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Abstract
Effective use of the 225Ac decay chain in targeted internal radioimmunotherapy 
requires the retention of both 225Ac and progeny isotopes at the target 
site. Imaging-based pharmacokinetic tests of these pharmaceuticals must 
therefore separately yet simultaneously image multiple isotopes that may 
not be colocalized despite being part of the same decay chain. This work 
presents feasibility studies demonstrating the ability of a microSPECT/
CT scanner equipped with a high energy collimator to simultaneously 
image two components of the 225Ac decay chain: 221Fr (218 keV) and 213Bi 
(440 keV). Image quality phantoms were used to assess the performance of 
two collimators for simultaneous 221Fr and 213Bi imaging in terms of contrast 
and noise. A hotrod resolution phantom containing clusters of thin rods with 
diameters ranging between 0.85 and 1.70 mm was used to assess resolution. 
To demonstrate ability to simultaneously image dynamic 221Fr and 213Bi 
activity distributions, a phantom containing a 213Bi generator from 225Ac 
was imaged. These tests were performed with two collimators, a high-energy 
ultra-high resolution (HEUHR) collimator and an ultra-high sensitivity 
(UHS) collimator. Values consistent with activity concentrations determined 
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independently via gamma spectroscopy were observed in high activity regions 
of the images. In hotrod phantom images, the HEUHR collimator resolved 
all rods for both 221Fr and 213Bi images. With the UHS collimator, no rods 
were resolvable in 213Bi images and only rods  ⩾1.3 mm were resolved in 
221Fr images. After eluting the 213Bi generator, images accurately visualized 
the reestablishment of transient equilibrium of the 225Ac decay chain. The 
feasibility of evaluating the pharmacokinetics of the 225Ac decay chain in 
vivo has been demonstrated. This presented method requires the use of a high-
performance high-energy collimator.

Keywords: actinium-225, bismuth-213, francium-221, targeted alpha 
therapy, radioimmunotherapy, dual-isotope SPECT

S  Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

1. Introduction

Due to the high cytotoxicity and short range of alpha radiation, targeted internal radiation 
therapy using alpha-emitters can potentially treat aggressive cancers by destroying small 
or single-cell metastases with minimal harm to healthy tissue (Kim and Brechbiel 2012). 
The 225Ac decay chain (figure 1) has considerable potential for use in this therapy due to the 
relatively long 225Ac half-life (t1/2  =  10 d) followed by four alpha emissions (Miederer et al 
2008). Physical properties of the 225Ac decay chain are summarized in figure 1. The advan-
tage gained from multiple alpha particles is offset by the challenge of retaining both 225Ac 
and its progeny at the target, as the migration of the daughter products from the target follow-
ing 225Ac decay reduces therapeutic effect and increases toxicity to non-target and excretion 
organs (de Kruijff et al 2015). While used in a small number of clinical trials (Miederer et al 
2008, Jurcic and Rosenblat 2014, Kratochwil et al 2016), the difficulty of targeting cells with 
the entire decay chain remains a hurdle for 225Ac pharmaceutical development and is an active 
area of research (Sofou et al 2004, Woodward et al 2011, McLaughlin et al 2013, Sofou et al 
2015). As an example from preclinical trials, some targeting vectors exhibit renal toxicity due 
to 213Bi uptake that limits the amount of 225Ac that can be administered (Miederer et al 2004, 
Jaggi et al 2005).

Performance evaluation of 225Ac pharmaceuticals must therefore separately assess the bio-
distributions of each alpha emission in the 225Ac decay chain and the resulting integrated dose 
to various tissues. Determining this in preclinical studies is currently a challenge since quanti-
tative ex vivo assessment is limited by the short half-lives of 225Ac progeny isotopes, 221Fr 
(t1/2  =  4.8 min) and 213Bi (t1/2  =  45.6 min).

While quantitative SPECT imaging could assess the pharmacokinetics of radiopharma-
ceuticals in vivo, there are currently no established imaging-based methods capable of sepa-
rately yet simultaneously imaging the multiple 225Ac decay chain isotopes. While SPECT 
images of 213Bi alone have been acquired with a VECTor microSPECT/PET/CT system, nei-
ther 225Ac nor 221Fr were present (de Swart et  al 2016). Qualitative 221Fr SPECT images 
have been reported in two preclinical cases, as have qualitative clinical images of 213Bi alone 
(Cordier et al 2010, Woodward et al 2011, McLaughlin et al 2013, Jurcic and Rosenblat 2014, 
Kratochwil et al 2014). While other imaging modalities such as alpha-cameras (Back and 
Jacobsson 2010) or Cherenkov imaging (Pandya et al 2016) have also been used to image the 
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biodistributions of the 225Ac decay chain or other alpha-emitting medical isotopes, quantita-
tive SPECT has a distinct advantage over these methods. Though alpha-camera spatial resolu-
tion is on the order of tens of microns and is superior to SPECT, alpha-cameras are limited to 
ex vivo planar imaging. Advantages of SPECT over Cherenkov imaging of the 225Ac decay 
chain include higher sensitivity, the ability to produce quantitative and 4D biodistriutions, and 
the potential to use photon energy discrimination to distinguish between different components 
of the 225Ac decay chain.

This work describes first steps taken towards developing quantitative preclinical imaging 
tests of 225Ac radiopharmaceuticals via dual-isotope SPECT imaging of 225Ac progeny 221Fr 
(218 keV) and 213Bi (440 keV) using a VECTor microSPECT/PET/CT system. To the best 
of our knowledge, we present the first simultaneously acquired quantitative 221Fr and 213Bi 
images. This study is limited by the small amount of 225Ac that was available. Annual global 
commercial supply is approximately 37 GBq (1 Ci), making this isotope difficult and costly 
to obtain (Apostolidis et al 2005, Weidner et al 2012). Therefore, only small amounts of this 
 iso tope could be used for feasibility studies. Performance assessment of VECTor for simul-
taneously imaging 221Fr and 213Bi is presented, and the ability to separately image dynamic 
221Fr and 213Bi activity distributions is demonstrated. If used in vivo, this technique could 
provide invaluable information for evaluating the safety and efficacy of 225Ac radiopharma-
ceuticals under development by assessing the biodistribution of multiple 225Ac decay chain 
comp onents over time. Ultimately, this could facilitate faster development of 225Ac pharma-
ceuticals at the preclinical stage by determining which pharmaceuticals are best suited for 
larger preclinical therapy studies or clinical trials.

2. Materials and methods

2.1. Relevant physical properties, production, and quantification of 225Ac

225Ac decays to stable 209Bi via two beta and four alpha decays (see figure 1). The alpha-
emitting portion of the decay chain effectively encompasses 225Ac through 213Bi, since 213Po 
decay occurs microseconds after 213Bi decay. Only 221Fr and 213Bi can be imaged, via their 
218 keV (11.4%) and 440 keV (25.9%) gamma emissions, respectively. Other gamma emis-
sions are present with branching ratios less than 3% relative to 225Ac decays. While many of 
these isotopes emit x-rays in the 80 to 100 keV range, these photons cannot provide images 
representing activity distributions of specific isotopes.

The short half-lifes of 225Ac progeny isotopes relative to the parent causes the decay chain 
to establish transient equilibrium. The activity of 221Fr will take 21 min to reach 95% of the 

Figure 1. The 225Ac decay chain. Photons with a branching ratio  >3% relative to 225Ac 
decay are shown.

A K H Robertson et alPhys. Med. Biol. 62 (2017) 4406
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225Ac activity; 213Bi will take 201 min. Neglecting 217At due to its short half-life, the abun-
dance of each isotope in the decay chain is modelled by the differential equations:

dN225Ac

dt
= −λ225AcN225Ac(t) (1)

dN221Fr

dt
= −λ221FrN221Fr(t) + λ225AcN225Ac(t) (2)

dN213Bi

dt
= −λ213BiN213Bi(t) + λ221FrN221Fr(t) (3)

where Ni denotes the number of atoms of isotope i having decay constant λi.
Though the availability of large 225Ac quantities may be limited, TRIUMF (Vancouver, 

Canada) can produce small but imageable quantities of this otherwise costly isotope using 
its isotope separation on-line (ISOL) facility (Dilling et al 2014). A full description of this 
production method will be presented in a following publication. For this study, a total of 
3.8 ± 0.30 MBq of 225Ac was available for imaging, free of other radioactive contaminants. 
The radioactive composition of all samples was determined via gamma spectroscopy using the 
Genie 2000 software package and a high-purity germanium detector (Canberra Industries). 
225Ac quantities were determined indirectly via measurement of 221Fr and 213Bi once transient 
equilibrium was established. These measurements were experimentally determined to have an 
uncertainty of 8%.

2.2. Data acquisition and image reconstruction

The versatile emission computed tomography (VECTor) imaging platform (MILabs, Utrecht, 
Nederlands) is a small-animal, multi-modality scanner capable of quantitatively imaging 
single photons over a wide energy range (both SPECT and PET isotopes) (Goorden et  al 
2012). The imaging platform combines a computed tomography (CT) scanner and a SPECT 
system with three flat panel NaI detectors in a triangular arrangement. Within the NaI panels 
is an interchangeable cylindrical collimator containing rings of clustered pinholes. Collimator 
interchangeability provides versatility, with collimators of varying resolution, sensitivity, and 
diameter optimized for different photon energies and applications. Images are reconstructed 
from within a small region inside the collimator that is visible to all pinholes. Larger volumes 
are imaged by stepping the bed through multiple bed positions.

VECTor uses a 350 keV threshold to distinguish between both high (PET-like) and low 
(99mTc-like) energy photons. Simultaneous 221Fr (218 keV) and 213Bi (440 keV) imaging 
involves both energy ranges and—given difficulties in obtaining large 225Ac quantities—poten-
tially less activity than typical of SPECT imaging studies. Therefore, two collimators were 
selected as potential candidates for this imaging method: the ultra-high sensitivity (UHS) col-
limator (Ivashchenko et al 2015), and the high-energy ultra-high resolution (HEUHR) collima-
tor (Miwa et al 2015). The UHS collimator performs optimally at lower energies and provides 
higher sensitivity favourable for low-activity imaging. In contrast, the HEUHR collimator 
offers higher spatial resolution and improved performance over a broad energy range. When 
imaging with 140 keV, the collimators yield a sensitivity of approximately 12 500 cps MBq−1 
(UHS) and 3000 cps MBq−1 (HEUHR), and spatial resolutions of 1 and 0.55 mm, respectively. 
A more detailed comparison of each collimator’s properties is given in supplemental data sec-
tion 1 (stacks.iop.org/PMB/62/4406/mmedia). In this study, we characterize VECTor’s ability 
to simultaneously image 221Fr and 213Bi for both HEUHR and UHS collimators.

A K H Robertson et alPhys. Med. Biol. 62 (2017) 4406
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Despite the low activity available for imaging, the 10 d 225Ac half-life permits long data 
acquisitions, providing sufficient counts for image reconstruction. However, such long acqui-
sitions prohibit in vivo imaging. The collimator, duration, bed positions, and counts acquired 
for each acquisition is reported in table 1. Unless otherwise stated, all data were acquired with 
the decay chain in equilibrium. Data acquired in list mode were sorted into 512 energy bins 
of 3.86 keV width—resulting spectra are shown in figure 2. The system’s energy resolution is 
9.3% for 140 keV and 8.6% for 511 keV. Two images were reconstructed from each data acqui-
sition: one from data collected in the 218 keV photopeak (221Fr) and another from the data in 
the 440 keV peak (213Bi). Different system matrices are used to reconstruct low energy (221Fr) 
and high energy (213Bi) images. A system matrix optimized for 140 keV is used when recon-
structing events from energy peaks below 350 keV, while for energies above 350 keV a system 
matrix calculated for 511 keV photons is used. Data were corrected for decay, and images 
with 0.4 mm wide cubic voxels were reconstructed using energy windows of 15% width, 4 
subsets, and 25 iterations using VECTor’s pixel-based ordered subset expectation maximiza-
tion (POSEM) iterative reconstruction algorithm (Branderhorst et al 2010). This combination 
of subsets and iterations was chosen based on optimization of contrast-to-noise ratio (CNR) 
for resolution phantom images (see section 2.4). The number of MLEM-equivalent iterations 
(number of POSEM subsets times number of iterations) was first determined. 100 MLEM-
equivalent iterations was selected as this number yielded the optimal CNR for most images 
when using different isotope (221Fr versus 213Bi) and collimator (UHS versus HEUHR) com-
binations. Keeping this number fixed, the number of subsets was varied. Compared to a sin-
gle-subset reconstruction, no significant differences were observed when data were divided 
into 4 subsets. Therefore, 4 subsets and 25 iterations was chosen as the best optimization of 
image quality and reconstruction time. Background and scatter correction is performed by 
the VECTor image reconstruction software, in this case using a triple energy window method 
with a high and low energy background window of a 3% width. Co-registration of emission 
images and the subsequently acquired CT images enabled attenuation correction of the SPECT 
images. To enable quantitative SPECT reconstruction, calibration factors for each collimator 
and photopeak were determined from images of a uniform syringe containing 1.05 ± 0.08 

Table 1. Activities used, acquisition durations, and counts acquired in each photopeak 
for all imaging experiments. Values for dynamic scans list the number of counts in the 
first frame.

Phantom
Total activity 
(MBq)

Bed  
Positions Collimator

Time per bed 
position (min) Counts (millions)

Contrast, noise,  
uniformity

2.77 ± 0.22 36 HEUHR 40 221Fr 4.34

213Bi 8.37

UHS 40 221Fr 27.30
213Bi 101.07

Resolution 1.79 ± 0.14 18 HEUHR 80 221Fr 5.23
213Bi 9.53

UHS 40 221Fr 15.98
213Bi 43.25

Chromatography  
Column

0.24 ± 0.02 1 HEUHR 60 221Fr 0.15

213Bi 0.23

A K H Robertson et alPhys. Med. Biol. 62 (2017) 4406



4411

MBq of 225Ac reconstructed from a 12 h acquisition. The reconstructed images were analyzed 
using MATLAB 2015b.

2.3. Image contrast and noise

Image contrast and uniformity were assessed using a cylindrical acrylic phantom similar to the 
NEMA NU-4 micro-PET image quality phantom (Harteveld et al 2011). The phantom contains 
one high activity concentration insert (‘hot’ region) and one activity-free insert (‘cold’ region), 
both submerged in a low activity concentration background (‘warm’ region). These inserts 
permit contrast measurements similar to in vivo conditions, where a small high activity region 
may be present within a uniform low activity background. The insert-free portion of the warm 
region was used to measure noise characteristics and the uniformity of the system’s response. 
The hot and warm regions were filled with 225Ac concentrations of (1.56 ± 0.12) MBq ml−1 
and (0.33 ± 0.03) MBq ml−1, respectively. For contrast and uniformity measurements only, a 
1 mm Gaussian filter was applied to the reconstructed images. Contrast measurements were 
performed using cylindrical ROIs defined within CT images and centred over the hot, warm, 
and cold regions using diameters equal to 80% of the physical diameter of each volume (ROI 
placement is visualized in figure 3(a)). Definitions of contrast recovery as defined by the NEMA 
NU 2-2007 standard were used (National Electrical Manufacturers Association 2007). Contrast 
recovery between the hot and warm regions was therefore defined as:

CRh−w =
Ih/Iw − 1
ah/aw − 1

∗ 100% (4)

and contrast recovery between the warm and cold (activity-free) regions was defined as:

CRw−c = (1 − Ic

Iw
) ∗ 100% (5)

where Ih, Iw, and Ic represent mean activity concentrations measured within the hot, warm 
and cold ROIs, and ah and ac represent activity concentrations independently determined by 
gamma spectroscopy. Profiles across the hot and cold regions were also measured on a single 
image plane.

Figure 2. Energy spectra, normalized by acquisition time, acquired by the VECTor 
scanner for both HEUHR (red) and UHS (green) collimators with a comparison to a 
background spectrum (grey) acquired with no collimator or activity present. Spectra 
were acquired using a uniform source containing 1.05 MBq (28.3 μCi) of 225Ac. The 
energy regions used to reconstruct the 221Fr and 213Bi are shown in blue and red, 
respectively. The adjacent grey regions indicate the energy windows defined for 
background and scatter correction.

A K H Robertson et alPhys. Med. Biol. 62 (2017) 4406
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Image uniformity can be assessed using radial profiles through uniform regions containing 
high activity concentrations. Due to the low activity concentration within our phantom and 
the resulting noise, images were averaged over 4 mm in the axial direction before measuring 
radial uniformity profiles.

Within this uniform region of the phantom, image noise was also assessed using two met-
rics. To assess the variability in the response to a uniform radioactivity concentration, noise 
was assessed by measuring the coefficient of variation (COV) within the warm ROI across 45 
(7.6 mm) adjacent planes. In a method similar to Tong et al (2010), background variability was 
measured using 9 ROIs located within the uniform region of the phantom and having diameters 
equal to those of the hot and cold inserts. The placement of these ROIs is shown in figure 3(b), 
and was done using 5 non-adjacent image slices 2 mm apart for a total of 45 ROIs. The coef-
ficient of variation of ROI mean values is taken as the final measure of background variability.

2.4. Image resolution and limit of detection

An acrylic phantom containing groups of cylindrical holes of diameters 1.70, 1.50, 1.30, 1.10, 
0.95, and 0.85 mm was used to assess the ability to resolve small objects that may be present 
in future in vivo studies. All but the 0.85 mm holes were filled with (4.66 ± 0.37) MBq ml−1 of 
225Ac. Attempts to get as much of the available activity as possible into the phantom resulted 
in the smallest holes not filling with the solution. The resulting images were analyzed by 
measuring inter-rod contrast as defined by Walker et al (2014). This metric measures inter-rod 
contrast between ROIs centred inside and in between rods of a given size. ROIs were defined 
using known dimensions of the phantom and positioned using CT images. The ideal value for 
this metric is 100%, with 20% defined as the minimum threshold for resolvability.

To assess the ability to accurately quantify the activity concentration within small objects, 
the recovery coefficient (RC) was measured for each rod using ROIs with diameters 80% of 
the physical rod diameter. The RC has an ideal value of one and is defined as:

RC =
hd

ho
 (6)

where ho is the known activity concentration and hd  is the apparent activity concentration 
within the ROI.

To parameterize the quantitative accuracy of images at lower activity concentrations, inter-
rod contrast and RC measurements were repeated for images reconstructed using 20%, 5%, 

Figure 3. (a) SPECT cross section of the phantom’s contrast region, with green circles 
indicating the location of ROIs used to determine contrast measurements, and the red 
line showing the location of the measured profiles. (b) SPECT cross section  of the 
phantom’s uniform region, with blue circle indicating the location of the ROI used for 
the ‘warm’ region, and green circles indicating the ROIs used for noise measurements.

A K H Robertson et alPhys. Med. Biol. 62 (2017) 4406
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and 1% of the total counts, simulating data acquired with activity concentrations of 0.93, 0.23, 
and 0.05 MBq ml−1.

2.5. Dynamic imaging of differing 221Fr and 213Bi distributions

To demonstrate the ability to image dynamic 221Fr and 213Bi activity distributions that are 
not colocalized, we imaged a chromatography column typically used to isolate 213Bi from 
the 225Ac parent. Described by Morgenstern (2012), this procedure uses AG MP-50 cation 
exchange resin, loaded with 225Ac in 4 M HNO3. 225Ac binds to the resin, along with most of 
the 213Bi. Once the 213Bi and 225Ac regain equilibrium, 213Bi is eluted in a solution of 0.1 M 
NaI and 0.1 M HNO3. 225Ac remains bound to the resin as does 221Fr.

For the imaging study, 0.30 ± 0.02 MBq of 225Ac was loaded onto the resin (column vol-
ume 100 μl), and the 213Bi was eluted in a 200 μl volume that was left in the column, but 
outside the resin volume. After the elution, the 213Bi is no longer in equilibrium with 225Ac: in 
the resin a deficiency of 213Bi exists relative to 225Ac; in the eluate an excess of 213Bi and no 
225Ac is present. The expected result is a decay of 213Bi in the eluate, and a growth of 213Bi in 
the resin as equilibrium is reestablished.

Beginning at 20 min post-elution, a series of six one-hour data acquisitions were performed 
at the interface between the resin and the eluate. After image reconstruction, the total amount 
of 221Fr and 213Bi within the resin and the eluate was evaluated as a function of time.

3. Results

3.1. Image contrast and noise

Table 2 contains contrast recovery and noise measurements acquired from the contrast phan-
tom. Contrast recovery is highest for the HEUHR collimator, with contrast recovery values 
of 83–85 % for the high activity concentration region, compared to 73–77% for the UHS 
collimator. However, contrast recovery between the cold and warm regions is reduced due to 
the non-zero background observed in the cold region and outside the phantom, a typical result 
caused by the difficulty of the image reconstruction to converge within low-activity regions.

For HEUHR images, the measured activity concentration within the hot region is within 
9% of the expected values independently determined via gamma spectroscopy (section 2.1). 
This error is reduced to 2% for the UHS images. However, measured activity concentrations in 
the low activity (warm) region differ from real values by less than 19%, with the exception of 
the UHS 213Bi images in which an activity concentration 67% of the ideal value is measured. 
Profiles through the contrast inserts are shown in figure 5.

These observations are visually supported by images of the contrast phantom (figure 4). Each 
collimator appears visually to perform best in its nominal energy range. The HEUHR collimator can 
better distinguish the phantom from background in 213Bi images, while the 221Fr images exhibit 
lower frequency noise and a higher background. In comparison, the UHS collimator produces 221Fr 
images that better distinguish the phantom from background when compared to 213Bi images.

3.2. Image resolution and limit of detection

Images of the resolution phantom are shown in figure  6. The HEUHR collimator clearly 
resolves all rods for both 221Fr and 213Bi images, while the UHS collimator resolves none 
of the rods in the 213Bi images, and only some for 221Fr. This is supported by inter-rod 

A K H Robertson et alPhys. Med. Biol. 62 (2017) 4406
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contrast measurements shown in figure  8—the HEUHR collimator has inter-rod contrast 
values  >35% for all rods in both 221Fr and 213Bi images while many UHS inter-rod con-
trast values are near or below zero, implying that more activity in the reconstructed image 
is seen between the rods than within them. The UHS collimator resolves rods only in 221Fr 
images for diameters  ⩾1.3 mm. As the activity concentration is decreased (by reconstructing 
with fewer counts) the resolvability of rods remains unchanged above 0.23 MBq ml−1 (see 
supplemental figure 2).

Table 2. Image quality results from images of the contrast phantom, including the ideal 
values expected from a perfect image.

Collimator Image

Hot region 
mean (% of 
ideal value)

Warm region 
mean (% of 
ideal value)

Contrast 
recovery  
hot-warm  
(%)

Contrast 
recovery 
warm-cold 
(%)

Noise 
(%)

Background 
variability 
(%)

HEUHR 221Fr 91 89 84.5 66.5 15 7
213Bi 106 118.7 83 86.8 25 8

UHS 221Fr 99 81.5 77 75.3 17 7
213Bi 102 67.0 73 68.7 29 15

Ideal value 100 100 100 100 0 0

Figure 4. 221Fr and 213Bi images of the contrast phantom acquired with both the 
HEUHR and UHS collimators and filtered with a 1 mm 3D Gaussian filter.

Figure 5. Profiles through contrast phantom images in the uniform region (a) and 
the contrast region (b). The ideal profile (solid grey) showing the known activity 
concentration and associated error (dashed grey) has been filtered with the same 
Gaussian filter applied to the images. Profiles from 221Fr images are shown in blue, and 
profiles from 213Bi images in red.

A K H Robertson et alPhys. Med. Biol. 62 (2017) 4406
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While the rods may be resolvable, the activity concentration measured within them is not 
necessarily accurately estimated. Table 3 shows recovery coefficients for all resolved rods. RC 
values range between 0.55 and 0.97 for the largest rods and decrease with rod diameter. This 
is also seen in the profiles shown in figure 7. RC values change little for activity concentra-
tions  ⩾0.23 MBq ml−1 (see supplemental figure 3).

3.3. Dynamic imaging of 221Fr and 221Bi distributions

SPECT and CT images of the chromatography column after 213Bi elution are shown in 
 figure 9. While the 221Fr images appear unchanged over time, changes in the 213Bi activity 
distribution are visually apparent: a decreasing amount of 213Bi in the eluate and an increasing 
amount in the resin.

The total activity within the resin and eluate over time is shown in figure 10. The curve fit to 
the 213Bi resin activity measurements was calculated using the solutions to equations (1)–(3), 
with the initial amount of 225Ac and 221Fr determined from the average of the last two 213Bi 
data points, and the initial amount of 213Bi determined by linear extrapolation of the first two 
points to t  =  0. The shape of this curve agrees well with the remaining data points, and both 
221Fr and 213Bi transient equilibrium values differ by only 5.5%. Within the eluate, an expo-
nential fit to 213Bi activities has a half-life of 39.8 min, with 95% confidence bounds of 31.3 
and 54.6 min. Considering the small number of data points, this fit compares well to the 213Bi 
half-life of 45.6 min.

4. Discussion

These results demonstrate the ability to quantitatively image the 225Ac decay chain via simul-
taneous 221Fr and 213Bi SPECT. Given the results in in sections 3.1 and 3.2, it is clear that 

Table 3. Recovery coefficients measured within resolvable rods of the resolution 
phantom. Omitted values denote rods that are not resolved (inter-rod contrast  <0.2).

Rod diameter (mm)

Collimator Image 0.95 1.10 1.30 1.50 1.70
HEUHR 221Fr 0.50 0.57 0.63 0.68 0.73

213Bi 0.37 0.49 0.69 0.86 0.97

UHS 221Fr — — 0.31 0.44 0.55
213Bi — — — — —

Figure 6. 221Fr and 213Bi images of the resolution phantom acquired with both the 
HEUHR and UHS collimators.
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a high-energy collimator such as the HEUHR is required to perform this technique. With 
the HEUHR collimator, spatial resolution of  ⩽0.85 mm and quantitative accuracy within 9% 
is achieved. Many of the imaging results of these phantom studies are also consistent with 
similar VECTor phantom studies in the literature. VECTor studies using the UHS collimator, 
similar resolution phantoms and other low-energy single-photon emitters (99mTc) report reso-
lution (1 mm) comparable to results for our low-energy single-photon emitter, 221Fr images 
(Goorden et al 2012). These isotopes have comparable energies (218 versus 140 keV). For 
the HEUHR collimator, other studies report resolvability for rods  <0.55 mm with 140 keV 
and  <0.75 mm for 511 keV, comparable to our results for 221Fr and 213Bi.

Studies by de Swart et al have characterized a VECTor’s ability to image 213Bi using a 
similar high energy collimator but without the presence of 225Ac or 221Fr (de Swart et  al 
2016). When using comparable amounts of activity, the authors report resolvability for 
rods  ⩾0.90 mm in 213Bi images, as well as inter-rod contrast comparable to our HEUHR 213Bi 
results (⩾0.95 mm). The recovery coefficients within large volumes reported by de Swart et al 
are consistent with those given in table 3 for 213Bi and—accounting for the lower branching 
ratio—for 221Fr as well.

Figure 7. Profiles through rods of 0.95 mm diameter (left), 1.30 mm diameter (centre), 
and 1.70 mm diameter (right). The apparent activity within each rod can be compared 
to the known value of (0.13 ± 0.01) mCi ml−1. Profiles from 221Fr images are shown in 
blue, and profiles from 213Bi images in red.

Figure 8. Inter-rod contrast measurements from the resolution phantom images.
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The better performance of the tungsten HEUHR collimator is expected since—unlike the 
lead UHS collimator—it is designed for higher energies. With the UHS collimator, the higher 
energy (440 keV) 213Bi photons (and the resulting scatter) are more capable of penetrating 
parts of the collimator than the lower energy (218 keV) 221Fr photons. Not so for the HEUHR 
collimator, as illustrated in table 1 by the number of counts acquired for each image: the aver-
age ratio of 213Bi counts to 221Fr counts is 1.75 for the HEUHR collimator and 3.13 for the 
UHS collimator—approximately 1.80 is expected, accounting for the relative branching ratios 
and detection probabilities by the 9.5 mm thick NaI detector.

While a high energy collimator is needed to provide 221Fr and 213Bi images of acceptable 
quality, the HEUHR 213Bi images in this study present artefacts not seen in other images. 
These ring-like artefacts are possibly a Gibbs artefact (Snyder et  al 1987) or are possibly 
indicative of a slight system matrix inaccuracy. These artefacts can be seen in the profiles 
through the hot region of the HEUHR 213Bi contrast image, shown in figure 5 and in the high-
activity regions of the 213Bi images in figure 9 (the ring-like artefact is viewed from the side in 

Figure 9. 221Fr and 213Bi SPECT images (left) of the chromatography column acquired 
with the HEUHR collimator at multiple one-hour intervals after elution. Times for each 
image indicate the start time of the image frame. The CT image (right) corresponds to 
the same region of the phantom as the SPECT images. The black outlines in the 221Fr 
SPECT image at t  =  260 min indicate the boundaries of the volumes used to determine 
the total activities within the eluate and resin, plotted in figure  10. A non-uniform 
distribution of activity in the resin is also observed.

Figure 10. Plots of the total 221Fr and 213Bi activity within the resin (left) and the 
eluate (right) obtained from images of the chromatography column. Background values 
(measured outside the column volume) have been subtracted.
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this figure). The cause of these artefacts is likely attributable to the fact that the system matrix 
provided by the manufacturer and used to reconstruct the images is calculated for 511 keV 
photons and does not perfectly reconstruct the 440 keV images. However, a similar effect is 
not observed for the 221Fr (218 keV) images, for which a 140 keV system matrix is used.

Difficulties in obtaining enough 225Ac is a challenge faced by other researchers involved in 
225Ac studies due to the cost and limited supply of this isotope. While other methods of sup-
plying 225Ac are under development, and TRIUMF expects to increase 225Ac production in 
the near future, in vivo studies are not possible with the amount of 225Ac presently available. 
Though increased activity would improve image quality, the long data acquisitions used here 
provide a total number of counts for image reconstruction (see table 1) that is comparable to 
the number of counts for a typical in vivo study at our centre, usually  ∼106 to 107. Note that 
while the chromatography column study only had 105 counts, this is compensated by the small 
image volume—only one bed position was used. More activity is needed for in vivo imaging 
due to the requirements to image a larger volume and reduce acquisition time to durations suit-
able for animal care. For mice, the number of bed positions may double and acquisition time 
may need to occur ten times faster. These factors combined suggest approximately 20 times 
more activity will be required to obtain in vivo images of comparable quality.

As seen in the contrast phantom image results, the accuracy of the images will also depend 
on the activity concentration (i.e. an in vivo image where all activity in concentrated in a small 
volume may not be directly compared to an image where the same amount of activity is spread 
out over a larger volume). Results from the resolution phantom images indicate activity con-
centrations  ⩾0.23 MBq ml−1 will result in acceptable image quality. This result implies that 
therapeutic amounts of 225Ac (typically about 0.05 MBq kg−1 (Jurcic and Rosenblat 2014)) 
are likely not imageable in live subjects as a single VECTor bed position can only image 
a  ∼1 ml volume. However, imaging with higher activities (⩾10 MBq) could still provide a test 
of 225Ac pharmaceutical performance by assessing the biodistribution of the decay chain in 
terms of percent uptake and retention in target and non-target organs.

These preliminary results demonstrate the feasibility of simultaneously imaging 221Fr and 
213Bi activity distributions. While other microSPECT/CT systems could in principle perform 
this imaging technique, these results demonstrate a high-energy, high-performance collimator 
is needed to provide quantitative images of acceptable quality. The contrast phantom stud-
ies indicate that activity concentrations can be accurately determined within high activity 
regions of sufficient size, while resolution phantom studies show the ability to resolve mouse 
organ-sized objects. The accuracy of 221Fr activity concentrations estimates indicates that 
down-scattering from 213Bi does not affect the ability to quantitatively image 221Fr, a result 
consistent with other studies that suggest the VECTor reconstruction software can correct for 
these effects (Goorden et al 2012). While images will benefit from increased activity, this 
method is feasible and warrants further study in vivo.

This imaging technique shows potential to resolve a challenge commonly encountered in 
225Ac pharmaceutical research: easily assessing the biodistribution of 225Ac progeny isotopes 
over time. Referring to the decay chain in figure 1, imaging of 221Fr will indicate the location 
of alpha emissions from 221Fr as well as from 217At, due to the latter’s rapid decay. Similarly, 
213Bi images will be colocalized with alpha emissions from both 213Bi and 213Po. Since 225Ac 
itself cannot be directly imaged, the location of 225Ac alpha emissions could be determined 
by euthanizing the animal and repeating the imaging after the decay of any 221Fr that is not 
colocalized with 225Ac.

The information made available through this technique would be of significant importance 
to 225Ac radiopharmaceutical development. Providing a complete picture of the 225Ac decay 
chain’s pharmacokinetics over time would measure the fraction of 225Ac progeny isotopes 
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maintained at the target site and could resolve persisting concerns within the field regarding 
the safety of serial alpha emitting radionuclides like 225Ac. As an example, in situations where 
an 225Ac radiopharmaceutical is seen to result in renal toxicity due to 213Bi, time-dependent 
biodistribution data made available by this technique could distinguish between: (i) toxicity 
due to free 213Bi that is co-injected with the radiopharmaceutical; toxicity due to 213Bi that is 
generated by 225Ac within the body before 225Ac uptake at the tumour; and (iii) toxicity due to 
213Bi generated by 225Ac at the tumour that has then migrated from the tumour to the kidneys. 
Given the short 213Bi half-life, if either (i) or (ii) were the case then the toxic effects could be 
potentially reduced by administration of an agent that temporarily blocks 213Bi uptake in the 
kidneys, increasing the amount of 225Ac that could safely be administered. Ultimately, this 
technique could provide a useful test of new 225Ac pharmaceuticals developed at TRIUMF 
or elsewhere, and help identify the pharmaceuticals best suited for therapeutic preclinical and 
clinical trials.

5. Conclusion

We have demonstrated that a microSPECT/CT system equipped with a high energy collima-
tor is capable of simultaneously and quantitatively imaging dynamic 221Fr and 213Bi activity 
distributions resulting from the decay of 225Ac.
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