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Abstract—Thorium-227 (227 Th)-based «-particle radio-
pharmaceutical therapies («-RPTs) are currently being
investigated in several clinical and Ere-clinical studies. After
administration, 227 Th decays to 223 Ra, another «-particle-
emitting isotope, which redistributes within the patient.
Reliable dose quantification of both 227 Th and 222 Ra is clini-
cally important, and SPECT may perform this quantification
as these isotopes also emit X- and y-ray photons. However,
reliable quantification is challenging for several reasons:
the orders-of-magnitude lower activity compared to conven-
tional SPECT, resulting in a very low number of detected
counts, the presence of multiple photopeaks, substantial
overlap in the emission spectra of these isotopes, and the
image-degrading effects in SPECT. To address these issues,
we propose a multiple-energy-window projection-domain
quantification (MEW-PDQ) method that jointly estimates the
regional activity uptake of both 227 Th and 222Ra directly
using the SPECT projection data from multiple energy win-
dows. We evaluated the method with realistic simulation
studies conducted with anthropomorphic digital phantoms,
including a virtual imaging trial, in the context of imaging
patients with bone metastases of prostate cancer who were
treated with 227 Th-based «-RPTs. The proposed method
yielded reliable (accurate and precise) regional uptake esti-
mates of both isotopes and outperformed state-of-the-art
methods across different lesion sizes and contrasts, as well
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as in the virtual imaging trial. This reliable performance
was also observed with moderate levels of intra-regional
heterogeneous uptake as well as when there were moderate
inaccuracies in the definitions of the support of various
regions. Additionally, we demonstrated the effectiveness of
using multiple energy windows and the variance of the esti-
mated uptake using the proposed method approached the
Cramér-Rao-lower-bound-defined theoretical limit. These
results provide strong evidence in support of this method
for reliable uptake quantification in 227 Th-based a-RPTs.

Index Terms—Low-count quantitative SPECT, «-particle
radiopharmaceutical therapies, Thorium-227, theranostics.

. INTRODUCTION

HORIUM-227 (**Th) conjugates are an emerging class

of a-particle radiopharmaceutical therapies («¢-RPTs) and
are being investigated in several clinical and preclinical stud-
ies [1], [2], [3]. The a-particles emitted from 221Th have a
short emission range and a high linear energy transfer; thus,
they can effectively ablate lesions while minimizing damage
to surrounding normal tissues [4], [5]. However, since 221Th
and its daughters distribute throughout the patient, including
in radio-sensitive vital organs, it is important to determine the
absorbed dose of these isotopes in the lesion and organs of the
patient [6]. This dose quantification can help adapt treatment
regimens, monitor adverse events, predict therapy outcomes,
and thus personalize RPTs [7], [8], [9], [10].

The 2?’Th and some of its daughters also emit X- and
y-ray photons, which can be detected by a y-camera. Thus,
single-photon emission computed tomography (SPECT) could
provide a mechanism to quantify the activity uptake in organs
and lesions in 22’ Th-based «-RPTs, from which the absorbed
dose could be quantified. However, this quantification task
faces several challenges. First, the decay chain of 2*’Th is
complex. The first daughter of 22’Th is radium-223 (**’Ra),
another «-particle, as well as X- and y-ray photon emitter,
with a half-life comparable to that of 22’ Th. *2>Ra can disasso-
ciate from its original sites of decay and form a biodistribution
that is independent of >’ Th [11]. While the subsequent daugh-
ters of >>>Ra decay rapidly, the long-lived ?*’Th and *?*Ra
lead to two independent «-emitting isotope distributions within
the patient. Thus, quantifying the absorbed dose in the patient
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in ??’Th-based «-RPTs requires estimation of the activity
uptake of both 22’Th and ?*Ra in various regions. Second,
the X- and y-ray spectra of the two isotopes significantly
overlap, resulting in substantial crosstalk contamination. This
overlap presents a challenge in using conventional single-
isotope quantitative SPECT methods to accurately quantify
each isotope individually. Next, SPECT suffers from multiple
image-degrading processes including attenuation, scatter, and
imperfections with the collimator-detector response. Finally,
but very importantly, similar to other «-RPTs, the administered
activity in 2%’ Th-based «-RPT is usually two-to-three orders
lower than in conventional SPECT procedures, leading to an
extremely low number of detected photons.

As mentioned above, a key reason to perform quantitative
SPECT in 2>’ Th-based a-RPTs is to perform organ and lesion-
level dosimetry [10], [12]. For this, the input to the dosimetry
technique is the regional uptake in the organs and lesions.
Thus, our study focuses on the task of quantifying the regional
activity uptake of 22’Th and ?*3Ra in the organs and lesions
of patients undergoing *2’Th-based a-RPT. A conventional
framework for such quantification is to first reconstruct the
activity distribution across a voxelized grid, define volumes
of interest (VOIs) on that grid corresponding to regions
where the activity uptake needs to be estimated, and finally,
compute the average activity across all voxels within the
VOI. We refer to quantification methods within this con-
ventional voxelized image reconstruction-based quantification
(RBQ) framework as conventional RBQ methods in the rest
of the article. For these conventional RBQ methods, dual-
isotope SPECT reconstruction approaches provide a mecha-
nism to jointly reconstruct the images of 22’Th and *?*Ra
distributions.

Existing dual-isotope SPECT reconstruction approaches can
be divided into two categories. The first category compensates
for the crosstalk contamination between the two isotopes prior
to performing reconstruction [13], [14], [15], [16]. A widely
used approach in this category is triple energy window (TEW)-
based crosstalk compensation, which assumes that crosstalk
contamination arises mainly from scattered photons [13].
However, in the joint 227Th and ??*Ra quantification, due to
the highly overlapped emission spectra, crosstalk contamina-
tion is also caused by primary photons, which is challenging
to compensate with the TEW-based method. In addition,
the TEW method typically obtains noisy crosstalk estimates
from narrow energy windows positioned on either side of the
photopeak window. Compensation using these noisy crosstalk
estimates leads to amplified image noise [17], [18]. The
second category of methods performs model-based crosstalk
compensation during reconstruction [17], [19], [20], [21],
[22], [23], [24]. These methods can be designed to model
crosstalk from both primary and scattered photons, and they
have recently been studied for jointly quantifying 22’Th and
223Ra activity uptake [25]. However, at low counts, these con-
ventional RBQ methods have been observed to yield limited
accuracy and precision on the task of quantifying regional
activity uptake values, with bias and standard deviation values
between 10-35% and 12-30%, respectively, even with fine-
tuned reconstruction protocols quantifying uptake of a single

isotope [25], [26], [27], [28], [29]. Thus, there is an important
need for new approaches on the task of jointly quantifying
regional uptake of 22’Th and ?*3Ra.

The major challenge with conventional RBQ methods is that
the regional uptake estimation is performed from reconstructed
SPECT images. Reconstructing the images requires estimating
a large number of voxel values from the projection data, an ill-
posed problem that becomes even more challenging when
the number of detected counts is small. Further, the image
reconstruction process is also subject to information loss [30],
[31]. In this context, we recognize that reconstructing the
images over a voxel basis is only an intermediate step in
estimating the regional uptake. Further, the number of VOIs
over which the uptake is required to be estimated is far
fewer than the number of voxels. Thus, directly quantifying
the mean uptake in VOIs from the projection data is a
less ill-posed problem and can avoid information loss in the
reconstruction step. Given these considerations, building upon
ideas proposed by Carson [32], we developed a projection-
domain low-count quantitative SPECT (LC-QSPECT) method
that estimates activity uptake in the VOIs from projection
data [26]. The method was validated for 223Ra-based «-RPTs,
and observed to yield accurate and precise regional uptake
estimates and outperform conventional RBQ methods [26].
However, the LC-QSPECT method can only estimate the
regional uptake of a single isotope from projections in the
photopeak energy window. Further, the method cannot com-
pensate for the significant crosstalk contamination of 2>’Th
and 2?>Ra. Our studies, as presented in the Supplementary
material and in Li et al. [33], show that applying the LC-
QSPECT method to quantify the regional uptake of patients
undergoing 2*’Th-based «-RPT leads to highly erroneous
estimates.

To address the above-mentioned challenges, we recognize
that both *2’Th and ?*3Ra have distinct emission spectra
comprising X- and y-ray emissions over multiple photopeak
energies. This results in a unique system response across
various energy windows when imaging each of these two
isotopes with SPECT. Consequently, we can use projection
data across these multiple energy windows while accounting
for the crosstalk contamination to directly and jointly estimate
the regional uptake of both 2*’Th and ??*Ra. This approach
of accounting for crosstalk contamination in joint dual-isotope
estimation aligns with model-based crosstalk contamination
compensation approaches used in the conventional RBQ meth-
ods [17], [26], [27], [28], [29]. Further, using photons from
multiple energy windows corresponding to these different
photopeaks provides a mechanism to increase the photon
counts and thus improve the effective system sensitivity [27].
Recent studies have shown that using measurements from
multiple energy windows can help improve quantification
performance [34], [35]. Integrating these ideas, we propose
a multiple-energy-window projection-domain quantification
(MEW-PDQ) method that jointly estimates the regional activ-
ity uptake of >?’Th and ?*’Ra directly from low-count SPECT
projections acquired over multiple energy windows. Prelimi-
nary versions of the work described in this paper have been
presented previously [36], [37].
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Il. THEORY

Consider a SPECT system that images a radioisotope dis-
tribution of both 22’Th and ?>3Ra. Both 2*’Th and ?*Ra emit
photons at multiple energies. Denote the overall photon source
distribution as E (r, £), which describes the mean emission
rate of y-ray and X-ray photons with energy &£ at the 3-
dimensional (3D) position r. Denote the measured projection
data by a M-dimensional vector g, containing projections in
multiple energy windows. Denote the number of projection
bins with different spatial positions and angular locations
by M, and the number of energy windows by M,. Thus,
M = M; x M,.

Assume that the photon source distribution being imaged
and the projection data lie in the Hilbert space of square-
integrable functions, denoted by L, (R*), and the Hilbert space

of Euclidean vectors, denoted by EM, respectively. Then,
the SPECT system imaging the photon source distribution,
denoted by the operator H, can be described as an integral
transform from L, (R4) to EM. Denote the kernel of the H
operator by h,, (r, £), which characterizes the system response
of the m'" element of projection g to a photon emitted at
position 7 with energy £. We note here that the emitted photon
may be either a y-ray or an X-ray photon, and the system
response models the probability of detecting any counts due to
the emitted photon. This includes the probability of detecting
characteristic X-ray photons from the collimator caused by the
emitted photon.

In SPECT with «-RPTs, due to the very low count levels,
the stray-radiation-related noise due to photons emitted from
regions other than the patient forms a substantial portion of the
measured counts. We model this noise as Poisson distributed,
with the same mean for all projection bins in a given energy
window but different means for different energy windows. Let
W be an M-dimensional vector that denotes the mean stray-
radiation-related noise in the M projection bins. The imaging
system equation is given by

g=HE+V +n, (1)

where n, an M-dimensional vector, denotes the entire noise in
the imaging system. Overall, the data g is Poisson distributed
with mean of HE + W. The m'* element of this vector is
given by:

gm =//hm(r,5)a(r,5) &r dE+Ym+nm. ()

The term E (r, £) comprises photons emitted by both 2>’Th
and 22’Ra. Denote the mean emission rate of photons from
227Th and 2*Ra with energy £ at position r by E7" (r, &)
and ERa (r, &), respectively. E ERa (r &) includes the photons
emitted by both >3Ra and its daughter isotopes. Then

Er, &) =2, &) + ERr, &). (3)

Since the emission rates of photons with different energies
are independent of the spatial location, we can decompose
ETh (r, &) and R (r, &) as

g™, &) =

ghier, &) =

™ ©),
rRamekae),

(4a)
(4b)

where ¢7" (£) and ¢R¢ (€) describe the mean emission rates
of photons with energy £ from a unit activity of 2*’Th and
223Ra, respectively, and f Th (r) and fRe (r) denote the spatial
distribution of these isotopes. Inserting Eqs. (3) and (4) into
Eq. (2), we obtain

m =/fT’“(r)/hm(r, ETNE) dE dPr

- / R r) / B (, E)CRUE) dE &P + Yy + 1.

5

We define
W (r) = / i (r. )CTHE) dE. (6)
hRa(ry = / I (r, E)CRAE) dE. (6b)

The terms hL" (r) and hR® (r) can be considered as kernels of
two isotope-dependent system operators, describing the system
response of the m'" element of g to a unit activity uptake of
227Th and *?*Ra at position r, respectively. Eq. (5) can be
written as

o= [ (RS @ + B @ W) ot
)

In Eq. (7), we defined the imaging equation in terms of
the spatial distribution of f7” (r) and fR¢ (r). We recognize
that our objective is to estimate the absolute regional activity
uptake of both isotopes within a set of VOIs. Mathematically,
we first define a 3D VOI function q‘),l/ o1 (r), where

Vol 1, if r lies within the k™ VOI.
G (r) = [ 0, otherwise. ®)

kTh )\.Ra

Denote and as K-dimensional vectors of regional
uptake of 22’ Th and *23Ra, respectively. A,{h and Af“ are given
by

AT — J&r e % )
[d*r ¢/l (r)

ke _ P R/
[P ¢/l (r)

, (9a)

) (9b)

respectively. Our objective is to estimate A7” and AR,

Toward this goal, we directly represent the activity uptake
distributions f7"(r) and fR4(r) in terms of the VOI-basis
functions as given by Eq. (8). The activity distributions of
227Th and 2*3Ra are then represented in terms of these basis
functions as

Z}\ hol Ol (r), (10a)

VOI(r)

ZA “o ' (r), (10b)

VOI(r)
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respectively. Inserting the VOI-based representations for
FTh(r) and fR4(r) in Eq. (7) yields the following expression
for the m'" element of the vector g:

K
om = Zx,{”/h,{ﬁ(rw,f‘?’(r) dr
k=1

K
+Zkif"/h,’“<r)¢ L) & + Y + 1. (11)
k=1

To simplify the notation, we define H'" and HR as two
M x K dimensional system matrices with elements given by

Hyp = / &r ' ©¢l O (r), (12a)
Hpft —/d3 hat g O (o), (12b)
respectively. Then, Eq. (11) can be written as
K K
gn =D HIO"+ D HEO 4 Y+ 1. (13)
k=1 =
This can then be written in vector form as
g=H""\Th y gRHRa Ly 4 p. (14)

To make the notation more concise, we define the following
terms:

xTh
H=[H™ HR], K r= [xR“]' (15)
Then, Eq. (14) can be written as
g=HA+V +n. (16)

Having derived this mathematical formalism, to estimate
A, we derive a maximum-likelihood (ML) expectation max-
imization (EM) approach. Denote the probability of a discrete
random variable x as Pr(x). Then, the probability of the
measured projection data is given by

M
[T Prignlb,

m=1

Pr(g|A) = (17)

where we have used the fact that the measured data across
the different bins and energy windows are independent. Now,

from Eq. (16), the measured data g, is Poisson distributed
with mean (HX),, + ¥,,. Thus

M
[T expl—H"" 2" + HEAR),, — y)
m=1

y [(HThA-Th+HRaA-Ra)m+wm]gm
&m! .

Pr(glA) =

(18)

This gives the likelihood of the measured data g. To estimate
A, we maximize the logarithm of this likelihood of A given g.
Briefly, we differentiate the log-likelihood with respect to the
elements of A and equate that to O to find the point at which the
log-likelihood is maximized. This yields the following coupled

equations to estimate the regional activity uptake of >’Th and
223Ra in the k' VOI:

—)

—+1)  pTh M

Th k 8m Th

Al = — — HIP o (19a)
ZHZ;]? m=1 [Hl ]m+¢m
m=1
—(1)

e R M

Afa = M" Z T HRa  (19b)
z = m

) =)
where A and Af“
in the iteration.

The proposed MEW-PDQ method has several features that
make it effective for performing the task of jointly estimating
the regional uptake of 2*’Th and 2*3Ra. First, the method
makes use of projection data from multiple energy windows
for the estimation task. This not only increases the effective
system sensitivity but can also enable the use of information
present in data across the multiple energy windows, which
could improve the theoretical limits of precisely estimating
the regional uptake [35]. This improvement, as shown by our
studies presented later, is significant for this joint estimation
task. Second, the proposed method is less ill-posed than the
conventional RBQ methods as described in Sec. I. The number
of VOI uptake, K, directly estimated by the proposed method,
is much lower than the number of voxels in a reconstructed
SPECT image, which is usually obtained as an intermediate
step to estimate the VOI uptake values in conventional RBQ
methods. Next, the method is less sensitive to partial volume
effects (PVEs) [38], a major degrading effect in conventional
image reconstruction-based quantitative SPECT. PVEs arise
due to two factors, the first being the finite resolution of
the system, leading to blurs in the reconstructed image, and
the second being the pixelized representation of a continuous
object (tissue-fraction effects). The proposed method is less
affected by both these factors since we define the boundaries
of VOIs from high-resolution images and directly estimate
the regional uptake from SPECT projections, and since there
are no voxelizations. Finally, the proposed method directly
estimates the regional uptake from the projection data. This
avoids potential errors introduced in the image reconstruction
step or reconstruction-related information loss [30], [31].

denote the estimates of A,{h and A,f“
tth

[1l. IMPLEMENTATION AND EVALUATION OF THE
PROPOSED METHOD

A. Implementation

To implement the proposed MEW-PDQ method, we first
need to obtain the elements of the system matrices corre-
sponding to imaging 2>’ Th and *?*Ra, as shown in Egs. (12a)
and (12b), respectively. For this purpose, definitions of the
support of VOIs, as defined in Eq. (8), are necessary. These
VOI definitions can be obtained by segmenting the X-ray CT
acquired in conjunction with the SPECT [39], [40]. Further,
considering that patients undergoing «-RPTs usually have
scans conducted previously, such as pre-therapy PET scans,
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Window index: 1 2 3 4
Bounds (keV): 75-100 135-165 215-260 260-285
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g — 223Ra
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Energy (keV)
Fig. 1. Bounds of different energy windows and photon emission spectra
of 227 Thand 223 Ra.

these scans could also be used in defining the VOIs. Notably,
even though the proposed method does not estimate regional
uptake from the reconstructed images, a reconstructed SPECT
image fused with an X-ray CT image could potentially be used
to define the VOIs as well.

With the VOI definitions established, we used a Monte
Carlo (MC)-based approach to obtain elements of the system
matrices. Specifically, we used SIMIND, a well-validated MC-
based simulation software [41], [42], [43]. For each isotope,
we modeled the entire emission spectrum that contained y-ray
and X-ray photons with different energies. The spectrum of
223Ra contained photons emitted by all its daughter isotopes.
We assigned unit activity uptake to the VOI mask and zero
uptake elsewhere. Assuming that the attenuation map of the
whole patient was available, using SIMIND, we generated
the projection of this activity map. For each isotope and
each VOI, we simulated more than 500 million decay events
to ensure a low Poisson noise in the generated projection.
As suggested in [6], to cover the major photopeaks of both
isotopes, we considered the detection of photons in four
energy windows (Fig. 1). The simulations modeled all relevant
image-degrading processes in SPECT, including attenuation,
scatter, collimator response, septal penetration and scatter,
characteristic X-ray from both the «-emitting isotopes and the
lead in the collimator, finite energy and position resolution
of the detector, scatter of the photons in the crystal and
photomultiplier tubes, as well as backscatter in the detector.
The energy dependency of these image-degrading processes
was also modeled. Normalizing the projection data yielded the
corresponding column of the system matrix for each isotope.

Next, we obtained the values of mean stray-radiation-related
noise ¥, in Egs. (19a) and (19b). The mean of this noise in
energy window 3 (Fig. 1) was determined from a planar blank
scan acquired on an actual GE Discovery 670 SPECT/CT
system with high energy general purpose (HEGP) collimator
for 10 minutes. Averaging the counts in projection bins in
the corresponding energy window of this scan yielded the
mean background counts for 10 minutes, which were then
scaled according to the acquisition time of patient images
to estimate the mean of stray-radiation-related noise in this
energy window. The mean values of the stray-radiation-related
noise for the other energy windows in Fig. 1 were estimated by
scaling the mean of energy window 3 by the relative width of
the corresponding energy window. We assumed here that the
mean values of stray-radiation-related noise were proportional
to the widths of the energy windows. The computed system
matrix and means of stray-radiation-related noise were used in

Egs. (19a) and (19b) to estimate the regional uptake directly
from the projection data. The process to generate the system
matrix and simulate the noise was validated by comparing the
data generated using our simulation process to the measured
data on an actual SPECT scanner. Details of this validation
are provided in the Supplementary material as well as in
Li et al. [33].

B. Evaluation Framework

Evaluating the performance of the MEW-PDQ method
required a setup where the ground-truth regional uptake is
known. For this purpose, we conducted realistic simulation-
based studies, including a virtual imaging trial (VIT). These
simulations were conducted in the context of imaging patients
with bone metastases of prostate cancer who were treated with
227Th-based a-RPTs. We focused on lesions in the pelvis,
a major site of osseous metastases, located near the prostate.

1) Generating the Patient Phantom: We used the Extended
Cardiac-Torso (XCAT) phantom to generate realistic digital
3D activity and attenuation maps of patient torsos [44].
To simulate continuously distributed activities and attenuation
coefficients, we considered high-resolution activity and atten-
uation maps, namely 512 x 512 along the axial dimension
and 364 slices along the depth dimension, with voxel side
length of 1.105 mm. Each patient had an identically located
lesion in the pelvic bone. Based on our analysis of clinical
SPECT of patients administered 2>>Ra therapy, the lesion,
bone, and gut are the three primary sites of uptake [26]. The
rest of the region in the patient typically has a similar and low
uptake, which we refer to as the background. Based on this
observation, we assumed that the activity uptake distribution of
227Th would have a similar pattern across these four VOIs. The
heights, weights, lesion sizes, and activity uptake distributions
of 22Th and *?*Ra of the simulated patients were specific to
each experiment, as we will describe in Sec. III-C.

2) Modeling the SPECT System: We simulated the scenario
where the torso region of a patient was imaged for 30 minutes
using a dual-head GE Discovery 670 SPECT/CT system
equipped with Nal(TI) crystals and a HEGP collimator [45].
The simulations were performed with SIMIND. The intrinsic
spatial and energy resolution of the scintillation detector in the
system were 3.9 mm and 9.8 % at 140 keV, respectively. Pro-
jections were acquired in four energy windows, as indicated
in Fig. 1, and at 60 angular positions spaced uniformly over
360°. We simulated the emission spectra of both isotopes, the
stray-radiation-related noise, and all relevant image-degrading
processes in SPECT. In the following sections, each instance of
SPECT projection generated for a simulated patient is referred
to as a noise realization.

3) Estimating the Uptake Using the Proposed Method and
Other Compared Methods: We quantified the regional uptake
from the simulated projections using the proposed method as
described in Sec. III-A. For comparative purposes, we also
quantified the uptake with two state-of-the-art conventional
RBQ methods: 1) a dual-isotope ordered subset expectation
maximization (DOSEM)-based RBQ method that we devel-
oped based on [17], [22], which shares similarities with
the method proposed in [25], and 2) the DOSEM method
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with geometric transfer matrix (GTM)-based PVE compen-
sation [46]. These methods were specifically developed and
fine-tuned to address the joint quantification problem of 22’Th
and 2*’Ra. The implementation and optimization details of
the DOSEM and GTM-based methods are provided in the
Supplementary material and Li et al. [33].

4) Figures of Merit: We evaluated the accuracy, precision,
and overall error of the considered methods on the task of
estimating regional uptake. When the goal was to quantify
performance over multiple noise realizations with a single
patient, normalized bias (NB), normalized standard deviation
(NSD), and normalized root mean square error (NRMSE) were
used to quantify the accuracy, precision, and overall error,
respectively. To evaluate the accuracy and overall error of
these methods over a patient population, each patient with
one or multiple noise realizations, we used ensemble NB
and ensemble NRMSE. Finally, our results indicated that the
proposed method was almost unbiased. Thus, we compared
the NSD of the estimates obtained with the proposed method
with the square root of the Cramér-Rao lower bound (CRLB)
normalized by the ground truth uptake (referred to as the
CRLB-derived NSD). Note that the CRLB is the minimum
variance that can be achieved by an unbiased estimator.
Details on calculating the figures of merit are provided in the
Supplementary material as well as in Li et al. [33].

C. Experiments

In this section, we describe the experiments we conducted
to evaluate the performance of the MEW-PDQ method. First,
we evaluated the convergence, as well as the performance
with various lesion sizes and contrasts of the proposed method
under conditions where the uptake within the VOI was homo-
geneous. We also evaluated the efficacy of using multiple
energy windows. Additionally, a VIT was conducted to assess
the performance of the method in a population setting. Next,
we evaluated the proposed method in settings where there
were varying levels of heterogeneous activity uptake within the
VOIs and when there were inaccuracies in the VOI definitions.

1) Evaluating the Convergence of the MEW-PDQ Method: In
this experiment, the simulated patients had the same height
and weight as a 50'" percentile male adult in the US [44],
which we refer to as average patient size. The patient torsos
contained a total of 11 MBq activity of both ?*’Th and
223Ra, referred to as standard total uptake. The regional uptake
ratios of the two isotopes in the four VOIs of the patients
are shown in Table I. Based on the analysis of the clinical
SPECT of patients receiving 2>>Ra therapy, these values were
chosen to simulate the differences in uptake in different VOIs.
The convergence of the proposed method was evaluated for
lesions with different diameter values. We simulated three
patients, each had a lesion with diameters: 15 mm, 25 mm,
and 35 mm, respectively. We generated one noise realization
for each patient, as described in Sec. III-B.2, then applied
the MEW-PDQ method for 1500 iterations, and computed the
error in the estimated lesion uptake for both isotopes after
every 50 iterations for each patient.

2) Evaluating Performance With Different Lesion Sizes and
Contrasts: Following procedures similar to that described in

TABLE |
ACTIVITY UPTAKE RATIOS OF 227 Th AND 223 Ra IN VOIS, SIMULATING
THE DIFFERENCE IN REGIONAL UPTAKE AND INDEPENDENT
BIODISTRIBUTION OF THE TWO ISOTOPES

Background Bone Gut Lesion
2Z3Ra 2 5 25 20
22TTh 12 30 100 300

Sec. III-C.1, we generated five patient phantoms. Each patient
had a lesion diameter ranging from 15 mm to 35 mm in 5 mm
increments. Then, to evaluate the sensitivity of the method
to the lesion-to-bone uptake ratio (LBUR), we generated five
more patient phantoms with average patient size and standard
total uptake. Each patient had a lesion with a diameter of
33.75 mm, which corresponds to the average lesion diameter
reported in a study involving 29 bone lesions from 6 patients
with castration-resistant prostate cancer [47]. Each patient had
a different LBUR for both isotopes, ranging from 2:1 to 6:1,
while the activity uptake ratios in the background, bone, and
gut regions are shown in Table I. We generated 50 noise
realizations for each patient.

3) Evaluating Performance With Different 22/Th to 22%Ra
Uptake Ratios: In dosimetry studies, typically, the patients are
imaged at multiple time points post-administration. The 22’ Th
to 223Ra uptake ratio in the patient changes over time due to
the decay of both isotopes. Thus, it is important to evaluate
the performance of the methods for different 2>’Th to ***Ra
uptake ratio values. We simulated the scenario where a patient
with average patient size and a 33.75 mm diameter lesion was
initially administered with 11 MBq 22’Th activity and was
imaged at 40, 82, 141, 500 h after administration, leading
to 227Th to ?23Ra uptake ratios of 10:1, 5:1, 3:1, and 1:1,
respectively. We considered both the decay of 2*’Th and
223Ra, but the organ-specific half-life of the isotopes in the
patient was not modeled. Thus, for each isotope, the ratios of
uptake among different VOIs remained the same as indicated
in Table I. For each >’ Th to >?>Ra uptake ratio, we generated
50 noise realizations of the patient.

4) Evaluating the Impact of Using Multiple Energy Windows
on the Precision of the Proposed Method: To quantitatively
assess the impact of using multiple energy windows on the
theoretical lower bound of the estimated regional uptake
variance using the proposed method, we computed the CRLB
for the estimates with different ranges of energy windows.
In this experiment, we considered four energy window ranges:
single window 1, windows 1-2, windows 1-3, and windows
1-4, as depicted in Fig. 1. The CRLB with more energy
window ranges are considered in the Supplementary material
and Li et al. [33]. To compute the CRLB, we first generated
a patient phantom with the average patient size, a 33.75 mm
diameter lesion, standard total uptake, and regional uptake
ratios as shown in Table I. Calculating the CRLB for the
estimated uptake with different numbers of energy windows
requires the corresponding system matrix of the patient. These
system matrices were generated for both isotopes, as described
in Sec. III-A. The corresponding CRLB-derived NSD values
were then calculated.

As shown in the results presented later (Fig. 8), the CRLB
was the lowest when data from all four energy windows
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were used. To evaluate if the MEW-PDQ method could yield
estimates with variances that approach this lowest theoretical
limit for all VOIs, we generated 50 noise realizations of
the patient phantom described above in this section. With
each noise realization, the MEW-PDQ method was applied to
estimate the mean regional uptake of both >*Ra and ?*’Th
from projections in all four energy windows (Fig. 1). The
NSDs of these estimates were compared to the CRLB-derived
NSD values with all these four energy windows.

5) Evaluation Using a Virtual Imaging Trial (VIT): VITs pro-
vide a rigorous and objective mechanism to evaluate the
performance of new imaging technologies in simulated clin-
ical scenarios that model patient population variability [48].
In our VIT, we generated simulations for 60 realistic patients,
taking into account variations in body size, lesion diameter,
lesion location, and regional uptake ratios. The heights and
weights of the patients were sampled from demographic data
of 2718 US male adults obtained from the 2015-16 National
Health and Nutrition Examination Survey (NHANES) of the
Centers of Disease Control and Prevention (CDC). Next, based
on clinically derived parameters [47], the lesion diameter
was sampled from a Gaussian distribution with a mean of
33.75 mm and a standard deviation of 12.64 mm. Lesion
locations were randomly assigned within the pelvic bones
of the patients, a major site for bone metastases in prostate
cancer patients. We simulated a scenario where the patients
were initially administered with 11 MBq activity of >’Th and
imaged 82 h after administration, when the *?’Th to ?>’Ra
uptake ratio in the patient was on average approximately 5:1.
The activity uptake of both isotopes in the four VOIs were
sampled independently from a normal distribution, with the
mean regional uptake ratios shown in Table I and a 10%
standard deviation. We generated a single noise realization for
each simulated patient.

6) Sensitivity to Intra-Regional Uptake Heterogeneities: As
we note from Eq. (10), the MEW-PDQ method is based
on an object model where the different VOIs have constant
uptake. Thus, the method does not explicitly model poten-
tial intra-regional uptake heterogeneities. However, in clinical
scenarios, intra-regional uptake heterogeneity may be present.
One approach to mitigate this limitation is to use both CT
and reconstructed SPECT images to deliberately define VOIs
with relatively homogeneous uptake. However, even with this
approach, due to the limited resolution and high noise levels
of SPECT, minor intra-regional uptake heterogeneities may be
obscured on the images. Further, intra-regional heterogeneity
could be present at a continuous level, and thus, some amount
of heterogeneity may be present within the different VOIs.
Hence, we assessed the performance of the methods in the
presence of these heterogeneities.

In this experiment, patients with heterogeneous uptake
distributions within three regions: the background, gut, and
lesion, were simulated. To simulate intra-regional uptake het-
erogeneity at a continuous level, we modeled the activity
uptake in these regions using a 3D lumpy model [49]. Specifi-
cally, for region k with support qﬁ,z/ Ol (r), as defined in Eq. (8),
the intra-regional uptake distribution, denoted by fi (r), was

227Th

223Ra

Fig. 2. The maximum intensity projections of the activity maps for a
representative patient with homogeneous intra-regional uptake (W = 0),
moderate intra-regional heterogeneity (W = 0.4), and a fully heteroge-
neous patient (W = 1).

formulated as:

Py _ 2
fi) = adl O > < exp [— r 2;2”) }
p=1 (ox/27 k

(20)

where Py, ay, and oy denote the total number, magnitude, and
width of lumps in region k, respectively, and ¢, represents the
center of the p'" lump. Each ¢p was randomly sampled with
uniform probability for each spatial location within a given
region. The value of a; was chosen such that the average
activity uptake in region k matched the designed mean uptake
value, Ay. Finally, P, was sampled from a Poisson distribution
with a mean of P.

Our goal was to study the performance of the pro-
posed method across a range of intra-regional heterogeneities.
We first simulated patients with high intra-regional uptake
heterogeneity. This was done by considering a large mean
number of lumps (i.e. large P;) and with a small lump width
(i.e. small oy ) for each region. Specifically, for the background,
gut, and lesion regions, the mean number of lumps, Py,
was set to 380, 140, and 490, respectively, while the lump
width, oy, was modeled as 23 mm, 16 mm, and 2 mm,
respectively. We refer to these generated patients as fully
heterogeneous patients. Denote the activity uptake distribution
in one of the fully heterogeneous patients as f"¢’ (r). Next,
we simulated the same patient with the same mean regional
uptake but homogeneous uptake distribution in the different
regions. Denote this uptake distribution by "™ (r). We used
these distributions to generate varying levels of heterogeneity
as per the following mixture model:

FEE @ =W @) + 1 =W) o @)

where the values of VW were chosen as 0.1, 0.2, 0.3, 0.4,
and 0.8, respectively. A higher W value led to higher intra-
regional heterogeneity. Fig. 2 shows the maximum intensity
projection of the activity map of a representative patient with
homogeneous intra-regional uptake (V¥ = 0), moderate intra-
regional heterogeneity (VW = 0.4), and the fully heterogeneous
patient OV = 1).

To investigate the performance of the method across a range
of patients, we simulated five patients at each considered
level of intra-regional heterogeneity, where all patients had
an average body size, an identically positioned pelvic bone
lesion with a 33.75 mm diameter, standard total uptake, and

1)
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Rotate around
y-axis

Fig. 3. lllustration of the coordinates used in simulating the rigid
misregistration in VOI definitions.

mean regional uptake distributions as present in Table I. For
each simulated patient, we generated 50 noise realizations.

7) Sensitivity to Inaccuracy in VOI Definitions: Both conven-
tional RBQ methods and the proposed method rely on VOI
definitions for estimating regional uptake. Typically, these
VOIs are derived from patient CT scans, acquired sequentially
with SPECT scans. While aligning CT and SPECT data is
feasible, inaccuracies in VOI definitions can still arise. In this
study, we evaluated the performance of the methods in the
presence of such inaccuracies. We considered inaccuracies
in VOIs originating from two sources: rigid-body transfor-
mations, such as patient movement between CT and SPECT
scans, persisting even after registration [50], [51], and non-
rigid transformations occurring during SPECT scanning, such
as patient breathing.

In experiments described in this section, we considered a
patient with average body size and a pelvic bone lesion of
33.75 mm diameter. The phantom had standard total uptake
and mean regional uptake distributions as specified in Table I.

First, we evaluate the performance of the methods with inac-
curacies in VOI definitions due to rigid-body transformations.
We assumed that the CT scan of the patient was conducted
upfront, yielding the VOIs. Then, we simulated shifting and
rotation of the patient as illustrated in Fig. 3 to model
misregistration between the SPECT and CT scans. In previous
studies, it has been observed that even after the application of
computer-aided techniques to align the reconstructed SPECT
and CT images, certain levels of misalignment remain [50],
[51]. We simulated those residual misalignments between the
SPECT and CT scans. Specifically, the patient was shifted
by 2, 4, 6, and 9 voxels in both directions along the x-axis,
and by 2, 4, and 6 voxels in both directions along the y-axis,
respectively. Each voxel had a side length of 1.105 mm.
The patient was also rotated by 1 and 2 degrees in both
directions around the y-axis. SPECT projections corresponding
to the shifted and rotated patient were generated. We generated
50 noise realizations for each simulated misregistration. Both
the MEW-PDQ and conventional RBQ methods used the
attenuation map and the VOI definitions as obtained from
the CT scan to process the projection data and estimate the
regional uptake.

Next, we evaluate the performance of the methods with
inaccuracies in VOI definitions due to non-rigid transfor-
mations. We considered scenarios where patients held their
breath during the CT scan in a fully inhaled position, and
breathed normally with a five-second respiration cycle during
the SPECT scan. The XCAT software enables simulation of

150
;\;100 3 —=15 mm, 223Ra"‘15 mm,227Th
5 ] “~725mm, 23R4 25 mm, 2271
& BOH NN 35 mm, *°Ra 35 mm, #/Th
£ = e
5 0
z

50 ] ] ]

0 500 1000 1500
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Fig. 4. Normalized error in the estimated lesion uptake of 227 Th and

223 R4 with different lesion diameters as a function of the number of
iterations, showing the convergence of the MEW-PDQ method.

this breathing motion. For each respiration cycle, we sampled
the XCAT-generated activity and attenuation maps at one-
second time intervals, resulting in five temporal frames per
respiratory cycle. The SPECT projections for each of these
five frames were then added to generate the average projection
data for one respiratory cycle. This study design is similar to
a previous study assessing the impact of respiratory motion
on detecting defects in myocardial perfusion SPECT [52].
50 noise realizations of the final SPECT projection were
generated. Subsequently, we applied the MEW-PDQ and RBQ
methods, using the VOI definitions and attenuation maps as
obtained from the CT scan.

V. RESULTS
A. Convergence of the Proposed Method

Fig. 4 shows the normalized error in the estimated lesion
uptake of 2?’Th and %?*Ra as a function of the number of
iterations of the MEW-PDQ method. The method converged
after 1000 iterations for both isotopes and all three lesion
diameters. Thus, we chose 1000 as the number of iterations
for subsequent experiments when applying the MEW-PDQ
method.

B. Quantitation Performance for Different Lesion Sizes
and Contrasts

The absolute NB, NSD, and NRMSE of the estimated lesion
uptake as a function of lesion diameter and LBUR are shown
in Figs. 5 and 6, respectively. We also compared the NSD
of the estimates yielded by the proposed method with CRLB-
derived NSD values. For both >?’Th and ??*Ra in lesions with
all diameters and LBURs, the MEW-PDQ method consistently
yielded close to zero bias and an NSD close to that derived
from the CRLB. The proposed method also outperformed the
DOSEM and GTM-based methods for all the considered lesion
diameters and the LBURs.

C. Quantitation Performance for Different 227 Th to ?25Ra
Uptake Ratios

Fig. 7 shows the absolute NB, NSD, and NRMSE of the
estimated lesion uptake for different 22’Th to ?>’Ra uptake
ratios. For all >’Th to ?>3Ra uptake ratios, the MEW-PDQ
method consistently yielded almost zero NB and an NSD
close to the CRLB-derived NSD value. Further, the method
outperformed both the DOSEM and GTM methods in terms
of accuracy and overall error for all considered 2>’ Th to *?>Ra
uptake ratios.
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Fig. 5. The (a) absolute NB, (b) NSD, and (c) NRMSE of the estimated
lesion uptake of 227 Th and 223Ra as a function of lesion diameter;

(d) the comparisons of the NSD yielded by the proposed method with
that derived from the CRLB.
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Fig. 6. The (a) absolute NB, (b) NSD, and (c) NRMSE of the estimated
lesion uptake of 227 Th and 223 Ra as a function of lesion-to-bone uptake

ratio; (d) the comparisons of the NSD yielded by the proposed method
with that derived from the CRLB.
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ratio; (d) the comparisons of the NSD yielded by the proposed method
with that derived from the CRLB.

D. Impact of Using Multiple Energy Windows on the
Precision of Estimates

Fig. 8 shows the CRLB-derived NSDs using projection
data from different numbers of energy windows. The CRLB-
derived NSD decreased with an increase in the number of
energy windows. Compared with using only one energy win-
dow, using all four windows led to at least a 78% decrease in
the CRLB-derived NSD values for all regions and isotopes.

Fig. 9 compares the NSD of the estimated regional uptake
of 2’Th and ??’Ra using the MEW-PDQ method with the
CRLB-derived NSDs. For both cases, projection data from all
four energy windows were used. We observe that the proposed
method yielded an NSD very close to that derived from the
CRLB for all the considered regions and both isotopes.
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Fig. 8. Comparing the CRLB-derived NSDs of the estimated regional
uptake of 227 Th and 223 Ra, for different numbers of energy windows.
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Fig. 9. NSD of the estimated regional uptake of 227 Th and 223 Ra using
the MEW-PDQ method compared with the CRLB-derived NSDs.

E. Virtual Imaging Trial

Fig. 10 a and b show the absolute ensemble NB and
ensemble NRMSE of the estimated regional uptake of 2>’Th
and 223Ra in the lesion, gut, bone, and background in the VIT.
We observe that the method consistently outperformed the
DOSEM and GTM-based methods on the task of estimating
the uptake of both isotopes in all regions, considering both
accuracy and overall error, and in fact, yielded at least 10 times
lower ensemble bias in estimating lesion uptake than these
methods. Further, the absolute ensemble NB obtained with
the MEW-PDQ method for both isotopes in all regions was
consistently lower than 5.5%. The accurate performance was
observed for individual patients, as we observe in Fig. 10 c,
which shows the distribution of the normalized error between
the true and estimated uptake for all 60 patients using the
proposed MEW-PDQ method.

F. Sensitivity to Intra-Regional Uptake Heterogeneities

Fig. 11 shows the absolute ensemble NB and ensemble
NRMSE of the estimated lesion uptake of >?’Th and *>’Ra
across patients for different levels of intra-regional hetero-
geneity, as generated by varying W in Eq. (21). We found
that when W < 0.4, the proposed method outperformed the
conventional RBQ methods in both accuracy and overall error.
Further, even for higher values of W, the proposed method
outperformed the conventional RBQ methods in quantifying
the lesion uptake of 223Ra.

G. Sensitivity to Inaccuracy in VOI Definitions

Fig. 12 presents the absolute NB and NRMSE of the esti-
mated lesion uptake of both >’ Th and 2>*Ra for varying levels
and types of inaccuracy in VOI definitions. Across all these
inaccuracies, the proposed MEW-PDQ method consistently
demonstrated better performance over the conventional RBQ
methods in terms of both accuracy and overall error.
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estimated lesion uptake of 227 Th and 223 Ra across patients generated
by setting WW to each of the valuesin Eq. (21). A higher W value indicates
that the patients have a higher level of intra-regional heterogeneity.

V. DISCUSSION

We have designed, implemented, and evaluated a MEW-
PDQ method to jointly quantify the activity uptake of 22’Th
and 2*3Ra in 2?’Th-based «-RPTs. The method was designed
to address the challenges in quantitative SPECT for 22’Th-
based «-RPTs, including the extremely low counts, crosstalk
contaminations between 2?’Th and ??*Ra, and the compli-
cated isotope and SPECT physics. The results (Figs. 5-12)
demonstrate the efficacy of the method in jointly estimating
the regional uptake of 22’Th and *?*Ra in multiple scenarios.

The results in Figs. 5-7 demonstrate that the MEW-PDQ
method yielded accurate estimates of lesion uptake of both
221Th and *?*Ra and outperformed the DOSEM and GTM-
based methods with varying lesion characteristics, including
different lesion sizes (Fig. 5 a), LBURs (Fig. 6 a), and 22’ Th
to 223Ra uptake ratios (Fig. 7 a) in the case where there was

homogeneous uptake in the VOIs, consistent with the assump-
tion of the proposed method. The close-to-zero bias estimates
for both isotopes highlight the efficacy of the proposed
method in accounting for the crosstalk contamination, one
of the major image-degrading effects in quantitative SPECT
for 2?’Th-based RPTs. Further, the proposed method was
observed to be relatively insensitive to PVEs, as demonstrated
by the high accuracy for even small lesion sizes. We note
that the proposed method performs direct ML estimation of
the targeted VOI uptake, and ML estimation is known to be
asymptotically unbiased. In addition, the proposed method
yielded NSD values close to those derived from CRLBs
(Figs. 5-7 b and 9). Again, the proposed method is an ML
estimator. If an efficient estimator exists, the ML estimator is
efficient [30]. Thus, these results indicate that the MEW-PDQ
method may be an efficient estimator.

An important feature of the MEW-PDQ method is the use
of multiple energy windows in quantification. As theoretically
shown through the application of the data-processing inequal-
ity, discarding projections in one or more energy windows
decreases the Fisher information for estimating parameters
from the acquired data [35]. This theoretical finding is man-
ifested in our results in Fig. 8, where we see that using data
from multiple energy windows reduces the CRLB significantly.
This further motivates the need to develop quantitative SPECT
methods that can use data from multiple energy windows,
such as the proposed method. This is particularly important for
a-particle SPECT, as the low number of detected counts can
be increased by including data from multiple energy windows.
Further, as shown in Fig. 9, using projections in all four
energy windows, the variance of estimates obtained by the
proposed method approached the corresponding CRLB for
all VOIs and both isotopes. This finding demonstrates the
effectiveness of the proposed method in extracting information
from data contained in these energy windows. Overall, these
results show that effectively using data from multiple energy
windows in jointly quantifying regional uptake of 2>’Th and
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223Ra, as can be enabled by the proposed method, can yield
improved quantification.

The evaluation of the method in the VIT (Fig. 10) demon-
strated the efficacy of the method across a population of
patients. We see that the MEW-PDQ method yielded averaged
absolute ensemble NB and ensemble NRMSE values as low
as 1.0% and 11.7%, respectively (Fig. 10). In contrast, the
DOSEM-based method yielded corresponding average abso-
lute ensemble NB and ensemble NRMSE of 30.4% and 35.9%,
respectively. The GTM-based method yielded corresponding
values of 25.9% and 32.9%, respectively. These observations
for the DOSEM and GTM-based method are consistent with
previous literature [25], [26], [27], [28], [29] and confirm the
limitation of these conventional approaches for the task of joint
227Th and ??3Ra regional uptake quantification. These results
further demonstrate the reliability of the proposed MEW-PDQ
method for this task.

The proposed MEW-PDQ method does not account for
spatial intra-regional uptake heterogeneity, leading to model
mismatches in scenarios where such heterogeneity is present.
As illustrated in Fig. 11, as the level of intra-regional uptake
heterogeneity increases, the absolute NB and NRMSE of
the estimated lesion uptake from the proposed method also
increase. Despite this, with moderate levels of intra-regional
heterogeneities, the proposed method still consistently outper-
forms the conventional RBQ methods. This finding suggests
that the MEW-PDQ method could still be a reliable choice
with better performance than conventional RBQ methods given
such moderate levels of intra-regional heterogeneity. However,
given high levels of intra-regional heterogeneity, the proposed
method may yield less reliable estimates of regional uptake
compared to the conventional RBQ methods (Fig. 11). Under
those conditions, the model mismatch for the proposed method
in representing the activity uptake distribution within VOIs
may impact the performance of the method. We note that
the actual extent of intra-regional heterogeneity in patients
undergoing 2?’Th-based «-RPTs remains unclear. The range
of intra-regional uptake heterogeneities evaluated in this study
was deliberately extensive to ensure a comprehensive under-
standing of the methods in various conditions, including
those that pose significant challenges. Additionally, to leverage
the reliable performance of the proposed method in clinical
applications, a practical strategy is to carefully delineate VOIs
using both CT and reconstructed SPECT images to define
VOIs with low intra-regional heterogeneities. However, not
accounting for intra-regional heterogeneity remains a lim-
itation of the proposed method when defining VOIs with
relatively homogeneous uptake is not achievable. To address
this limitation, a Wiener estimator-based approach is being
developed to estimate regional uptake from SPECT projections
while accounting for intra-regional heterogeneity [53]. Extend-
ing the proposed method to model intra-regional heterogeneity
is an important area of future research.

Fig. 12 illustrates that inaccuracies in VOI definitions can
affect the accuracy of the estimates produced by both the
proposed and conventional RBQ methods. In these results,
as the degree of inaccuracy in VOI definition due to rigid-body
transformation increased, the accuracy of all the considered

methods decreased. However, at each degree of inaccuracy,
the proposed MEW-PDQ method consistently outperformed
the conventional RBQ methods. Additionally, these results
show that, compared with the conventional RBQ methods, the
proposed method also exhibited lower sensitivity to inaccuracy
in VOIs arising from non-rigid transformations caused by
patient breathing during the SPECT scanning process.

For dosimetry studies with systematically administered
radionuclide therapies, the patients are typically imaged at
multiple time points post-administration. Due to the decay of
227Th to 2?3Ra, there will be different 2’Th to >2>Ra uptake
ratios in the patient at those time points. Fig. 7 shows the
reliable performance of the MEW-PDQ method to estimate
the regional uptake of both isotopes with all 2’Th to *?>Ra
uptake ratios. These results motivate further evaluation of the
method for 22’ Th-based «-RPT dosimetry studies.

The MC-based approach generated system matrix of the
proposed method allows for accurate modeling and compen-
sation of crosstalk contamination and the other complicated
SPECT physics in 2*’Th-based «-RPTs. This MC-based
approach was relatively fast, and the system matrix can be
pre-computed and stored given the small number of VOIs.
For a typical simulated patient in this study, computing the
system matrix of both isotopes for all VOIs took less than
10 minutes on our system equipped with Intel(R) Xeon(R)
Gold 6230 CPUs with 80 cores. The system matrix required
only 120 MB for storage and memory during computation.
In contrast, a system matrix generated for the DOSEM-
based method using the same MC-based approach can be
as large as 40 TB for a single patient, which is not fea-
sible for processing and storage with typical computational
systems. Additionally, due to the low number of unknowns,
1000 iterations of the MEW-PDQ method required less than
10 minutes on a desktop computer with a 16-core Intel Core
i7-10700K CPU. Thus, the proposed method has the capability
to efficiently perform system matrix modeling and regional
uptake estimation with modest computational requirements.

The proposed method is designed to directly estimate uptake
within VOIs, thus providing inputs for organ and lesion
dosimetry, which is often the clinical task of interest [10],
[12]. However, since the method does not yield a voxel-
based reconstruction, it cannot be used for applications that
require such reconstructions, such as voxel-based dosimetry.
For these applications, there remains an important need to
develop voxel-based reconstruction methods for *2’Th-based
a-RPTs, and this is an important area of future research.
For example, if it is known that the VOIs do not have
fully homogeneous uptake but have relatively homogeneous
uptake in some VOIs and highly heterogeneous uptake in other
VOlIs, reconstruction methods could represent the VOIs using
a small number of voxels with non-uniform sizes, similar
to those proposed in previous studies [54], [55]. Similar to
the proposed method, such methods could make the esti-
mation problem less ill-posed and reduce the noise in the
estimated voxel values. Additionally, more recently, voxel-
based reconstruction methods that use list-mode data and
avoid binning-related information loss have been developed for
single-isotope «-RPTs [34]. Reconstructions from list mode
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data could extract the maximum possible information from
the limited number of detected photons, thereby enhancing
the quality of reconstructed images. Overall, developing and
validating advanced voxel-based image reconstruction meth-
ods for 22’ Th-based «-RPTs is an important area of research;
future studies could also compare the performance of the
proposed method with RBQ methods that are based on such
reconstructions.

A further limitation of this study is that the proposed
method was evaluated in simulation studies. Although we
simulated realistic patient phantoms, used MC software to
simulate the SPECT system, and validated our SPECT system
simulations with physical phantoms, we recognize that our
simulations may not model all aspects of patient population
variabilities and system instrumentation. Evaluation of the
method with physical phantoms and patient data, including
data from ongoing clinical trials such as NCT03724747, pro-
vides a mechanism to address these limitations. Additionally,
we only simulated the GE Discovery 670 scanner with HEGP
collimator. Clinically, patients may be imaged with various
SPECT scanners and collimator configurations. Assessing the
performance of the proposed method across different scanner-
collimator configurations, especially the reproducibility of the
estimates, is an important area for future research. We do
note here that we have previously validated another projection-
domain quantitative SPECT method for 2>3Ra-based «-RPTs
across nine different scanner-collimator configurations, and
observed that the method was accurate and highly reproducible
across these different configurations [56]. This provides us
with confidence that the proposed MEW-PDQ method would
also yield reproducible findings, but this warrants further
investigation. Also, due to the absence of reliable radiophar-
macokinetic data, we modeled the regional uptake ratios of
227Th based on clinical studies using *?*Ra. Additionally, the
biological half-life of these isotopes was not considered in the
experiments that evaluated the performance of the proposed
method at various >2’Th to 223Ra uptake ratios. However, the
application of the MEW-PDQ method in future clinical trials
could contribute to reliably obtaining such radiopharmacoki-
netic data of 2?’Th and %?*Ra.

VI. CONCLUSION

We proposed a multiple-energy-window projection-domain
quantitative SPECT (MEW-PDQ) method for joint regional
uptake quantification of 22’Th and 2*>Ra. The method was
observed to yield reliable (accurate and precise) estimates
of the regional uptake of both isotopes, as evaluated using
clinically realistic and validated simulation studies in the
context of 2>’ Th-based a-RPT, for multiple variations in lesion
properties, including variations in lesion sizes, lesion-to-bone
uptake ratios, and 227Th to 223Ra uptake ratios, as well as
in a virtual imaging trial. The proposed method consistently
outperformed conventional reconstruction-based quantification
approaches including a dual-isotope ordered subset expectation
maximization (DOSEM)-based method and a geometric trans-
fer matrix (GTM)-based method. We also observed that the
proposed method yielded estimates that were almost unbiased
and had a standard deviation close to that derived from the

Cramér-rao lower bound, indicating that the method may be an
efficient estimator. Moreover, we observe that the use of mul-
tiple energy windows can significantly increase the precision
of the proposed method. Further, even with moderate levels
of intra-regional uptake heterogeneity and inaccuracy in the
region definitions, the proposed method still yielded reliable
estimates and outperformed both the DOSEM and GTM-
based methods. Overall, the results provide strong evidence
supporting further evaluation and application of this method
for performing quantitative SPECT of 22’ Th-based «-RPTs.
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