitivity of 6000 cps per MBq of 18F, and a spatial resolution of 0.50 mm for 
140 keV photons and 0.75 mm for 511 keV photons (Goorden et al 2012).

Data were collected in list-mode (where each detected emission is recorded individually, listing time, energy, 
etc) and binned into 512 channels of 2.34 keV width—a sample of the resulting photon energy spectrum is 

Figure 1. Nuclear decay schematic illustrating the decay modes and production pathways of 209At, and the decay modes of the 
therapeutic 211At.

Phys. Med. Biol. 63 (2018) 045025 (10pp)
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shown in figure 2. SPECT image reconstruction was performed using software provided by the scanner manufac-
turer. Four distinct photopeaks of the energy spectrum corresponding to the emissions of 209At with the highest 
abundance (77–92 keV x-rays, 195 keV, 545 keV, and 782–790 keV) were individually selected for image recon-
struction using energy windows of 25% width relative to the peak energy. Background and scatter correction 
was performed with the triple energy window method using high and low energy background windows of 20% 
width. Using VECTor’s pixel-based ordered subset expectation maximization (POSEM) iterative reconstruc-
tion algorithm (Branderhorst et al 2010), decay-corrected images with 0.4 mm wide cubic voxels were recon-
structed using 16 subsets and 10–15 iterations. Registration of the resulting SPECT images to CT images was 
performed, enabling attenuation correction of SPECT images and fused SPECT/CT viewing. These CT images 
were acquired immediately following SPECT data acquisition using a 55 kV voltage and 615 μA current—CT 
image reconstruction was performed automatically by the VECTor software. The registration of CT and SPECT 
images resampled the SPECT images to a grid of 0.16 mm cubic voxels. Finally, a 3D Gaussian smoothing filter 
(1 mm FWHM, kernel size 7) was applied to reduce noise. Quantitative SPECT images were enabled by applying 
a calibration factor determined via imaging of a syringe containing 32 MBq (independently determined via a 
Atomlab 500 dose calibrator (Biodex Medical Systems, Shirley, NY, USA) of 209At uniformly distributed within a 
6.5 ml volume. The reconstructed images were analyzed using MATLAB R2017a.

2.3. Monte Carlo simulation of detected 209At photon energy spectrum
In order to investigate components in the photon energy spectrum attributable to scatter from high energy 
emissions from 209At, the 209At energy spectrum detected by VECTor was further evaluated by Monte Carlo 
simulation using GATE (Geant4 Application for Emission Tomography, v6.1) (Jan et al 2004). For this simulation, 
the high-energy collimator geometry was approximated as a 4.3 cm thick tungsten cylinder containing 15 equally 
spaced 0.7 mm diameter pinholes with opening angle of 16 degrees, arranged in a single ring and focused on a 
1 mm diameter water sphere containing a uniform 209At activity distribution. The pinhole geometry (0.7 mm 
diameter, 16 degree opening angle) was obtained from Goorden et al (2012). While this model geometry did 
not entirely reflect the physical geometry of the collimator, which contains 4 rings of clustered 0.7 mm diameter 
pinholes, it was used to approximate the general features of the measured 209At spectrum as related to photon 
peak detection and scatter contributions.

The detector system was modelled as three 9.5 cm thick NaI detectors arranged in triangular geometry cov-
ered by a 0.05 cm thick aluminum layer at the front and a 6.6 cm thick back-compartment region. Additionally, 
three lead panels (3 cm thickness) were placed behind the back-compartment region to model the shielding 
material around the system. The NaI energy resolution was modelled as 9% at 511 keV. Additional details of this 
Monte-Carlo model can be found in Esquinas et al (2017).

The 209At decay data was built-in in GATE, and it is based on the evaluated nuclear structure data file (ENDSF) 
database (Bhat 1992). In addition to nuclear decay, the simulation included photoelectric effects, Compton and 
Rayleigh scattering, pair-production, electron ionization and scattering, electron–positron annihilation and 
Bremsstrahlung. A total of 2 × 108 nuclear decays were simulated. Only detected photons with energies between 
40 keV and 2000 keV were recorded.

Figure 2. Simulated results of the 209At photon energy spectrum observed by VECTor broken down by (a) the origin of the detected 
photons, and (b)the scatter contributions from primary 209At photons of different energies. The total simulated spectrum and a 
sample measured spectrum are also included in the left figure. Measured and simulated spectra were normalized by total number of 
counts in the range from 80 to 900 keV.

Phys. Med. Biol. 63 (2018) 045025 (10pp)
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2.4. Image uniformity and spatial resolution
Dedicated image quality phantoms were used to assess and compare the quality of images reconstructed from 
data acquired in the different photopeaks. Image uniformity was assessed using a phantom consisting of a 12 ml 
syringe filled with 6.5 ml of [209At]astatide (32 MBq, uniformly distributed), for which SPECT data was acquired 
for 60 min. Transverse line profiles drawn through the central axis of the phantom images were used to illustrate 
image uniformity. Image uniformity was quantified as the ratio of standard deviation to mean value (%SD) for 
voxels contained within a cylindrical ROI (10 mm diameter, 20 mm height) positioned concentric to the activity 
distribution (%SD  =  σ/µ̄×100%).

Spatial resolution was estimated using an acrylic hotrod phantom containing groups of rods with diameters 
of 0.85, 0.95, 1.10, 1.30, 1.50, and 1.70 mm, with each rod in a group separated by two times its diameter, measured 
centre to centre. The rods were loaded with an aqueous solution (0.1 M NaOH) of [209At]astatide (4.1 MBq ml−1)  
for a total activity in the phantom of 2.9 MBq. SPECT data was acquired for 3 h. Images reconstructed for each of 
the four photopeaks were analyzed following the procedure defined by Walker et al (Walker et al 2014), where for 
each group of rods of equal diameter the contrast between ROIs centred on rods and ROIs centred between rods 
was used to parameterized the image resolution. A threshold of 20% contrast was used to define resolvability.

2.5. In vivo imaging and biodistribution studies
All animal studies were performed in accordance with the Animal Care Committee (ACC) of the University of 
British Columbia under the approved protocol A16-0150. A healthy C57bl6 mouse (Charles River Laboratories, 
St. Constant, QC, Canada) was injected with free 209At− in order to compare its resulting biodistribution with the 
well-known biodistribution of free astatide, which typically sequesters in the thyroid, stomach, lungs, salivary 
glands, and urine (Larsen et al 1998). [209At]astatide extracted from the Te column in 2 M NaOH (Crawford  
et al 2017b) was neutralized by the addition of minimal 0.1–1 M HCl and diluted in saline. The mouse was 
anaesthetized and administered 10 MBq in 200 μl via tail-vein injection. Beginning at 30 min post-injection, 
whole-body dynamic SPECT imaging was performed using a total of 20 consecutive frames of 5 min acquistions 
per frames. Respiratory rate and temperature were monitored constantly during the scan, and isoflurane and bed 
temperature adjusted accordingly. Following SPECT/CT data acquisition, the mouse was sacrificed by isoflurane 
overdose and cardiac puncture.

Within the reconstructed SPECT images, in vivo measurements of percent injected dose per gram (%ID/g) 
were determined for organs of interest using ellipsoidal regions of interest (ROIs), manually placed around indi-
vidual organs. In order to validate SPECT-based biodistribution measurements, ex vivo assessment of the 209At 
biodistribution was determined by removing organs of interest and counting them in a NaI) Packard Cobra II 
auto-gamma counter (Canberra-Packard Canada Ltd, Mississauga, ON, Canada), using a broad energy window 
(410–680 keV), corresponding to the 545 keV photopeak, and counting for 1 minute per organ. The detector was 
cross-calibrated with the dose calibrator using 1 ml aliquots of 209At− (in water) in order to determine %ID/g for 
each organ.

3. Results

3.1. Evaluation of photon energy spectrum for 209At imaging with VECTor
The sample photon energy spectrum shown in figure 2(a) illustrates the three distinct 209At gamma peaks (195, 
545, and 782/790 keV, with intensities of 24%, 91%, and 83%/64%, respectively) and the combined peak of Po 
x-rays (77–90 keV) available for imaging. The background appeared much higher at lower energies between 
100–300 keV, completely obscuring the 240 keV (13%) 209At peak. Additionally, the nearby 195 keV peak appears 
broadened and asymmetrical, the first indication this peak is poorly suited for imaging due to the amount of 
Compton scattering photons present in this energy region.

Details of the origin of this high scatter component are revealed by the GATE simulations. Figure 2(a) also 
shows a comparison of the measured and simulated photon energy spectrum. Visually, the two spectra appear to 
agree well, with the exception of a larger x-ray peak in the simulated spectrum and a misalignment of the peaks 
due to a known drift in the VECTor energy calibration at the time of data collection. Decomposition of simulated 
spectrum components into primary and scattered photons figure 2(a) highlights that the 195 keV peak is sitting 
on the dominant backscatter peak. Figure 2(b) further illustrates that this backscatter peak is primarily the result 
of the high (>750 keV) photons emitted by 209At.

3.2. Image uniformity and spatial resolution
Individual images of the uniformity phantom reconstructed using each of the 209At photopeaks are shown in 
figure 3. Qualitatively, the 77–90 keV image was superior to all other images. Transverse line profiles through 
the central axis of the uniform 209At activity distribution (also shown in figure 3) illustrate the variation in voxel 

Phys. Med. Biol. 63 (2018) 045025 (10pp)
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intensity for reconstructions made using each photopeak. Again, the 77–90 keV profiles look best, with the edge 
of the syringe clearly defined (unlike the 195 keV image), and a uniform intensity within the syringe (unlike the 
545 keV and 790 keV profiles which contain high intensity peaks within at the syringe centre). Central ROI were 
found to have %SD values of 17%, 24%, 19%, and 22%, for 77–92 keV, 195 keV, 545 keV, and 782/790 keV image 
reconstructions, respectively.

Images of the resolution phantom reconstructed with each photopeak are shown in figure 4. Again, image 
quality visually appears best for images reconstructed with the x-ray peak. Assessment of inter-rod contrast 
(also shown in figure 4) quantitatively supports this, as all rod sizes were resolved in the x-ray peak, while 
rods  ⩾0.95 mm were resolved with the 195 keV peak and rods  ⩾1.3 mm were resolved in the 545 keV and com-
bined 782/790 keV peaks.
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Figure 3. SPECT images of a 12 ml syringe containing containing 32 MBq of 209At, reconstructed for each of the four available 
photopeaks. Dashed white line through the centre the uniformity (syringe) phantom indicates the location of line profiles plotted 
for each photopeak.

77-92 keV 195 keV

545 keV 782/790 keV

1.7 
mm

1.5 mm

  1.3
 mm

  1.1
 mm0.95 mm0

 0.85
 mm

re
la

tiv
e 

in
te

ns
ity

0

1

0.5

Figure 4. SPECT images of the hotrod phantom reconstructed for each of the four available photopeaks as well as plots of inter-rod 
contrast for each rod size and photopeak.
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3.3. In vivo studies
Given the superior quality of images reconstructed using the x-ray peak (see section 3.2), all in vivo image 
analysis was performed using images only reconstructed by this peak. Figure 5 shows in vivo SPECT images of 
the mouse injected with free [209At]astatide, reconstructed using all data from all 20 frames collected between 30 
and 160 min post-injection. These images visualize the expected 209At biodistribution (Larsen et al 1998), with 
the thyroid, stomach, salivary glands, lungs, spleen, and bladder showing visible uptake. Quantitative ex vivo 
biodistribution provided confirmation of the activity distributed to these organs, as shown in figure 6, which 
also illustrates changes in the 209At biodistribution over time captured by the dynamic reconstructions for each 
of the individual 5 minute frames. Extrapolation of the SPECT-based measurement of total 209At in each organ 
agreed with ex vivo whole-organ counting measurements within 10%, with the exception of the stomach. Ex vivo 
stomach measurements appear slightly lowered, a result expected since some stomach contents were removed 
before counting the organ.

4. Discussion

Both the measured and simulated 209At spectra seen by VECTor figure 2(a) suggest that the x-ray peak provides 
the best option for 209At image reconstruction due to the large number of available counts—a result of the high 
branching ratio and high detection efficiency by NaI for photons of that energy, when compared to the other 
available peaks (195, 545, and 782/790 keV). This observation is further supported by the phantom imaging 
studies: uniformity profiles figure 3 and spatial resolution figure 4 appear superior for images reconstructed with 
this peak. The superior spatial resolution at lower energies is an expected result, as spatial resolution is known 
to decrease at higher energies for VECTor (Goorden et al 2012, Robertson et al 2017). Considering other peaks, 
the poor performance of the 782/790 keV peak is possibly attributable to collimator pinhole edge penetration, as 
these photons are well above the typical energy range of this collimator (⩽511 keV). The hotrod phantom images 
reconstructed with the 545 keV peak exhibit a spatial resolution (1.3 mm) that is worse than typically observed in 
VECTor images at this energy (0.80 mm for 511 keV (Goorden et al 2012)). While the source of this discrepancy 
is not clear, it is likely that the point spread function of the 209At 545 keV photopeak is wider than a pure 511 keV 
photopeak due to contributions from higher energy emissions exhibiting collimator edge penetration, resulting 
in a loss of resolution. Better image contrast for 545 keV reconstructions is likely achievable using detector 
materials that offer better energy resolution, as compared to NaI(Tl), such as LaBr3(Ce).

The observed spatial resolution for the x-ray peak images (⩽0.85 mm) is consistent with reported results for 
imaging at low energies with VECTor (0.50 mm for 140 keV (Goorden et al 2012)). Uniformity profiles for the 
545 and 782/790 keV peaks also appear less uniform and less clearly indicate the edge of the syringe phantom 
than do the profiles for the x-ray peak images. The 545 and 782/790 keV uniformity phantom images also present 

SPECT SPECT/CT SPECT/CT (MIP)

 coronal slicesagittal slice

50%+0%
SPECT voxel intensity 

A
B

C

D

E

D

B

F

A

0% 100%

sagittal slice coronal slice sagittal MIP coronal MIP

CT voxel intensity

Figure 5. SPECT, SPECT/CT, and maximum intensity projections (MIP) of SPECT/CT illustrating the biodistribution of free 209At 
in a normal mouse. SPECT images were reconstructed using the x-ray peak (77–92 keV). Labelled organs with 209At uptake include 
salivary gland (A), thyroid (B), lungs (C), stomach (D), bladder (E), and spleen (F). Additional 209At uptake was observed around 
the nasal and ocular cavities, as well as in the cartilage of the spine, consistent with previously reported findings using alpha-camera 
imaging (Back and Jacobsson 2010). Images are displayed with the thickness of one voxel (0.169 mm).
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artefacts characterized by a high intensity spot in the centre of the phantom, possibly a result of collimator edge 
penetration, down-scatter, or over-correcting for attenuation. Even with reduced image quality, imaging with 
high energy photopeaks may be necessary for larger animals where the proportionately higher linear attenuation 
of 77–92 keV x-rays will be most significant, resulting in lower counts for reconstruction. Attenuation effects for 
209At emissions requires further evaluation.

The low quality of 195 keV images—for which image uniformity and spatial resolution are the worst—can 
be attributed to the fact that this peak sits on the backscatter peak arising from Compton scattering photons 
of the highest energies (>750 keV), by far the most significant scatter contributions in the 209At spectrum, as 
revealed by the GATE simulation results in figure 2. Though differences exist between the total measured and 
simulated 209At energy spectra in the x-ray region—an energy region for which GATE simulations are known to 
be less accurate and more sensitive to inaccuracies of the simulated geometry—the spectra compare well enough 
at higher energies to suggest that these simulations accurately model 209At gamma ray interactions within the 
VECTor scanner despite approximations made to the simulated geometry. The complexity of the spectrum and 
the amount of scatter in the region of the 195 keV peak are likely the cause of the poor image quality of images 
reconstructed using this peak. While the triple-energy-window scatter correction method used by the VECTor 
reconstruction algorithm is known to be capable of appropriate correcting for scatter effects, this does not appear 
to be the case for the 195 keV 209At peak, for which scattered photons are reconstructed—an effect most visible 
in the 195 keV uniformity phantom image figure 3 where the edge of the syringe is not clearly visible, with much 
activity reconstructed outside the syringe.

The in vivo 209At images shown in figure 5 illustrate the potential of this x-ray peak to visualize At biodistri-
butions, while the comparison with ex vivo measurements in figure 6 indicates that quantitative biodistribution 
measurements determined from 209At SPECT images are consistent with conventional ex vivo biodistribution 
measurements, even when imaging data is acquired over short 5 min frames. These quantitatively accurate 209At 
SPECT images determined At time-activity curves using a single animal subject, a clear complement to ex vivo 
methods which only provide a snapshot of the At biodistribution at the time of sacrifice and require multi-
ple subjects in order to determine time-activity curves. The spatial resolution of images reconstructed using 
the x-ray peak (⩽0.85 mm) also implies that, compared to ex vivo biodistribution measurements, these image-
based methods have potential to provide additional information about the 3D At distribution at the sub-organ 
level. Though only demonstrated in a normal mouse with free [209At]astatide, these image-based biodistribution 
measurements have potential to quantitatively determine the pharmacokinetics of At-labelled compounds with 
high time-resolution. This is of particular interest to the [211At]astatinated small molecules and peptides used as 
radiotherapeutics, where fast biokinetics significantly impact the dose distribution and the resulting damage to 
healthy organs.

This work demonstrates the theranostic abilities of the 209At/211At isotope pair. While 209At imaging is chal-
lenged by the currently limited availability of 209At (Crawford et al 2017a) and the need for a high energy col-

Figure 6. Measurements of total 209At activity in organs of interest determined both from dynamic SPECT images reconstructed 
from the x-ray peak and from ex vivo measurements conducted after imaging. Ex vivo measurements are the final data point for each 
organ (solid markers), while in vivo measurements (outlined markers) make up the remaining values. Trendlines (dashes) for each 
organ were fit with functions of the form y = a + b ln(x + c).
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limator not found on most preclinical SPECT scanners, 209At imaging offers advantages over other previously 
described methods that image 211At x-ray emissions. These advantages include a three-fold higher total branch-
ing ratio of x-ray emissions from 209At over 211At table 1, and a 25-fold lower alpha emission rate that reduces 
toxicity and may permit the use of the higher activities needed for imaging. As shown in figure 1, four alpha 
emissions result from every 100 209At decays, while every 211At decay results in an alpha emission, either by direct 
alpha decay to 207Bi or indirectly via the rapid decay of its daughter, 211Po. While 209At decays to the alpha-emitter 
209Po, the long 209Po half-life (t1/2  =  102 y) reduces the dose rate and therefore the biological effects. For example, 
a 10 MBq injection of 209At produces only 60 Bq of 209Po. In addition, larger high energy collimators will also need 
to be compatible with the abundant 545 keV and 782/790 keV emissions of 209At. By providing accurate images 
of the At biodistribution with high temporal and spatial resolution, SPECT imaging with 209At has potential to 
provide valuable information relevant to the development of 211At-radiopharmaceuticals.

5. Conclusion

We have demonstrated the ability of quantitative SPECT imaging with 209At—a novel imaging isotope—to 
accurately determine astatine biodistributions with high temporal resolution. For small animal imaging, 
x-ray reconstructions were shown to provide sub-organ spatial resolution (<0.85 mm). High energy gammas 
(545 keV), exhibiting much less attenuation by tissue, are expected to be most useful for imaging astatine actvity 

distributions in larger animals.
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