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Introduction: In Selective Internal Radiation Therapy (SIRT), 90Y is administered to primary/secondary hepatic
lesions. An accurate pre-treatment planning using 99mTc-MAA SPECT/CT allows the assessment of its feasibility
and of the activity to be injected. Unfortunately, SPECT/CT suffers from patient-specific respiratory motion
which causes artifacts and absorbed dose inaccuracies. In this study, a data-driven solution was developed to
correct the respiratory motion.
Methods: The tool realigns the barycenter of SPECT projection images and shifts them to obtain a fine registration
with the attenuation map. The tool was validated using a modified dynamic phantom with several breathing
patterns. We compared the absorbed dose distributions derived from uncorrected(Dm )/corrected(Dc ) images with
static ones(Ds ) in terms of γ-passing rates, 210 Gy isodose volumes, dose-volume histograms and percentage
differences of mean doses (i.e., ΔDm and ΔDc , respectively). The tool was applied to twelve SIRT patients and the
Bland-Altman analysis was performed on mean doses.
Results: In the phantom study, the agreement between Dc and Ds was higher (γ-passing rates generally > 90%)
than Dm and Ds . The isodose volumes in Dc were closer than Dm to Ds , with differences up to 10% and 30%
respectively. A reduction from a median ΔDm = -19.3% to ΔDc = -0.9%, from ΔDm = -42.8% to ΔDc = -7.0% and
from ΔDm = 1586% to ΔDc = 47.2% was observed in liver-, tumor- and lungs-like structures. The Bland-Altman
analysis on patients showed variations (±50 Gy) and (±4 Gy) between Dc and Dm of tumor and lungs,
respectively.
Conclusion: The proposed tool allowed the correction of 99mTc-MAA SPECT/CT images, improving the accuracy
of the absorbed dose distribution.

1. Introduction
Selective internal radiation therapy (SIRT), also known as trans
arterial radioembolization (TARE), is one of the most effective treat
ments for unresectable primary and secondary hepatic lesions. SIRT is

based on the administration of 90Y resin (SIR-Spheres®, Sirtex Medical
Ltd, Woburn, MA, USA) or glass (TheraSphere™, Boston Scientific,
Marlborough, MA, USA) or 166Ho poly-L-Lactic Acid (PLLA) (Quirem
Spheres®, Quirem Medical BV, Deventer, the Netherlands) micro
spheres. The recommended treatment planning procedure relies on two
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Tomography; MR, Magnetic Resonance; MAA, Macro-Aggregated Albumin; LSF, Lung Shunt Fraction; VOI, Volume Of Interest; OARs, Organs At Risk; DVH, Dose
Volume Histogram; MC, Monte Carlo; μMap, Attenuation Map; PET, Positron Emission Tomography; CIRS, Computerized Imaging Reference System; OSEM, Ordered
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important phases: first is the use of high-resolution multi-phase
Contrast-Enhanced Computed Tomography (CECT) or Magnetic Reso
nance (MR) [1] for appropriate target definition; second is the use of
99m
Tc macro-aggregated albumin (99mTc-MAA) planar or Single Photon
Emission Computed Tomography (SPECT)/CT imaging as a surrogate of
the treatment device distribution. More recently scout dose of 166HoPLLA has been approved for planning SIRT treatments, allowing to use
of the same radioactive device for pre and post-treatment imaging [2,3].
The pre-treatment simulation is mandatory to evaluate the possible
SIRT extrahepatic shunts [4]. A Lung Shunt Fraction (LSF) >20% or any
extrahepatic shunt are exclusion criteria for SIRT patients. Thus, this
quantity needs an accurate calculation to prevent the exclusion of pa
tients potentially benefiting from radioembolization. Notably, the MAA
presents a variety in size (0 to 150 μm) with respect to the resin mi
crospheres (20 to 60 μm); thus, 99mTc-MAA images may overestimate
the LSF, especially when planar scintigraphy imaging is used [5–7]
without the attenuation correction.
Although SPECT/CT has been proposed for LSF estimation to over
come the limitation of planar imaging [8], patient respiratory motion
during the SPECT/CT acquisition still causes a blurring of the activity
distribution, which further affects the LFS estimation especially when
the target lesions are placed a few centimeters from the hepatic dome.
To improve the LSF estimation accuracy, several authors proposed an
ad-hoc reduction of Volume of Interest (VOI) by removing the cranial
lungs contours placed within an empirically determined distance (1.5 or
2 cm) from the apex of both abdominal diaphragms [9,10]. This
approach was also validated using a static phantom, accounting for the
scatter radiation but not considering the respiratory movement [8].
In addition to LSF estimation, pre-therapy SPECT/CT imaging is
essential for an accurate estimation of the activity distribution in tumors
and organs at risk (OARs) in order to obtain an accurate image-based
dosimetry [11–13], which can be used to determine the optimal activ
ity to be injected for the SIRT approach [14,15] so that it is possible to
retrospectively evaluate the absorbed-dose effect relationships [16] or
to assess the agreement between the distribution of 99mTc-MAA and 90Y
[17,18].
Image-based dosimetry can be performed with the partition model,
which allows to estimate the mean absorbed dose to the partitioned
liver, or with voxel-based dosimetry, which allows estimation of the
dose-volume histograms (DVHs) while considering the inhomogeneity
of the absorbed dose distribution inside each compartment [19].
In voxel-based dosimetry, in particular, the respiratory motion af
fects the DVHs calculation as shown by Bastianeet et al. [20] who sys
tematically evaluated the combined contribution of simulated
breathing, patient-based characteristics (i.e., sex, weight, tumor size and
location), and acquisition parameters in digital experiments. More in
detail, the authors assessed DVHs obtained by synthetic SPECT/CT im
ages generated with a Monte Carlo (MC) simulation and reproducing
patient-like virtual phantoms with multiple liver cancer lesions in
breath-hold or free-breathing conditions.
For all of these reasons, an approach to correct the artifacts gener
ated by the respiratory motion is needed for accurate pre-treatment
dosimetry.
Motion correction in SPECT/CT imaging has been widely investi
gated in the context of cardiac imaging [21–27], although these methods
generally need external devices or dedicated SPECT/CT systems.
Moreover, data driven solutions have been proposed for motion
correction in LSF estimation with SPECT imaging and radioembolization
dosimetry [28]. In the work originally proposed by Sanders et al. [28]
and furtherly investigated by Robert et al. [29], the projection images in
raw-data format were acquired at high frame-rate (5 Hz) during the
SPECT acquisition, grouped in 10 respiratory phases using the Laplacian
eigenmaps and finally reconstructed to generate a 4D SPECT image.
Nevertheless, the feasibility of this approach strictly depends upon the
availability of the list-mode for projection images acquisition, which is
not available in conventional SPECT/CT systems [30], and could be

limited by a lower count statistic if compared with PET systems [28,31].
Dietze et al. [32] proposed another data driven method for motion
compensation in liver radioembolization which was based on the
tracking of the centre of mass, extracted from fluoroscopic projections
and used to reconstruct the motion signal. In this study, the amplitudes
of the hepatic dome movements were derived from fluoroscopic images
and applied to simultaneously collected SPECT images. This approach
led to the development of a new hardware and software solution to
correct SPECT and interventional images from motion artifacts [33].
This new device was tested using a digital [32] or an anthropomorphic
phantom [34] placed on a motor-driven stage. Unfortunately, this tool
requires a dedicated software/hardware which is currently unavailable
in the clinical practice.
In addition to the critical issues already mentioned, all the above
described approaches were focused on artifact-free SPECT reconstruc
tion but did not take into account its registration with the attenuation
map (µMap) for hepatic lesions. The µMap is generated from a free
breathing CT, acquired in a SPECT/CT system, and its registration with
the SPECT is crucial for a proper attenuation correction and an accurate
quantification of LSF, as well as tumor and OARs dosimetry.
To improve the pre-treatment accuracy of 99mTc-MAA SPECT/CTderived absorbed dose distribution, we propose an alternative datadriven solution, in principle applicable to all the commercial SPECT/
CT systems.
This approach simultaneously allows for the realignment of the
SPECT projection images and subsequent shifting to obtain a finer
registration between SPECT and CT. The former is achieved via the
calculation of baricenter of collected counts on the tumoral area, the
latter relies on the extraction od the information on image displacement
from the µMap.
To validate our method a commercially available moving phantom
was modified with a novel ad-hoc solution to simulate liver tumors
located close to the hepatic dome. Finally, we applied the developed
correction approach to a patient cohort and investigated the possible
improvement of the target/OARs dose distribution estimation and their
correlation with the patient follow-up images.
2. Methods
2.1. Phantom study
2.1.1. Phantom description
In this study we propose an ad-hoc phantom which simulates the
respiratory motion of a patient having a spherical tumoral lesion and is
suitable for SPECT/CT or Positron Emission Tomography(PET)/CT
acquisition images.
To do so, a Computerized Imaging Reference Systems (CIRS, Norfolk,
VA) Dynamic Thorax phantom model 008A, designed for gated radio
therapy treatment, was adapted with a 3D-printed component composed
of a hollow sphere (diameter of 50 mm, internal volume of about 65.5
ml) connected to the moving system of the CIRS phantom through a
cylindrical bar of about 20 cm. The sphere was filled with 174 MBq of
99m
Tc, obtained as sodium pertechnetate (Na[99mTc]O4) from
99
Mo/99mTc generator (Ultratechnekow, CURIUM, Netherlands), and
was realised to mimic a moving spherical tumor nearby the hepatic
dome. A cardboard box shaped as the CIRS phantom and containing a
plastic tube to ease the sphere movement surrounded by water bags was
connected to the end of the phantom to simulate the patient abdomen.
We used this phantom to validate the GUI described in the paragraph
2.4.
2.1.2. Investigated respiratory cycles for phantom validation
The bar with the radioactive-filled sphere was controlled by the CIRS
motion control software which includes the Trio PC Motion library to
generate several ad hoc sinusoidal movements mimicking the excursion
of a lesion located close to the hepatic dome. The amplitudes and the
99
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cycle durations of the sphere movement were derived from [35] and
[36], respectively. Fig. 1 shows the experimental setup. The phantom
was acquired in 10 experimental setups (1 static and 9 dynamic setups).
Among these, acquisitions #2, #3, #4, #7, and #8 represented normal
breathing types; acquisitions #5 and #6 were considered as deep
breathing (i.e., amplitudes of 20 and 25 mm, respectively), while ac
quisitions #9 and #10 were set up as abnormally prolonged breathing
cycle durations (12 and 40 s, respectively).
All the dynamic setups followed a sinusoidal wave in the z direction
with the amplitudes and cycle durations specified in Table 1. After the
acquisition, the SPECT projection images of the moving phantom were
corrected using the ad-hoc MATLAB (R2020b, The MathWorks Inc.,
Natick, MA, USA) tool.

2.2. Patients study
2.2.1. Patients cohort description
After the phantom validation phase, 12 consecutive single-lesion
liver cancer patients who received 90Y radioembolization treatment
were enrolled in this study to assess the impact of the proposed
correction using the developed tool on the projection images of the pretreatment 99mTc-MAA SPECT/CT. All patients underwent images as
described in paragraph 2.3. Follow-up CECT were used to assess the
local response of patients to the SIRT treatment.
2.2.2. Patients contouring
Tumor delineation on patients images was jointly performed by a
Radiation Oncology physician and a Radiologist using MIM by review
ing the arterial or venous phases of a multiphasic CECT acquired within
one to three weeks from the planning angiographic procedure. This
approach was followed to obtain an accurate target delineation that is
not feasible on the low-dose CT from the hybrid SPECT/CT system, as it
is acquired in free-breathing condition without contrast media. This CT
image will be referred to as CT in the following sections to distinguish it
from the CECT.
Liver and lungs contours were delineated by a Radiation Oncology
physician on the CT with manual and semi-automated MIM tools. As in
the phantom study, a lungs-2 cm VOI was delineated for each patient.
The CECT was registered to the CT focusing on the liver to maintain the
relative distance between the tumor and the hepatic dome and the tumor
contour was rigidly transferred from the CECT to the CT.

2.1.3. Phantom contouring
Liver-, lungs- and tumor-like structures were drawn on the SPECT/
CT images of the static acquisition using the MIM Maestro software
(MIM Software Inc., Cleveland, OH). The lungs- and tumor-like VOI
were obtained by manually segmenting the lungs of CIRS dynamic
phantom and the sphere on the CT of the SPECT/CT image, respectively.
The liver-like VOI was obtained by the rigid co-registration of the
phantom CT image with that of an example liver cancer patient. The
liver-like VOI was positioned adjacent to the end of the the lungs-like
VOI in the z (i.e., cranio-caudal) direction. In addition, the most infe
rior 2 cm-thick volumes of the left and right lungs were automatically
subtracted from the lungs-like VOIs (lungs-2 cm-like) as described in [8].

2.3. Image acquisition
The SPECT/CT images were acquired on a Discovery 670 NM/CT (GE
Healthcare, Milwaukee, USA) with the standard 99mTc-MAA protocol
(acquired using LEHR collimator, step-and-shoot technique, 15 s/view,
3◦ angular step, 128x128 matrix size per projection, emissive window
centred at 140.5 keV with a width of 10 keV and scatter window centred
at 120 keV with a width of 5 keV).
All the SPECT images were reconstructed using the ordered subset
expectation maximization (OSEM) algorithm with 2 iterations and 10
subsets, the attenuation (based on the CT) and scatter correction, the
resolution recovery and no post-processing filter. All the CT were ac
quired in helical mode with a rotation time of 0.8 s, slice thickness of
3.75 mm, pitch of 1.35, large SFOV, 120 kV, 80 mA and reconstructed
with GE Standard (STD) algorithm.
2.4. Developed image processing tool
The tool, developed with MATLAB, is structured as a graphical user
interface (GUI) and its workflow is described in Fig. 2 and can be
summarized in realignment of the projection images and shifting be
tween the projection images and the µMap. The MATLAB GUI layout for
patients is showed in Fig. 3.
The workflow (Fig. 2) requires as input the CT, the µMap generated
by the dual-head SPECT/CT system, the 2D projection images (pj,k,
where j and k are the indexes of the projection images, ranging from 1 to
60, and of the SPECT head, respectively) of the SPECT acquisition, and
the contours of the tumor and the liver delineated on the CT, which can
be uploaded trough the developed GUI (Fig. 3).
A threshold of 800 HU on the CT images allows the automatic gen
eration of the body contour using the regionprops MATLAB function.
The calculation tool computes the distance between the tumor isocentre
CT
(xt , yt , zt ) and the body contour along the x (dCT
x ) and y (dy ) directions,
CT
CT
CT
defined as dCT
x = xbody,y=yt − xt and dy = ybody,x=xt − yt , respectively. This

Fig. 1. Experimental setup including an adapted CIRS Dynamic Thorax phan
tom with a radioactive filled sphere connected at the end of a bar controlled by
the CIRS motion control software generating several ad hoc movements mimic
the excursion of a lesion located close to the hepatic dome.

is done to select the closest projection image to the tumor (pbest,kbest ),
which is supposed to be the least affected by the scattering of the patient
body and to represent the most accurate 2D representation of the tumor.
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Table 1
Breathing type (i.e. normal, abnormal, deep inspiration and static), cycle duration, number of breathing per minute, the maximum amplitude of sphere movement in
the z direction (CC) and the total movement.
Acquisition
#

Breathing
type

Cycle duration
[s]

Number of breathing per minute
[min-1]

Maximal amplitude (in the CC
direction) [mm]

Total movement (CC direction)
[mm]

1
2
3
4
5
6
7
8
9
10

Static
Normal
Normal
Normal
Deep
Deep
Normal
Normal
Abnormal
Abnormal

0
5
5
5
5
5
3
4
12
40

0
12
12
12
12
12
20
15
5
1.5

0
5
7.5
12.5
20
25
12.5
12.5
12.5
12.5

0
10
15
25
40
50
25
25
25
25

Fig. 2. Workflow of the implemented projection images correction algorithm. The workflow is based on two main steps: 1) realignment of projection images based
on tumor barycentre position and 2) shifting of the realigned projection images according to the distance between the upper point of the liver dome as derived from
µMap and the upper point of the tumor. Additional details are reported in the main text.
pj,k

The amplitude of the tumor contour along the z (cranio-caudal) di
rection (ACT
t ) is obtained from the tumor VOI delineated on the CT and a
percentage threshold (Th%) is recursively set to match the size of the
thresholded area on pbest,kbest along the z direction to ACT
t .
Th% is then applied to all the projection images pj,k to get the z-co
ordinate of the geometrical barycentre of the high-counts area (i.e.,
p
tumor), called Bt j,k and defined as:
∑Mj,k pj,k
zi,t
p
Bt j,k = i=1
Mj,k

pj,k∕
=k

p

belonging to kbest , i.e.,

), all the projection images
(2)

pj,k=k

Where the assumption ΔBt best = ΔBt best is made since the pro
jection images obtained by the furthest SPECT head (i.e., k ∕
= kbest ) are
characterized by high scattering rate and poor resolution.
In the registration phase, the tool accounts for the correct positioning
of the projection images with respect to the µMap.
For this purpose, the distance between the upper point of the tumor
and the hepatic dome along the z coordinate (i.e., dCT
dome− t ) is computed
from the contours of the tumor and the liver delineated on the CT.
At the same time, the positions of the upper point of the tumor and
the hepatic dome are identified on the µMap and pbest,kbest , respectively,

Where zi,tj,k and Mj,k represent the z coordinate ot the i-th pixel and the
total number of pixels contained in the thresholded area, respectively.
For display purposes, the upper and lower z-coordinate of the highp
p
counts area are also obtained and called Ut j,k and Lt j,k , respectively.
The median z-coordinate of the barycentres of projection images
pj,k=k
median(Bt best

pj,k=kbest

In order to match Bt best to median(Bt
are realigned by:
)]
[ p
( p
p
j,k
j,k=k
ΔBt j,k = Bt best − median Bt best

μMap,pbest,kbest

and their distance (i.e., ddome−

) is calculated.

t

) is measured. The µMap and pbest,kbest

μMap,pbest,kbest

are natively registered, so ddome−
101

t

is simply obtained as a difference
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Fig. 3. The developed MATLAB GUI. a) The GUI requires the import of CT and contours of tumor and liver. b) After the import operation, the minimum value
CT
CT
◦
◦
between dCT
x and dy is calculated to select the projection image closer to the tumor between p0 and p90 (i.e., pbest,kbest ). c) At is calculated from the imported tumor
pbest,kbest

contour. d) The GUI needs the import of projections images and the user has to set a threshold (%) to match At
p
Ut j,k ,

p
Lt j,k

(distinguishing the two detector heads with different colors), and the
pj,k=kbest

defined as in Eq. (2), on pj,k to realign them to median(Bt

pj,k=k
median(Bt best ),

j,k
, shown in e), to ACT
t . f) The GUI displays Bt ,

p

indicated with a black line. The GUI applies

p
ΔBt j,k

movements,

) and shows the max excursion, i.e., the max(ΔBt j,k ). g) The GUI further requires the loading of the μMap
p

exported from GE workstation to automatically determine the absolute upper point of the hepatic dome, i.e. Udome , which is indicated with a red point in the panels h)
and i). Moreover, the same panels h) and i) also show the fusion between the μMap and the thresholded area in p0◦ and p90◦ , i.e., coronal and sagittal view,
μMap

pj,k=kbest

respectively. In these figures, the median(Bt

pbest,kbest

) and Ut

μMap, pbest,kbest

are indicated with the black point and the upper white line, respectively. j) ddome−
μMap, pbest,kbest

t

and dhCT
dome− t are

=
Panels l) and m) shows the registration results after the
computed. In this step, pj,k are shifted in z direction of the value shown in k), such as ddome− t
shifting for the previously selected images in coronal and sagittal view. Finally, the realigned and registered projection images are saved in DICOM format to be
reimported in the GE Xeleris workstation. Additionally, the push button n) resets all the processes, while the box o) indicates the progress of the correction steps in
real time. The abbreviations and definitions are reported in paragraph 2.4.

between the z coordinates of the two points. The upper point of the

For what concerns the moving phantom acquisitions, the same CT
and the CT-derived µMap of the static acquisition were used in the
MATLAB tool for all the acquisitions. In addition, the registrationrelated shifting was performed by considering the slice adjacent to the
lowest point of the lungs insert on the CIRS phantom as the upper point
of the hepatic dome on the µMap.

Map
hepatic dome (i.e., Uμdome
) on the µMap is automatically identified by
considering 11 sagittal slices located around the mid thickness of the
patient. On each sagittal slice a threshold of 150 a.u. is applied to
distinguish the hepatic dome by the lung tissue and the sagittal slice
containing the highest point of the hepatic dome is retrieved and showed
pbest,k

to the user. The upper point of the tumor on pbest,kbest (i.e., Ut best ) is
obtained by considering the maximum z coordinate of the thresholded
area in pbest,kbest , as previously described.

2.5. Absorbed dose distributions calculation
The SPECT images (using the projection images before and after the
application of the MATLAB tool, i.e., uncorrected and corrected,
respectively) for both the phantom and patients studies were recon
structed in Xeleris (GE Healthcare, Milwaukee, USA) and subsequently
imported in MIM software for the absorbed dose distribution calcula
tion. For the following analyses, the subscripts s, m and c indicate the
static, the uncorrected moving and the corrected moving setups,
respectively (e.g., SPECTc corresponds to the tool-corrected SPECTm
image). Patients images consisted of SPECTm and SPECTc only as images

μMap, pbest,k

Defined ∊ = ddome− t best − dCT
dome− t , the registration between the µMap
and the corrected projection images pj,k , is therefore adjusted by shifting
them such as:
μMap,pbest,kbest

∊→0, thus ddome−

t

CT
= ddome−

t

dhCT
dome− t .

(3)

The projection images obtained are finally saved and can be im
ported in a software for the 3D SPECT reconstruction with attenuation
correction, scattering correction and resolution recovery settings.
102
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without respiratory motion were not available.
The absorbed dose distributions were calculated by the MIM soft
ware using a workflow based on the local deposition method (LDM),
assuming to fill the 3D-printed sphere used in the phantom study with 1
GBq of 90Y in a relative calibration approach. For patients study, the
clinically administrated activities were used in the absorbed dose
calculation, using the same MIM workflow with LDM and relative cali
bration approach. A local density correction was applied to the lungs
and lungs-2 cm VOIs, assuming a uniform density of 0.33 g/cm3, being
the LDM workflow based on the assumption of a uniform water-like
density of 1 g/cm3.

in the SPECT images and the necrosis occurred at three month after the
SIRT procedure.
2.7. Data analysis and representation
For all the following analyses related to the phantom study, the
absorbed dose distribution obtained from the static acquisition was used
as reference. The DVHs of Ds and nine Dm and Dc configurations for both
phantom and patients studies were compared using R v 4.0.2 (R Core
Team, Vienna). For the patients study, the Bland-Altman methodology
was used to compare Dm and Dc of various VOIs, where the mean dif
ference between the two measurements represented the bias, while the
95% limits of agreement (LOA), obtained by the bias ± the standard
deviation multiplied by 1.96, represented the precision. Specifically for
the lungs, a Bland-Altman analysis was reported to compare the Dc of the
lungs and Dm lungs-2 cm, which has been proposed as a possible sur
rogate of the true mean dose of the lungs [8]. Plots were obtained using
R v 4.0.2 with ggplot2 library.

2.6. Evaluation of the absorbed dose distributions
To quantify the agreement between absorbed dose distributions
obtained from SPECTm and SPECTc (i.e., Dm and Dc , respectively) versus
SPECTs (i.e., Ds ) in the phantom study, the gamma index values [37]
were calculated. The gamma index method is currently adopted in
external beam radiotherapy and quantifies the agreement between an
evaluated and a reference absorbed dose distributions by simultaneously
considering the percentage dose difference (DD) and the distance to
agreement (DTA). The Euclidean distance Γ(r1 , r2 ) between two points
in the evaluated and in the reference absorbed dose distributions (r1 and
r2 , respectively) is computed in a 4-dimensional space renormalized by
the DD and DTA criteria (δr and δD, respectively), i.e.:
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Δr2r1 ,r2 ΔD2r1 ,r2
Γ(r1 , r2 ) =
+
δr2
δD2

3. Results
3.1. Tool validation on phantom (Phantom study results)

γ(r2 ) = min{Γ(r1 , r2 ) }∀{r1 }

3.1.1. Visual assessment
Fig. 4 shows SPECT/CT images for the static (Table 1 - Acquisition
#1, i.e., SPECTs/CT reported in panel a)) and two combinations of
amplitudes and cycle durations (i.e., Acquisition #4 and #6 of Table 1)
using the moving phantom (i.e., SPECTm/CT reported in panels b) and
d), and SPECTc/CT shown in panels c) and e)).
A marked artifact is appreciable on both SPECTm/CT during the
moving setup acquisition, leading to an elliptical shape of the high
counts volume. The motion artifact is largely reduced for the SPECTc/CT
image, that appears almost as a spherical volume in its higher counts
region, as expected from the reference static acquisition.

γ values between 0 and 1 indicate that the comparison passed with
respect to the dose and distance criteria, while values>1 indicate failure
[39]. The γ-passing rate indicates the percentage of points satisfying the
condition γ(r2 )〈1. The global normalization was applied, in which the
DD is normalized using the same value for all point pairs. The δr and δD
criteria were fixed to voxel size (4.42 mm) and 5% of the maximum of
the reference absorbed dose distribution, respectively, as in [40]. A dose
threshold of 1 Gy on the reference absorbed dose distribution was set to
exclude low-dose areas which had little clinical relevance but could
significantly affect the results of the γ-analysis.
The gamma index was calculated in different volumes (i.e., liver,
lungs and the union of liver and lungs). We assumed 90% and 95% as
acceptable and optimal cut-off levels for gamma index, respectively, as
reported in the AAPM TG 218 recommendations [39]. The γ-passing
rates were calculated using the MIM software [40] and reported.
The absorbed dose level that identified an isodose volume corre
sponding to the physical volume of the 3D-printed sphere (i.e., 65.5 ml)
in the reference absorbed dose distribution was extracted. The same
absorbed dose level was applied to the dose distributions obtained from
SPECTm and SPECTc to quantify the change in volume size.
For both phantom and patients studies, DVHs and mean absorbed
doses (D) of the contoured VOIs were extracted in “csv” format to be
analyzed. The D were calculated for all VOIs and absorbed dose distri
butions derived from SPECTm, SPECTc and SPECTs configurations, i.e.,
Dm , Dc and Ds , respectively. The differences between Dm and Dc
compared to the reference dose Ds are indicated as ΔDm or ΔDc ,
respectively.
A qualitative comparison of the activity distribution in SPECTm/CT
and SPECTc/CT images was showed for an example patient. Post CECT
images were reported to compare the position of the high counts region

3.1.2. γ-index analysis
The γ-passing rate of Dc was higher than Dm for all the combinations
of considered VOIs, amplitudes and cycle durations. Regarding the
overall volume considered in the γ-analysis (i.e., lungs + liver), optimal
(>95%) agreements were obtained for Dc for the normal breathing types
(5 s cycle duration and amplitudes < 20 mm), while γ-passing rates were
acceptable (91.4%) and insufficient (87.3%) for the deep breathing
amplitudes of 20 and 25 mm, respectively. Similarly, optimal γ-passing
rates where obtained for Dc for all cycle durations when an amplitude of
12.5 mm was selected with the exception of 3 s and 4 s, which never
theless resulted in an acceptable (>90%) agreement. On the other side,
Dm resulted in insufficient (<90%) γ-passing rates for all breathing
amplitudes and cycle durations when considering the overall volume
(mean γ-passing rate: 80%).
Similar trends were observed when the liver and the lungs VOIs were
analyzed separately. Dc resulted in optimal agreement with Ds in the
liver VOI in the 5 s cycle duration for amplitudes of 5 mm, 7.5 mm and
12.5 mm and for the 40 s cycle duration for amplitude of 12.5 mm, as
well as for all the cycle durations and amplitudes in the lungs VOI, with
the exception of the 5 s/25 mm combination. For all the others combi
nations an acceptable (>90%) agreement was reached, except for the 5
s/25 mm combination that resulted in an agreement of 86% in the liver
VOI. Again, an insufficient agreement between Dm and Ds (<90%) was
obtained for all the amplitudes and cycle durations also when the two
VOIs were analyzed separately, with the exception of the 5 s/5 mm
combination when only the lungs VOI was considered (90%). In
particular, in the 5 s/25 mm combination, the Dm γ-passing rate in the
lungs VOI was only 67%, while for Dc a passing rate of 92% was
obtained.
The mean Dm γ-passing rates in the liver and in the lungs VOIs were

Where Δrr1 ,r2 and ΔDr1 ,r2 are the geometric distance and the absorbed
dose difference between r1 and r2 , respectively [38].
The gamma index is then taken for each point of the reference
absorbed dose distribution as the minimum distance in the renormalized
space over all the evaluated points, i.e.,
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Fig. 4. CT and reconstructed SPECT images in axial (left), sagittal (centre) and coronal (right) views for a) the static phantom, b-c) moving phantom with 5 s cycle
duration and 12.5 mm amplitude and d-e) moving phantom with 5 s cycle duration and 25 mm amplitude. The subscript s, m and c indicate static, moving and
corrected SPECT/CT images.

81% for both of them. γ-passing rates of Dc and Dm obtained on the
overall (liver + lungs) VOI and on the separate liver and lungs VOIs are
showed in Fig. 5.

the lungs-2 cm based on SPECTm was 2.4 Gy.
The proposed tool allowed reducing the median percentage differ
ence with respect to the reference mean dose for the liver from − 19.3%
(ΔDm ) to − 0.9% (ΔDc ), while for the tumor from − 42.8% (ΔDm ) to
− 7.0% (ΔDc ). The median percentage difference ΔDm and ΔDc for the
lungs was 1586% and 47.2%, respectively. Finally, the median differ
ence ΔDm of the lungs-2 cm absorbed mean dose with respect to the true
lungs VOI mean dose was 125%.
The use of the tool for the normal breathing type provided a tumor
median Dc [range] equal to 553.1 [544.3, 601.2] Gy while the median
Dm [range] was 333.8 [327.9, 339.4] Gy; similarly for the abnormaldeep breathing type the median Dc was 518.5 [436.3, 553.4] Gy while
the median Dm [range] was 340.9 [264.7, 347.6] Gy. The Ds for the
tumor was 590.8 Gy as reported in Table 2.
In Fig. 7 the tumor DVHs for all the amplitudes and cycle durations
configurations are reported and compared with the reference DVH of the
static acquisition. For all the configurations, the application of the
projection images correction (i.e., the SPECTc-derived DVHs) helped to
remarkably recover the reference DVH.
More in detail, Fig. 7 panels a) and b) show DVHs derived from
SPECTm (left) and SPECTc (right) reconstructions both fixing the cycle
duration while varying the amplitude and fixing the amplitude while
varying the cycle duration, respectively. More information is given in
the caption of the Figure.
Fig. 8 shows the DVH for the lungs-2 cm VOI in the SPECTm- and
SPECTc-derived absorbed dose distributions and for the lungs VOI in the
SPECTs-derived dose distribution, both fixing the cycle duration while
varying the amplitude and fixing the amplitude while varying the cycle
duration. The true lungs DVH was systematically overestimated;
nevertheless, the SPECTc-derived lungs VOI DVHs better approximated

3.1.3. Isodose volumes
The absorbed dose level identyfing an isodose volume in the Ds equal
to the physical inner volume of the sphere (i.e., 65.5 ml) was 210 Gy.
When the same dose level was applied, the 210 Gy isodose volume al
ways differed by<10% from the physical volume of the sphere in the Dc
absorbed dose distribution, while differences up to 30% were observed
in the Dm absorbed dose distribution. The 210 Gy isodose volume of the
Dm was always larger than the one identified on the Dc , with the
exception of the 5 s/5 mm and the 40 s/12.5 mm combinations, where
the differences were negligible. The relative volume of the 210 Gy
isodose in the Dc and Dm absorbed dose distribution compared to the
reference dose distribution Ds are reported in Fig. 6.
3.1.4. Mean doses and DVHs analysis
The mean absorbed dose to the liver, tumor, lungs and lungs-2 cm
VOIs obtained from the static acquisition absorbed dose distribution (Ds )
is reported in Table 2. For the moving (Dm ) and corrected (Dc ) absorbed
dose distributions, the median [range] values of the mean absorbed
doses across the nine amplitudes and cycle durations configurations (i.
e., median Dm and median Dc ) for the same VOIs are reported, together
with the percentage differences from the mean doses derived from the
static acquisition (Ds ).
Ds and the median Dm and Dc to the liver were 40.2, 32.4, and 39.8
Gy respectively, while Ds and the median Dm and Dc to the tumor were
591, 338, and 549 Gy. Moreover, Ds and the median Dm and Dc to the
lungs were 1.1, 18.2 and 1.6 Gy, respectively, while the median Dm to
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Fig. 5. γ-passing rates of SPECTm and SPECTc-derived absorbed dose distributions when compared to the reference dose for overall (left), liver (center) and lung
(right) VOIs. The dash-dotted green and the dashed red lines represent the optimal (95%) and the acceptable (90%) γ-passing rates, respectively. In panel a) the
γ-passing rates obtained at fixed cycle duration (5 s) and various motion amplitudes (5, 7.5, 12.5, 20 and 25 mm) are showed; in panel b) the γ-passing rates obtained
at fixed motion amplitude (12.5 mm) and various cycle durations (3, 4, 5, 12 and 40 s) are reported.

the true lungs DVH with respect to the the SPECTm-derived DVHs of the
lungs-2 cm VOI.

concentration areas).
Fig. 10 panels a), b), c) show the Bland-Altman analysis between Dm
(SPECTm-derived mean absorbed doses) and Dc (SPECTc-derived mean
absorbed doses) of tumor, liver and lungs from the patient cohort. The
bias and the 95% LOA were − 7.2 Gy and [-66.1 to 51.6 Gy], 0.3 Gy and
[-3.4 to 4.0 Gy], and − 0.3 Gy and [-4.3 to 3.6 Gy] for tumor, liver, and
lungs respectively.
Fig. 10 panel d) shows the Bland-Altman analysis between Dm of
lungs-2 cm and Dc of lungs from the patient cohort. The corresponding
bias and the 95% LOA were 0.4 Gy and [-0.9 to 1.6 Gy].
In the patient cohort, the median DVH of SPECTm-derived absorbed
dose distribution is higher than the median DVH of SPECTc-derived
absorbed dose distribution in tumor VOI, especially in the high-dose
region (Fig. 11). This result is in agreement with the result from the
phantom study.

3.2. Tool application in a patient cohort (Patients study results)
The MATLAB tool was applied to a cohort of consecutive patients
subjected to 90Y SIRT treatment. Table 3 reports the main patient and
tumor characteristics including tumor type, liver and target volume, and
administered activity.
Fig. 9 illustrates the dose distribution for an example patient based
on SPECT image registered with its CT image with and without the
MATLAB tool-based correction. The example patient had a tumor
movement along the z direction with a maximum displacement of 8.8
mm from the barycentre and a distance of about 18 mm from the upper
point of the hepatic dome.
From their comparison with CECT at 3-months follow-up, it is
possible to observe that the 99mTc-MAA activity distribution, which was
initially located near the hepatic dome, leads to an overestimation of
counts in the lungs. The tool-based correction repositioned most of the
activity injected in the tumor inside the liver. The CECT at 3-months
follow-up shows a necrotic zone corresponding to the area in which
the tool-based correction repositioned the tumor (high activity

4. Discussion
In this paper, the problem of the SPECT projection images realign
ment and their relative shifting to the µMap has been investigated and a
new calculation tool has been presented.
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Fig. 6. a) Ratio (%) between the volumes iden
tified by an isodose of 210 Gy in Dm (light blue
circle) and Dc (blue triangles) compared to Ds
(physical volume reference, identified by the
black line) for a fixed cycle duration of 5 s and
amplitudes of 5, 7.5, 12.5, 20 and 25 mm corre
sponding to acquisition #2, #3, #4, #5, and #6.
b) Ratio (%) between the volumes identified by
an isodose of 210 Gy in Dm (light blue circle) and
Dc (blue triangles) compared to Ds (physical
volume reference, identified by the black line) for
a fixed amplitude of 12.5 mm and different cycles
of 3, 4, 5, 12, 40 s corresponding to acquisitions
#7, #8, #4, #9, and #10.

such as optical surface-guided systems. SPECT acquisitions are typically
acquired in free-breathing condition across several minutes and
breathing cycles. The possible drawback derived from the free-breathing
condition in the SIRT pre-treatment SPECT acquisition is twofold. On
one side, the SPECT system can not be prevented from being affected by
the tumor motion due to the patient respiratory motion, which mainly
occurs in the z (i.e., CC) direction [28]. On the other hand, the CT ex
aminations of SPECT/CT system usually lasts few seconds, so the CT
image can be considered a static-like acquisition which is generated in a
random phase of the respiratory cycle. This means that the CT-derived
µMap, which is used for the attenuation correction, potentially may
not be aligned with the SPECT images, which are, on the contrary,
averaged over all the phases of the patient respiratory cycle. This has a
specific impact in liver SIRT, where the attenuation correction can
strongly differ between the lungs and the liver tissues.
The proposed tool addresses both limitations. To overcome the effect
of the respiratory motion, the free-breathing acquired projection images
are realigned, based on the signal barycentre. Then, the signal originated
in the tumor is identified on the realigned projection images by applying
a threshold and a shift is performed to obtain a fine registration between
the projection images and the µMap. This is automatically done by
restoring the distance between the upper point of the tumor (i.e., the
thresholded area on the closest projection image) and the hepatic dome,
automatically identified on the µMap. In this setting, the “true” distance
is defined by a previous CECT, which represents the optimal modality
for target identification, and is supposed to be independent on the res
piratory phase, as observed on 4D-CT [41].
To validate the dosimetric impact of the tool we modified the CIRS
dynamic phantom adding 3D printed and scattering components and

Table 2
SPECTs-based mean absorbed doses (Ds ) and median [range] of SPECTm- and
SPECTc-based mean absorbed doses (i.e., Dm and Dc , respectively). Median
[range] percentage difference between Ds and Dm (i.e., ΔDm ) and between Ds
and Dc (i.e., ΔDc ). The results are reported for tumor, liver, lung and lung-2 cm
from the phantom study.

Ds (Gy)

Dm (Gy)

Dc (Gy)

Median [range]
percentage difference of
the mean doses from the
static case
ΔDm (%)
ΔDc (%)

Acquisition
#
Tumor

1

2–10

2–10

2–10

2–10

590.7

Liver

33.1

Lung

1.0

545.0
[436.3,
601.2]
33.0
[31.8,
33.4]
1.9
[1.0, 6.6]

Lung-2 cm

–

312.6
[239.0,
338.4]
28.6
[25.6,
30.3]
19.5
[12.9,
30.4]
2.3
[1.7, 10.4]

− 47.1
[-59.5,
− 42.7]
− 13.8
[− 22.7,
− 8.5]
1823.3
[1174.1,
2904.0]
123.5
[-63.2,
923.2]

− 7.7
[-26.1,
1.8]
− 0.3
[-4.1,
0.8]
86.7
[-2.9,
548.7]
–

Median [range] of the
mean doses D

–

99m

Tc-MAA SPECT/CT imaging is a valuable modality for SIRT
planning, although it is characterized by some limitations. To collect
enough counting statistics and generate good quality images, SPECT
systems are designed to minimize the distance between the patient and
the detector heads. This often excludes the adoption of hardware tools,
106

M. Santoro et al.

Physica Medica 98 (2022) 98–112

Fig. 7. Tumor DVHs of the SPECTm-derived (left) and SPECTc-derived (right) absorbed dose distribution with a) a fixed cycle duration of 5 s while varying the
amplitude at 5, 7.5, 12.5, 20, 25 mm, corresponding to acquisitions #2, #3, #4, #5 and #6, and with b) a fixed amplitude of 12.5 mm while varying the cycle
duration at 3, 4, 5, 12, 40 s, corresponding to acquisitions #7, #8, #4, #9, and #10. SPECTs-derived DVH is represented by the red solid line.

testing several dynamic setups. To the best of our knowledge this is the
first simple ad-hoc CIRS dynamic phantom adaptation created to
investigate a tumor located in the hepatic dome.
The efficacy of the tool was evaluated by performing the γ-analysis
with 5%/4.42 mm criteria. The γ-passing rates between the static and
the corrected absorbed dose distributions in all the considered VOIs
were higher than 90%, except for one amplitude and cycle duration
combination, and mostly higher than 95%. On the contrary, the
γ-passing rates between the static and the uncorrected dose distributions
always resulted suboptimal (being about 80%).
Similary the volumes identified by the 210 Gy isodose level from the
dose distributions Dc and Dm , that in the Ds corresponded to the sphere
physical inner volume, were extracted. The 210 Gy isodose volumes
from the dose distributions Dc and Dm were up to 10% and 30% of the
sphere physical inner volume, respectively. Of note, the 210 Gy isodose
volume of the Dm dose distribution obtained with 40 s cycle duration and

12.5 mm amplitude was similar to the one of the physical sphere, but the
shape and position of this isodose were different, as confirmed by the
low value of the γ-passing rate. The differences in tumor mean absorbed
doses between the reference dose distribution and the tool-corrected (i.
e., ΔDc ) and uncorrected (i.e., ΔDm ) dose distributions were<10% and
up to 43%, respectively, while for the liver were<1% and up to 19%,
respectively. Thus, the correction provided a more accurate absorbed
dose estimation including all the investigated amplitudes and cycle
durations. For both the subset of amplitudes and cycles representative of
normal or abnormal-deep breathing types, the DVHs derived from the
corrected images were closer to the ones obtained from the static
acquisition.
The largest percentage impact of the corrected images was observed
on lungs and lungs-2 cm VOI dosimetry. Indeed, for the lungs we
observed a mean dose overestimation reduction from ΔDm = 1586% to
ΔDc = 47%. Of note, using the lungs-2 cm VOI, the ΔDm was 125%.
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Fig. 8. a) DVHs of the SPECTm-derived (solid line) absorbed dose distribution in the lungs-2 cm VOI and of the SPECTc-derived (dashed line) absorbed dose dis
tribution in the lungs VOI with a fixed cycle duration of 5 s and different amplitudes of 5, 7.5, 12.5, 20 and 25 mm, corresponding to acquisitions #2, #3, #4, #5 and
#6. The SPECTs-derived DVH is represented by the red dashed-dotted line. b) DVHs of the SPECTm-derived (solid line) absorbed dose distribution in the lungs-2 cm
VOI and of the SPECTc-derived (dashed line) absorbed dose distribution in the lungs VOI with a fixed amplitude of 12.5 mm and different cycle durations of 3, 4, 5, 12
and 40 s, corresponding to acquisitions #7, #8, #4, #9, and #10. The SPECTs-derived DVH is represented by the red dashed-dotted line.

representative of the investigated effect.
The tool was also prospectively applied on a cohort of patients un
dergoing 99mTc-MAA SPECT/CT before 90Y resin microsphere radio
embolization. CECT images collected during the patients’ follow-up
were analyzed to investigate the potential impact of the proposed
approach on our clinical practice. Post-treatment 90Y PET/CT are also
available and will be used for a separate paper.
Regarding the patient cohort, variations (+/- 50 Gy) and (+/- 4 Gy)
were observed for SPECTc- and SPECTm-derived mean absorbed doses of
tumor and liver, respectively. These results show that tumor mean doses
had a wider range of variability than the liver, since most of the activity,
although mispositioned, still was inside this VOI.
SPECTc- derived mean absorbed doses of tumor mean doses were
lower than SPECTm- derived ones, while the contrary was observed for
the liver. This behaviour agrees with our phantom study for the liver,
but not for the tumor. This is likely due to the large variability of the
distance of the tumor barycentre from the hepatic dome position, as
reported in Table 3. In other words, in our phantom study the tumor was

Table 3
Baseline characteristics of HCC patients who received 90Y TARE and whose
SPECT images were reconstructed with and without the tool-based correction.
Characteristics

Patients

Age (years) [range]
Sex (male/female)
Tumor type
Whole liver volume (ml) [range]

71 [51, 85]
6/6
12 HCC
1606 [942,
2038]
200 [27, 334]
12 [3, 21]
17 [4, 120]

Tumor volume (ml) [range]
Tumor/whole liver ratio (%)
Distance between the hepatic dome and the upper limit of the
Tumor VOI (mm) [range]
Administered activity (GBq) [range]

1.0 [0.6, 2.5]

It might be pointed out that the lungs-like VOI in the phantom was
smaller than the lungs of a typical patient (being about 1080 ml vs. a
typical volume of 3500 ml), but the relative mean doses remain
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Fig. 9. Example patient: SPECTm/CT (up) and SPECTc/CT (central) vs multiphasic CECT from 3-months follow-up (down) images in axial (left), sagittal (centre) and
coronal (right) view. The tumor is indicated by a red arrow.

very close (<1 cm) to the hepatic dome-like position. On the other hand,
a possible explanation of the agreement between patient and phantom
study for the liver is that the correction performed with the MATLAB
tool relocated counts, originally positioned in the lungs, inside the liver,
increasing its mean dose.
Lungs mean absorbed doses showed a small range of variability.
SPECTc-derived mean absorbed doses of the lungs were lower than
SPECTm-derived ones, while they were higher than the SPECTm-derived
mean absorbed doses of lungs-2 cm. This tendency is the opposite of
what was observed in the phantom study, although the mean dose un
derestimation in the lungs-2 cm VOI can potentially lead to an underestimation of the risk of lungs toxicity.
DVHs of phantom-based corrected images showed an increase in
high dose tumoral region in the phantom study and in the illustrative
patient cohort.
Clearly, when comparing the SPECTc and SPECTm-derived absorbed
dose distributions on patients, the true dose distribution obtained in the
static condition is missing. Thus, considering the passive targeting of 90Y
microsphere treatment, which are attached to the tumor target inde
pendently of the tumor motion, the radiological response based on CECT
follow-up images should be investigated. Images from an example pa
tient show the agreement between the corrected SPECT/CT-derived
dosimetry and the marked areas of treatment response. More patients
are needed to confirm this result. A more general validation of the
impact of the tool on the dose distribution in larger patients cohort and
on the subsequent dose–effect relationship (correlation between tumor
dose and tumor response) will be addressed in future studies.
The tool presents several advantages. First, only the projection im
ages belonging to the detector head closer to the tumor is considered for

the realignment, allowing the correction not to be influenced by the
other detector head, in which the scatter contribution is much higher
p
and the projection image barycentre Bt j,k is more difficult to detect. The
selection of the most proper detector head is taken automatically by the
MATLAB tool at the point c) based on geometric considerations.
In addition, our tool is vendor-independent and potentially useful for
several SPECT/CT systems allowing exporting and re-importing the
corrected raw data for image reconstruction. The tool requires as input
only the projection images of the SPECT acquisition, the tumor and liver
contours in DICOM RT-struct format, the CT and the derived µMap. All
of these data are typically easily accessible in SPECT/CT system. The use
of the µMap instead of the CT in the MATLAB app is justified by the fact
that the µMap is already sampled with the same pixel size of the pro
jection images, but the tool can be easily adapted to resample the CT
when the µMap is not available.
After the correction, our tool allows saving the realigned/shifted
projection images in DICOM format, which can also be used as input of
reconstruction system of SPECT/CT vendor (i.e., GE Helthcare) or an
independent image reconstruction systems, such as MIM software (data
not shown).
A possible limitation of our study is that the phantom study has a
restricted realism as compared with the complexity of clinical studies.
The results of the tool validation on patients might be affected by
considerable uncertainties due to the large variability in tumor, liver or
lungs volumes. The efficacy of this method might be limited when the
activity distribution is heterogeneous inside the tumor, or large necrotic
areas are present within the target lesion. For the same reason, it has
been currently applied only in patients with a not hypovascular/infil
trative or disomogeneous HCC lesion.
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Fig. 10. Bland-Altman plot between Dm and Dc for a) tumor, b) liver and c) lungs from the patient cohort. In addition, in panel d) the Bland-Altman plot compares Dm
of lungs-2 cm with Dc of lungs from the patient cohort. In all the figures, the horizontal dot-dashed blue lines represent the bias, and the horizontal dashed red lines
represent the 95% LOA.

Fig. 11. The median DVH from SPECTm-derived (red line) and SPECTc-derived (light blue line) absorbed dose distribution in tumor VOI of patient cohort.

It is worth noting that patients with high LSF (>20%) evaluated with
the planar scintigraphy approach are excluded from the treatment and
no patients with high LSF are included in our cohort. Further evaluation
might be needed for these infrequent cases as reported in another study
[42]. Possible improvements to our clinical workflow can be suggested
both in the execution of the exam and in the image correction and
reconstruction. The acquisition of quasi-static CT images at the midphase (i.e., between the minimum inspiratory phase and the
maximum expiratory phase) could be an option to be implemented.
Unfortunately, the patient should also hold the breathing in the midphase, but this is difficult to realize and would require an active
breathing controller which is not currently available in most SPECT/CT

devices. The use of helical CT acquired at end-expiration has been
suggested for LSF estimation [43], although SPECT/CT alignment
mismatch may arise with the risk of overestimating the LSF and
excluding potential candidates to the treatment.
In addition, fast 99mTc-MAA SPECT/CT protocol might also be
implemented and tested with our tool/moving phantom. The feasibility
of this approach relies on the observation that SNR does not affect
SPECT/CT accuracy for the LSF evaluation, as reported in [44]. SPECT
reconstructions are also affected by partial volume effects, causing the
activity spill-in and spill-out phenomena in lungs/liver or tumor,
resulting in an over-and under-activity estimation, respectively [43].
This might be considered in the absorbed dose distribution evaluation to
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improve the accuracy of the tumor absorbed dose estimation.
Furhermore, our tool allows the reduction of the impact due to the
respiratory movements by the tracking of the target and/or surrogates
(e.g., such as the hepatic dome [41]) without using external respiratory
tracking systems, which are critical to be implemented in SPECT tech
nology due to the closeness of the detectors to the patient to maximize
counts/resolution.
Finally, our tool might be included in the attempts of decreasing the
uncertanties of planning in SIRT treatments through an accurate image
quantification. The image analysis performed by using the γ-index and
isodoses approaches allows a better explanation of mean absorbed doses
and DVHs which, as seen in external beam radiotherapy, are related to
patient clinical outcomes [15,45].
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5. Conclusion
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