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Abstract
The accuracy of quantitative lutetium-177 single-photon emission computed 
tomography/computed tomography (¹⁷⁷Lu SPECT/CT) depends on the imaging 
system, acquisition protocol, reconstruction algorithm, and calibration strategy. This 
study aimed to develop and evaluate a practical commissioning workflow to optimize 
¹⁷⁷Lu imaging across different commercial scanner–reconstruction configurations. 
Three Siemens workflows were evaluated: FLASH3D and xSPECT Quant on the 
Symbia Intevo Bold, and FLASH3D+ on the Symbia Pro.specta. A uniform phantom 
was used to assess image noise and derive calibration factors for the ordered-subset 
expectation maximization (OSEM)-based reconstructions. Recovery coefficients (RCs) 
were evaluated via an International Electrotechnical Commission/National Electrical 
Manufacturers Association phantom at various sphere-to-background ratios and 
modeled using a three-parameter logistic function for partial volume correction. 
Reconstruction parameters were optimized by jointly evaluating RC convergence 
and image noise, followed by quantitative validation using an anthropomorphic 
phantom. OSEM-based workflows showed a predictable dependence on equivalent 
iterations, yielding lower image noise. Conversely, xSPECT Quant exhibited complex 
parameter dependence and higher noise, but provided superior activity recovery—
with RCs closer to unity—and the lowest quantification errors during validation. A 
reconstruction setting of two subsets and 30 iterations was selected for all workflows. 
For FLASH3D and FLASH3D+, this configuration provided RCs closest to unity while 
maintaining the coefficient of variation below the predefined 15% threshold. The 
same setting was adopted for xSPECT Quant to ensure methodological consistency 
despite its intrinsically higher image noise. This commissioning workflow provides a 
practical framework for local ¹⁷⁷Lu SPECT/CT optimization. Among the configurations, 
xSPECT Quant yielded higher recovery coefficients and lower quantification errors, 
albeit with increased noise. These findings highlight the need for locally optimized 
protocols for patient-specific dosimetry and do not establish the general superiority 
of any one reconstruction algorithm.
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1. Introduction
Radiopharmaceutical therapy has become a fundamental 
component of precision oncology, allowing the selective 
delivery of ionizing radiation to malignant tissues while 
minimizing irradiation of surrounding healthy organs. 
The concept of theragnostics, which combines molecular 
imaging and targeted radionuclide therapy using the 
same biological pathway, has significantly expanded the 
clinical applications of nuclear medicine over the last few 
decades.1–3

Among the available therapeutic radionuclides, 
Lutetium-177 (177Lu) has emerged as one of the most 
successful due to its favorable physical characteristics, 
including medium-energy beta emissions suitable for 
therapy and gamma emissions that enable post-treatment 
imaging and dosimetric evaluation.4 The development of 
peptide receptor radionuclide therapy using radiolabeled 
somatostatin analogs represented a major advancement 
for the treatment of neuroendocrine tumors. Early 
clinical experiences with 90Y-labeled compounds 
demonstrated the feasibility of targeted radionuclide 
treatment5, while subsequent studies with 177Lu-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-
based compounds reported improved therapeutic 
efficacy and favorable toxicity profiles.6–8 The efficacy of 
177Lu-DOTA-(Tyr3)-octreotate was demonstrated by the 
phase III NETTER-1 trial, which showed a significant 
improvement in progression-free survival for patients with 
advanced midgut neuroendocrine tumors.9 Final overall 
survival results further confirmed its long-term clinical 
benefit.10

In parallel, the development of prostate-specific 
membrane antigen (PSMA)-targeted radioligands 
has extended the use of 177Lu therapy to metastatic 
castration-resistant prostate cancer. Preclinical and 
clinical investigations of PSMA-617 demonstrated high 
tumor affinity and favorable biodistribution, leading to 
successful therapeutic applications and ultimately to the 
establishment of 177Lu-PSMA-617 as a standard therapeutic 
option for selected patients.11–14

The increasing clinical implementation of 177Lu-based 
therapies has highlighted the need to move beyond fixed 
administered activities toward individualized treatment 
planning based on patient-specific absorbed dose 
estimation.15–17 Personalized dosimetry requires accurate 
determination of the three-dimensional (3D) activity 
distribution over time, making quantitative single-photon 
emission computed tomography/computed tomography 
(SPECT/CT) an essential tool for treatment optimization 
and therapy monitoring.18–23

However, accurate activity quantification in SPECT 
imaging remains challenging due to several physical 
and technical factors affecting image formation. Photon 
attenuation, Compton scatter, finite collimator–detector 
response (CDR), limited spatial resolution, image noise, 
and partial volume effects can all introduce significant 
errors in reconstructed activity concentrations.24,25 The 
implementation of advanced correction methods, including 
attenuation correction, scatter correction, and resolution 
recovery, has considerably improved quantitative SPECT 
performance.26,27

A critical aspect of quantitative SPECT imaging is the 
correction of partial volume effects, particularly for small 
lesions and structures with complex geometries. Due to 
the limited spatial resolution of SPECT systems, measured 
activity concentrations may significantly underestimate 
true values. Recovery coefficient (RC)-based correction 
approaches have therefore been widely investigated and 
remain an essential component of quantitative dosimetry 
workflows.28,29

Reliable quantitative imaging also requires accurate 
system calibration and validation. Several studies have 
investigated calibration factor (CF) determination and 
the optimization of quantitative SPECT protocols for 
177Lu imaging, demonstrating that acquisition parameters, 
reconstruction methods, and correction strategies 
influence quantitative accuracy.30–39

Among the different reconstruction approaches, 
iterative algorithms based on ordered-subset expectation 
maximization (OSEM) have become the standard for 
clinical SPECT reconstruction due to their ability to 
incorporate physical correction models and improve 
image quality. More recently, dedicated quantitative 
reconstruction algorithms, such as xSPECT Quant based 
on the ordered subset conjugate gradient (OSCG) method, 
have been introduced to further improve absolute activity 
recovery and quantitative accuracy.40 Nevertheless, these 
advanced reconstruction methods may exhibit different 
convergence properties and noise behavior compared 
with conventional OSEM-based algorithms, requiring 
dedicated optimization and validation before routine 
clinical implementation.

Therefore, the aim of this study was to perform 
a comprehensive comparison of three commercial 
quantitative 177Lu SPECT/CT imaging workflows: 
FLASH3D and xSPECT Quant implemented on the Symbia 
Intevo Bold, and FLASH3D+ implemented on the Symbia 
Pro.specta. Their quantitative performance was assessed 
using phantom measurements with known activity 
concentrations by analyzing image noise, calibration-
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factor stability, RCs, and the accuracy of absolute activity 
quantification. The final objective was to establish an 
optimized and clinically applicable commissioning 
workflow for accurate quantitative 177Lu SPECT/CT 
imaging and patient-specific dosimetry.

2. Materials and methods

2.1. SPECT/CT systems and acquisition protocols

Two SPECT/CT systems were included in this study: 
the Symbia Intevo Bold and the Symbia Pro.specta. Both 
systems are hybrid imaging platforms integrating SPECT 
and CT technologies, allowing accurate anatomical 
co-registration and CT-based attenuation correction for 
quantitative imaging.

To ensure consistency and comparability across 
measurements and reconstruction protocols, a 
standardized acquisition protocol was adopted for both 
systems. SPECT acquisitions were performed in step-
and-shoot mode using 36 projections over a complete 
360° rotation, with an acquisition time of 20 s per 
projection. Medium-energy low-penetration collimators 
were employed, as they provided an appropriate balance 
between system sensitivity and septal penetration for 177Lu 
imaging, considering its characteristic gamma emission 
spectrum.

The SPECT energy acquisition was centered on the 
208 keV photopeak, corresponding to the main gamma 
emission of 177Lu, using an energy window with a width of 
20%. In addition, two adjacent scatter correction windows 
were positioned below and above the photopeak window, 
each with a width corresponding to 10% of the main energy 
window. CT acquisitions were performed according to 
standard clinical protocols and were used for attenuation 
correction and anatomical localization.

2.2. Reconstruction algorithms

Three Siemens reconstruction algorithms were evaluated: 
FLASH3D, FLASH3D+, and xSPECT Quant.

FLASH3D was a conventional clinical 3D-OSEM 
reconstruction algorithm that iteratively estimated the 
activity distribution by minimizing the discrepancy 
between measured projection data and forward-
projected estimates. FLASH3D+ built upon the same 
iterative reconstruction framework while incorporating 
an enhanced modeling of the CDR to improve spatial 
resolution and quantitative accuracy.

(i)	 Resolution recovery

Both algorithms incorporated a 3D, distance-dependent 
model of the CDR to compensate for the spatial 

resolution degradation caused by geometric blurring 
and photon penetration through the collimator septa. 
FLASH3D+ employed a more accurate CDR model than 
the conventional FLASH3D implementation, providing 
improved point spread function modeling, particularly 
for sources located farther from the collimator. This 
enhanced resolution recovery improved spatial resolution, 
lesion contrast, and RCs while preserving image noise 
characteristics.

(ii)	 Physical corrections

Both algorithms compensated for photon attenuation 
using a CT-derived attenuation map (μ-map), generated 
by converting CT Hounsfield units into linear attenuation 
coefficients at the selected 177Lu photopeak (208 keV) 
through bilinear scaling. Scatter correction was performed 
using the triple energy window (TEW) method, in which 
scatter estimates derived from adjacent lower and upper 
energy windows were subtracted from the primary 
photopeak projections before iterative reconstruction.

(iii)	Output units and calibration

By default, the reconstructed voxel values produced by 
FLASH3D and FLASH3D+ were proportional to the 
detected photon counts and therefore did not directly 
represent absolute activity concentration. Quantitative 
imaging required calibration of the imaging system using 
a scanner-specific CF, typically determined from phantom 
measurements with a known 177Lu activity concentration. 
Once calibrated, reconstructed voxel values could be 
converted into absolute activity concentration (Bq/mL), 
enabling quantitative SPECT imaging.

xSPECT Quant was Siemens Healthineers’ quantitative 
SPECT reconstruction algorithm based on an OSCG 
optimization framework.40 Unlike conventional OSEM-
based approaches, xSPECT performed reconstruction 
directly on the high-resolution CT voxel grid, ensuring 
precise spatial correspondence between anatomical 
and functional information throughout the iterative 
reconstruction process.

(i)	 Resolution recovery and system modeling

xSPECT Quant employed a highly detailed voxel-based 
system model that accurately described the imaging 
geometry of the collimator–detector system. The system 
matrix incorporated distance-dependent collimator 
response together with detector characteristics, allowing 
a more accurate forward projection than conventional 
analytical models. By combining this detailed physical 
modeling with reconstruction on the CT matrix, xSPECT 
Quant improved spatial resolution, contrast recovery, and 
quantitative accuracy, particularly for small structures.
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(ii)	 Physical corrections
Attenuation correction based on the CT-derived μ-map 
and scatter correction using the TEW method were 
incorporated directly into the iterative reconstruction 
process. The reconstruction framework also included 
comprehensive modeling of the CDR, accounting for 
distance-dependent resolution degradation and photon 
penetration effects relevant to 177Lu imaging.

(iii)	Output units and quantitative calibration

xSPECT Quant was designed to provide reconstructed 
images directly in quantitative units, such as activity 
concentration (Bq/mL). Absolute quantification was 
achieved through a scanner-specific calibration performed 
during system commissioning and quality assurance 
procedures. The corresponding system sensitivity was 
automatically incorporated into the reconstruction 
workflow, eliminating the need for manual post-
reconstruction scaling by the user. Consequently, 
reconstructed voxel values were directly proportional to 
the true radionuclide activity distribution, facilitating 
quantitative dosimetry.

2.3. Calibration and reconstruction optimization 
workflow

All 177Lu activities were measured using the institutional 
dose calibrator ISOMED 2010 (ELSE Solution, Italy). To 
determine the calibrator’s CF, a vial containing a certified 
activity with a 5% uncertainty, which was not traceable 
to the National Institute of Standards and Technology, 
was used. Subsequently, a syringe geometry CF was also 
determined based on the difference in activity subtracted 
from the vial with the certified activity. The syringe 
geometry CF was used to prepare all the activity for the 
phantoms. 

For the absolute calibration of the xSPECT Quant 
reconstruction algorithm, a local calibration procedure 
was adopted to ensure consistency between the activity 
measurements used in clinical practice and the quantitative 
SPECT images. The point source was positioned in air at 
the SPECT/CT isocenter and acquired according to the 
manufacturer’s point-source calibration protocol.

The activity measured with the local dose calibrator 
was then used as the reference input for the Siemens 
calibration software, which determined the system 
sensitivity for the specific scanner, collimator, and 
radionuclide configuration. This sensitivity factor, 
expressed in counts per second per megabecquerel 
(cps/MBq), was automatically incorporated within the 
quantitative reconstruction framework of xSPECT Quant. 
Consequently, reconstructed voxel values were directly 
expressed in absolute activity concentration units (Bq/mL), 

without requiring any user-defined post-reconstruction CF. 
This procedure effectively established a calibration between 
the SPECT/CT system and the local dose calibrator, 
ensuring that quantitative activity estimates derived from 
reconstructed images remained consistent with the activity 
measurements used throughout the clinical dosimetry 
workflow. Conversely, for the non-quantitative FLASH3D 
and FLASH3D+ reconstructions, CFs were experimentally 
derived from a uniform phantom with known activity 
concentration to convert reconstructed counts into 
absolute activity values.

A systematic optimization of reconstruction parameters 
was performed by varying subsets and iterations over a 
wide range. For FLASH3D and FLASH3D+, subsets from 
1 to 18 (1, 2, 3, 4, 6, 8, 9, 12, and 18) and iterations from 1 to 
90 (1, 3, 5, 10, 15, 30, 45, 60, 75, and 90) were investigated. 
Reconstruction settings were characterized in terms of 
equivalent iterations (EI), defined as:

EI = subsets × iterations	 (1)

For each reconstruction setting, image noise and 
calibration stability were evaluated using the uniform 
phantom. For xSPECT Quant41, only subsets 1 through 4 
were evaluated, and the analysis was restricted to image 
noise, as absolute calibration was intrinsically provided 
by the reconstruction algorithm. No post-reconstruction 
Gaussian filtering was applied to avoid smoothing effects 
that could influence quantitative measurements and RC 
estimation.

Recovery coefficients were subsequently evaluated using 
the International Electrotechnical Commission National 
Electrical Manufacturers Association (IEC NEMA) body 
phantom containing spherical inserts with different inner 
radii (57, 37, 28, 22, 17, 13, and 10 mm) and sphere-to-
background activity concentration ratios.42 For the xSPECT 
Quant workflow, the RC analysis was restricted to subsets 
1 and 2. Together with the previously assessed image noise 
behavior, the RC analysis was used to guide the selection of 
the optimal reconstruction parameters.

The reconstruction parameters selected through 
this optimization procedure were then adopted for the 
final quantitative validation using an anthropomorphic 
torso phantom containing inserts with known activity 
concentrations. The derived CFs and RC corrections 
were applied to estimate activity concentrations, which 
were subsequently compared with the corresponding 
reference values. A schematic overview of the complete 
workflow is reported in Figure 1. This procedure enabled a 
comprehensive assessment of the quantitative imaging chain, 
from system calibration and reconstruction optimization to 
final validation, providing the basis for subsequent patient-
specific dosimetric applications in 177Lu therapy.
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Figure 1. Schematic representation of the quantitative calibration and reconstruction optimization workflow for the two SPECT/CT systems. For 
the Symbia Intevo Bold system, both xSPECT Quant and FLASH3D reconstruction protocols are considered, whereas the Symbia Pro.specta system 
employs the FLASH3D+ algorithm. Calibration factors are derived for non-quantitative reconstructions. Noise and recovery coefficients are used to 
guide the optimization of reconstruction parameters in terms of subsets and iterations. The optimized configuration is subsequently validated using an 
anthropomorphic phantom. 
Abbreviation: SPECT/CT: single-photon emission computed tomography/computed tomography. 

2.4. Phantoms
Three different phantoms were used in this study. All 
phantoms were acquired using the same SPECT/CT 
acquisition protocol described in the previous section.

(i)	 Uniform phantom: The uniform phantom had a total 
volume of 5,380 mL and was filled with a known activity 
of 700 MBq of 177Lu, ensuring a homogeneous activity 
distribution throughout the volume. The uniform 
phantom was reconstructed using all three available 
reconstruction algorithms: FLASH3D, FLASH3D+, 
and xSPECT Quant. For the non-quantitative 
reconstruction protocols, the uniform phantom was 
used to determine CFs by relating reconstructed 
image counts to the known activity concentration. 
In addition, image noise was evaluated in order to 
assess the impact of reconstruction parameters on 
quantitative stability. For the quantitative xSPECT 
Quant protocol, the uniform phantom was used 
exclusively to evaluate image noise as a function of 
reconstruction settings, since absolute calibration 
was already provided by the system through the point 
source calibration procedure.

(ii)	 International Electrotechnical Commission NEMA 
body phantom: The IEC NEMA body phantom was 
used to evaluate the effect of background activity on 
RC. The phantom had a total volume of 9,820 mL, 
excluding a lung insert. The background volume was 
calculated as the total volume minus the volume of the 
spheres, resulting in 9,675 mL. In addition to the six 
standard spheres, an additional larger sphere with a 
diameter of 57 mm was inserted into the phantom to 
extend the range of lesion sizes investigated. This larger 
sphere was also used for coefficient of variation (COV) 
assessment within a lesion-like insert. All spheres 
were filled with the same activity concentration, 
ensuring uniform uptake within the lesions. The 
phantom was acquired under four different sphere-to-
background activity concentration ratios, obtained by 
varying the background activity concentration: cold 
background, 15:1, 10:1, and 5:1. This experimental 
design was adopted to investigate the dependence 
of RCs on different sphere-to-background ratios, 
following the approach proposed by Raskin et al.37, 
who demonstrated that RC is strongly influenced by 
background activity levels. This aspect is particularly 
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relevant in clinical 177Lu dosimetry, where lesions 
may be located in regions with markedly different 
background conditions. For example, liver metastases 
are typically embedded in high-uptake background 
tissue, whereas bone metastases in peripheral skeletal 
regions may be surrounded by low or negligible 
background activity. Therefore, understanding how 
RC varies as a function of background conditions is 
essential to ensure accurate activity quantification 
across different clinical scenarios.

(iii)	Anthropomorphic torso phantom: An 
anthropomorphic torso phantom was used as the final 
validation step of the calibration and quantification 
workflow. The phantom had a total volume of 9,600 
mL and was filled with an overall activity of 460 MBq 
of 177Lu. Three inserts with different geometries were 
included: a spherical insert with a diameter of 34 mm 
and a volume of 20.6 mL, a kidney-shaped insert with 
a volume of 106 mL, and a heart-shaped insert with 
a volume of 115 mL. All inserts were filled with the 
same activity concentration. The spherical insert was 
placed in a cold background region, corresponding 
to a liver compartment of the phantom filled only 
with water. The kidney and heart inserts were instead 
placed in a background with an activity concentration 
ratio of approximately 10:1 with respect to the 
inserts. The anthropomorphic phantom was acquired 
and reconstructed using all three reconstruction 
algorithms (FLASH3D, FLASH3D+, and xSPECT 
Quant) in order to validate the full quantification 
chain. Since the true activity concentration of each 
insert was known, the reconstructed images were 
converted from counts to activity concentration using 
the previously determined CF for the non-quantitative 
protocols. Subsequently, the appropriate RCs were 
applied according to the corresponding background 
conditions: a cold background RC was used for the 
spherical insert, while a 10:1 sphere-to-background 
ratio RC was applied for the kidney and heart 
inserts. This procedure allowed the estimation of the 
measured activity concentration for each insert, which 
was then compared with the known reference values. 
The percentage deviation between measured and true 
activity was calculated in order to assess the accuracy 
of each reconstruction protocol and to quantify the 
overall uncertainty of the calibration workflow.

2.5. Quantitative analysis

The quantitative analysis framework adopted in this study 
was based on the formalism described by Mezzenga et al.36 
The equations and definitions reported in this section were 
implemented according to the methodology proposed 
in that work and adapted to the specific acquisition and 
reconstruction protocols investigated in this study.

Image noise was expressed as the COV. According to 
IEC guidelines, within the uniform phantom the COV 
was calculated over a region of interest corresponding to 
approximately 80% of the phantom volume in order to 
avoid edge effects and partial volume artifacts, whereas 
within the IEC NEMA phantom, the COV was calculated 
over a region of interest defined inside the largest sphere. 
The COV was defined as:

	 (2)

where σ(EI) and M(EI) represent the standard deviation and 
mean voxel value within the selected VOI, respectively.36

For non-quantitative reconstructions (FLASH3D and 
FLASH3D+), the CF expressed the relationship between 
reconstructed counts and known activity concentration. 
To account for the impact of algorithm convergence, the 
CF was calculated for each specific reconstruction setting 
as:

	 (3)

where the CF unit is expressed in cps/MBq . In this 
formulation, C(EI) represents the raw (non-decay-
corrected) total counts extracted from the volume of 
interest (VOI), and T is the acquisition duration, which was 
equal to 720 seconds, thereby converting the reconstructed 
counts into a count rate in counts per second (cps).

The VOI was defined to ensure statistical robustness 
and eliminate edge effects: it was positioned fully within 
the dimensions of the uniform phantom (1 cm within the 
outer contour of the phantom) and excluded the 10% end-
planes at each side of the axial field of view (FOV), thus 
remaining strictly within the central 80% of the axial FOV.

The term VVOI represents the volume of this specific VOI 
(in mL ), while c is the true activity concentration inside 
the phantom (expressed in MBq/mL ). To ensure absolute 
accuracy, the concentration c was determined using the 
certified internal volume of the uniform phantom and 
the net 177 Lu  activity (calculated by subtracting the 
post-injection residual syringe activity from the initial 
pre-injection measurement using the institutional dose 
calibrator). Crucially, this net activity was decay-corrected 
using the physical half-life of 177 Lu  (6.647 days) to 
the exact midpoint of the SPECT acquisition. Camera 
dead-time was verified via system logs to be negligible 
(<1%) under these clinical-range activities, and the dose 
calibrator accuracy was maintained through standard daily 
quality control checks.
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The quantitative accuracy of activity recovery was 
evaluated using the IEC NEMA body phantom. The RC 
was defined for each sphere as:

	 (4)

where C(EI) is the total reconstructed counts within the 
CT-based contour of the sphere, V is the corresponding 
sphere volume, CF(EI) is the CF associated with the 
reference configuration, and c is the true activity 
concentration. For xSPECT Quant, RCs were directly 
obtained as the ratio between measured and true activity 
concentration:

	 (5)

where Cmeas(EI) is the reconstructed activity concentration 
within the sphere, and Ctrue is the corresponding true 
activity concentration. Final validation of the quantification 
workflow was performed using an anthropomorphic torso 
phantom with inserts of known activity concentration. The 
percentage deviation between measured and true activity 
was calculated as:

	 (6)

where AR(EI) is the reconstructed activity, and AT is the 
true reference activity.

3. Results
The quantitative performance of the investigated 
reconstruction algorithms was evaluated through image 
noise analysis, CF stability, and RC assessment. The results 
are reported separately for the different reconstruction 
methods and SPECT/CT systems.

3.1. Coefficient of variation analysis
The image noise was evaluated in terms of the COV using 
both the uniform phantom and the largest sphere of the 
IEC NEMA body phantom, for all acquisitions and sphere-
to-background activity concentration ratios.

For the Symbia Pro.specta system, the COV depended 
primarily on the EI value. In particular, for a given EI value, 
comparable COV values were observed regardless of the 
specific combination of subsets and iterations, indicating 
that noise behavior was predominantly governed by EI. The 
COV as a function of EI for all phantom configurations is 
summarized in Figure 2.

In the uniform phantom, the COV exhibited a 
minimum at EI = 6, followed by a monotonic increase 
with increasing EI. For higher EI values, image noise 
progressively increased, reaching approximately 12% at EI 
= 60.

A different behavior was observed for the largest sphere 
in the IEC NEMA phantom. In the case of a cold background, 
the COV showed a local maximum for EI values between 
9 and 12, with a value of approximately 43%. This was 
followed by a decrease toward a local minimum at EI ≈ 
80–90, corresponding to a COV of about 32%. For higher 
EI values, the COV increased again monotonically. For 
acquisitions with non-zero background activity, a similar 
trend was observed, with variations in absolute COV values 
depending on the sphere-to-background ratio. For a 15:1 
ratio, the local maximum decreased to approximately 39%, 
while the minimum increased to about 34%, occurring at 
comparable EI values. A similar behavior was found for the 
10:1 ratio, with a maximum COV of approximately 39% 
at EI = 9–12 and a minimum of about 34% at EI ≈ 80–90. 
For the 5:1 ratio, both the maximum and minimum COV 
values were reduced, reaching approximately 32% and 
31%, respectively, while maintaining the same qualitative 
trend as a function of EI.

Overall, these results indicated that image noise in 
the Symbia Pro.specta system was strongly dependent on 
the EI value, with distinct behaviors observed between 
uniform and non-uniform activity distributions, and a 
clear influence of background activity on noise levels in 
lesion-like structures.

For the Symbia Intevo Bold system, two reconstruction 
algorithms were analyzed: the non-quantitative FLASH3D 
and the quantitative xSPECT Quant.

For the FLASH3D algorithm, the behavior of the COV 
was consistent with that observed for the Symbia Pro.
specta system, as shown in Figure 3. In particular, the COV 
primarily depended on EI, with similar values obtained for 
different combinations of subsets and iterations yielding the 
same EI. Both the uniform phantom and the IEC NEMA 
phantom (largest sphere) exhibited the same qualitative 
trends described previously, with slightly higher absolute 
noise levels. For example, in the uniform phantom at EI 
= 60, the COV increased from approximately 12% for the 
Symbia Pro.specta system to about 13% for the Symbia 
Intevo Bold. Similarly, in the IEC NEMA phantom, COV 
values were consistently higher by a few percentage points 
across all sphere-to-background ratios, while preserving 
the same overall behavior. This was consistent with 
expectations, as both FLASH3D and FLASH3D+ were 
based on 3D OSEM reconstruction.
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Figure 2. Coefficient of variation (COV) as a function of equivalent iterations (EI) for the Symbia Pro.specta system. Results are shown for the uniform 
phantom and for the largest sphere of the IEC NEMA body phantom under different sphere-to-background activity concentration ratios (cold background, 
15:1, 10:1, and 5:1). The COV exhibits a clear dependence on EI, with consistent behavior across different acquisition conditions.

Figure 3. Coefficient of variation (COV) as a function of equivalent iterations (EI) for the Symbia Intevo Bold system using the FLASH3D reconstruction 
algorithm. Results are shown for the uniform phantom and for the largest sphere of the IEC NEMA body phantom under different sphere-to-background 
ratios (cold background, 15:1, 10:1, and 5:1). The overall behavior is consistent with that observed for the Symbia Pro.specta system, with slightly higher 
absolute noise levels.
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A markedly different behavior was observed for the 
quantitative xSPECT Quant algorithm. In this case, higher 
noise levels were obtained compared to OSEM-based 
reconstructions. Due to the increased noise, only a limited 
range of subsets was investigated. Unlike the OSEM-based 
algorithms, the COV was no longer solely determined by 
EI. Instead, different combinations of subsets and iterations 
corresponding to the same EI produced substantially 
different COV values, as shown in Figure 4. For example, in 
the uniform phantom at EI = 60, the combinations 1 subset 
× 60 iterations, 2 subsets × 30 iterations, and 4 subsets × 15 
iterations resulted in COV values of 23%, 31%, and 32%, 
respectively.

This behavior indicated that, for xSPECT Quant, image 
noise depended explicitly on the individual reconstruction 
parameters rather than on their product, reflecting the 
fundamental differences between the OSCG algorithm and 
conventional OSEM-based approaches.

Consistently, for identical reconstruction settings, 
the COV values obtained with xSPECT Quant were 
substantially higher than those obtained with FLASH3D 
and FLASH3D+, in agreement with previous findings.40 
For example, for two subsets and 30 iterations, COV 

values of approximately 12% and 13% were obtained for 
FLASH3D+ and FLASH3D, respectively, compared to 31% 
for xSPECT Quant.

In the IEC NEMA phantom, only the lowest subset 
values (1 and 2) were analyzed due to noise considerations. 
The general trend of the COV as a function of EI was 
similar to that observed for OSEM-based algorithms, with 
an initial local maximum at EI ≈ 10–20, followed by a local 
minimum at EI ≈ 60–90, after which the COV increased 
monotonically. An exception was observed for the 5:1 
sphere-to-background ratio, where the COV exhibited a 
monotonic increase with EI without clear local extrema.

3.2. Conversion factor analysis

The conversion factor was calculated for the non-
quantitative reconstruction algorithms FLASH3D and 
FLASH3D+. For each algorithm, the conversion factor was 
evaluated for all combinations of subsets and iterations 
considered in the reconstruction process.

The analysis showed that, similarly to the COV, the 
conversion factor depended on the product of subsets and 
iterations, i.e., on the number of EI, for both reconstruction 
algorithms.

Figure 4. Coefficient of variation (COV) as a function of equivalent iterations (EI) for the Symbia Intevo Bold system using the xSPECT Quant 
reconstruction algorithm. Results are shown for the uniform phantom for subsets 1, 2, 3, and 4. Unlike ordered-subset expectation maximization-based 
reconstructions, the COV does not depend uniquely on EI, and different combinations of subsets and iterations lead to significantly different noise levels.
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Figure 5 shows the trend of the conversion factor as a 
function of EI for both algorithms: (A) FLASH3D+ and 
(B) FLASH3D. A similar behavior was observed in both 
cases: the conversion factor exhibited a steep increase at 
low EI values, corresponding to an unstable reconstruction 
regime, followed by a maximum around EI ≈ 12–15. For 
higher EI values, the conversion factor progressively 
stabilized and reached a plateau.

In particular, the asymptotic conversion factor values 
were found to be in the range of 20.8–20.9 for FLASH3D+ 
and 21.6–21.7 for FLASH3D.

In addition to the uniform phantom, the conversion 
factor was also evaluated using the largest sphere of the 
IEC NEMA phantom. This analysis was performed for 
exploratory purposes, in analogy with the evaluation 
carried out for the COV, in order to better understand 
the behavior of the conversion factor under non-uniform 
activity distributions. However, for clinical applications, 
the conversion factor derived from the uniform phantom 
was adopted.

The conversion factor trend as a function of EI for 
the IEC NEMA phantom showed a behavior similar to 
that observed in the uniform phantom, although without 
a distinct maximum. Specifically, the conversion factor 
rapidly increased at low EI values and then gradually 
stabilized toward a plateau value, which was consistent 
with that obtained from the uniform phantom.

This behavior was consistently observed for both 
reconstruction algorithms and for all sphere-to-
background activity concentration ratios investigated. 
Figure 6 shows an example of the conversion factor trend 
as a function of EI for the FLASH3D+ reconstruction 
algorithm with a sphere-to-background ratio of 10:1. 
Only this case is reported, as the behavior was found to be 
similar across all other configurations.

3.3. Recovery coefficient analysis

The RC is a key parameter in quantitative SPECT imaging, 
as it accounts for partial volume effects and reconstruction-
dependent biases in activity estimation. Its evaluation is 
therefore essential for optimizing reconstruction protocols 
and accurately quantifying lesion activity. All three 
reconstruction algorithms showed a very similar behavior 
of the RC as a function of the EI for a fixed number of 
subsets. In all cases, the RC started from low values, 
approximately 0.2 at low EI, and progressively increased as 
the number of iterations (and thus EI) increased, eventually 
converging toward a plateau value.

For all reconstruction algorithms, the convergence 
value of the RC was strongly dependent on the sphere size. 

In particular, the largest sphere exhibited the highest RC 
values, while smaller spheres showed progressively lower 
convergence values. This behavior reflected the increasing 
impact of partial volume effects with decreasing lesion size.

For a sphere-to-background activity concentration 
ratio of 10:1, the asymptotic RC values for the largest 
sphere were found to be approximately 0.9 for the 
FLASH3D+ algorithm (Symbia Pro.specta), about 0.94 for 
the FLASH3D algorithm (Symbia Intevo Bold), and close 
to 1 for the quantitative xSPECT Quant reconstruction 
(Symbia Intevo Bold). Although these values slightly varied 
for different sphere-to-background activity concentration 
ratios, the same relative behavior between reconstruction 
algorithms was consistently observed. The influence of 
the activity concentration ratio was discussed later in this 
section. Figure 7 shows a representative example of the 
RC as a function of EI (subset = 2) for different sphere 
sizes using the FLASH3D+ reconstruction algorithm for a 
sphere-to-background activity concentration ratio of 10:1. 
Similar trends were observed for the other reconstruction 
algorithms.

The influence of the reconstruction algorithm on the 
RC was evaluated by comparing the RC as a function of 
the EI for different reconstruction methods. The results 
showed that the overall trend of the RC as a function of EI 
remained substantially unchanged when the reconstruction 
algorithm varied. In all cases, the RC increased at low EI 
values and progressively converged toward a plateau as 
the number of iterations increased. The main difference 
between the reconstruction algorithms was observed in 
the asymptotic value reached at convergence. For all subset 
values, sphere sizes, and sphere-to-background activity 
concentration ratios, the highest plateau values were 
consistently obtained with the xSPECT Quant algorithm, 
with RC values approaching unity. This was followed by 
the FLASH3D algorithm, while the lowest RC values were 
observed for the FLASH3D+ reconstruction. Figure 8 
shows a representative example of the RC as a function 
of EI for the largest sphere, using a fixed number of 
subsets (subset = 2) and a sphere-to-background activity 
concentration ratio of 10:1. The curves corresponding to 
FLASH3D, FLASH3D+, and xSPECT Quant were reported. 
Similar convergence behavior and different plateau values 
among the algorithms were clearly visible. Similar trends 
were observed for other reconstruction settings.

The influence of the sphere-to-background activity 
concentration ratio on the RC was investigated for all 
three reconstruction algorithms. For all reconstruction 
methods, the highest RC values were observed in the cold 
background configuration, where no activity was present in 
the background. In this case, the RC curve lay systematically 
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Figure 5. Conversion factor as a function of the equivalent iteration (EI) value for both reconstruction algorithms: (A) FLASH3D+ and (B) FLASH3D. 
Different curves correspond to different subset values used in the reconstruction, highlighted with distinct colors. Despite the use of different subsets, the 
results show that the conversion factor depends primarily on the product of subsets and iterations rather than on the individual reconstruction parameters.
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above those obtained for hot background conditions. This 
behavior was expected, as the absence of background 
activity reduces spill-in and spill-out effects, leading to 
improved activity recovery. Regarding the asymptotic 
behavior, the FLASH3D+ algorithm did not reach unity 
even at convergence, whereas the FLASH3D algorithm 
approached RC values close to 1. The xSPECT Quant 
reconstruction, instead, slightly exceeded unity, indicating 
a small overestimation of the activity concentration. For 
hot background conditions, three different sphere-to-
background activity concentration ratios were considered 
(15:1, 10:1, and 5:1). For all reconstruction algorithms, 
the RC values obtained for these ratios were similar, 
with only minor differences observed. In particular, for 
the FLASH3D+ algorithm, the 15:1 ratio yielded slightly 
higher RC values compared to the other ratios, while for 
FLASH3D and xSPECT Quant, the differences between 
the considered ratios were negligible. Figure 9 shows the 
RC as a function of EI for the largest sphere (subset = 2) for 
FLASH3D+, while Figures 10–11 report the corresponding 
results for FLASH3D and xSPECT Quant, respectively. In 
each case, curves corresponding to different sphere-to-
background activity concentration ratios, including the 
cold background configuration, were displayed. The same 
overall behavior was observed across all reconstruction 
algorithms.

3.4. Optimization of reconstruction parameters

The reconstruction parameters were optimized by 
balancing two competing aspects of quantitative SPECT 
imaging: RC convergence and image noise. Increasing the 
number of iterations generally improved RC convergence, 
leading to more accurate activity recovery, particularly 
for larger lesions. However, higher iteration numbers also 
produced a progressive increase in image noise, which 
could compromise image quality and quantitative stability. 
Conversely, reconstruction settings with excessively 
low EI resulted in lower noise levels but incomplete RC 
convergence, leading to an underestimation of the activity 
concentration. Therefore, selecting optimal reconstruction 
parameters required identifying a compromise between 
quantitative accuracy and acceptable noise levels.

Image noise was evaluated through COV analysis 
performed on the uniform phantom, while quantitative 
convergence was assessed through the RC analysis 
described in the previous section. For the non-quantitative 
reconstruction algorithms (FLASH3D and FLASH3D+), 
a COV threshold of 15% was considered acceptable for 
clinical applications. This threshold was adopted from 
the European Federation of Organizations for Medical 
Physics guidelines for quality control in positron emission 
tomography/CT and PET/magnetic resonance systems 

Figure 6. Conversion factor (CF) as a function of equivalent iterations for the IEC NEMA phantom using the FLASH3D+ reconstruction algorithm and 
a sphere-to-background activity concentration ratio of 10:1. Different subset values are represented with different colors. Only one representative case is 
shown, as similar trends were observed for all sphere-to-background ratios and for both reconstruction algorithms.
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Figure 7. Recovery coefficient (RC) as a function of equivalent iterations (EI) (with subset = 2) for the first four sphere sizes (diameter of 57 mm, 37 mm, 
28 mm, and 22 mm) of the IEC NEMA phantom using the FLASH3D+ reconstruction algorithm. Each curve corresponds to a different sphere diameter. 
The RC increases with EI and reaches a plateau, with higher values observed for larger spheres due to reduced partial volume effects. Similar trends were 
observed for the other reconstruction algorithms.

Figure 8. Recovery coefficient (RC) as a function of equivalent iterations (EI) for the largest sphere of the IEC NEMA phantom, using subset = 2 and a 
sphere-to-background activity concentration ratio of 10:1. Curves corresponding to different reconstruction algorithms (FLASH3D, FLASH3D+, and 
xSPECT Quant) are shown. While the convergence behavior is similar for all algorithms, different plateau values are observed, with xSPECT Quant 
providing the highest RC values, followed by FLASH3D and FLASH3D+.
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Figure 9. Recovery coefficient (RC) as a function of equivalent iterations (EI) for the largest sphere of the IEC NEMA phantom (subset = 2) using 
the FLASH3D+ reconstruction algorithm. Results are shown for different sphere-to-background activity concentration ratios (15:1, 10:1, 5:1, and cold 
background). The cold background configuration consistently provides higher RC values, while only minor differences are observed among the hot 
background ratios.

Figure 10. Recovery coefficient (RC) as a function of equivalent iterations (EI) for the largest sphere of the IEC NEMA phantom (subset = 2) using 
the FLASH3D reconstruction algorithm. Results are shown for different sphere-to-background activity concentration ratios (15:1, 10:1, 5:1, and cold 
background). The cold background configuration consistently provides higher RC values, while only minor differences are observed among the hot 
background ratios.
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Figure 11. Recovery coefficient (RC) as a function of equivalent iterations (EI) for the largest sphere of the IEC NEMA phantom (subset = 2) using the 
xSPECT Quant reconstruction algorithm. Results are shown for different sphere-to-background activity concentration ratios (15:1, 10:1, 5:1, and cold 
background). The cold background configuration consistently provides higher RC values, while only minor differences are observed among the hot 
background ratios.

and was used in this study as a reference criterion for 
SPECT/CT imaging.43 Among the reconstruction settings 
satisfying this condition, the configuration providing RC 
values closest to unity was selected.

Based on this optimization procedure, the 
reconstruction parameters corresponding to 2 subsets and 
30 iterations were identified as the optimal compromise 
between noise and quantitative convergence for the non-
quantitative protocols. These parameters allowed the RC 
curves to approach convergence while maintaining COV 
values within the predefined acceptable range.

For the quantitative xSPECT Quant reconstruction, the 
same reconstruction settings (2 subsets and 30 iterations) 
were adopted. This choice ensured consistency across all 
reconstruction protocols and simplified subsequent clinical 
implementation and comparison of the reconstruction 
methods. Although the COV measured for xSPECT Quant 
under these conditions was higher (approximately 31%), 
the noise level was still considered acceptable.

For all reconstruction protocols, the Gaussian 
post-reconstruction filter was set to 0 mm in order to 
avoid additional smoothing effects that could alter the 
quantitative evaluation and RC measurements.

The selected reconstruction parameters therefore 
represent the reconstruction settings adopted for clinical 
quantitative imaging of patients treated with 177Lu 
radiopharmaceuticals. Consequently, the quantification 
validation and calibration uncertainty estimation 
presented in the following sections were performed using 
these optimized reconstruction settings.

3.5. Recovery coefficient fitting

For clinical implementation, the RC cannot be directly 
derived only from the discrete experimental points 
obtained from the IEC NEMA phantom spheres. In clinical 
practice, lesions may present arbitrary sizes and shapes 
that do not exactly correspond to the phantom inserts. 
Therefore, a continuous mathematical model describing 
the RC behavior is required in order to associate each 
lesion with an appropriate RC.

For this purpose, only the reconstruction settings 
previously identified as optimal (two subsets and 30 
iterations) were considered. All reconstruction algorithms 
and sphere-to-background activity concentration ratios 
were analyzed under these conditions. The IEC NEMA 
phantom consisted of the six standard IEC NEMA 
spheres together with an additional custom-made larger 
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sphere with a volume of approximately 97 mL. Overall, 
a total of 12 datasets were analyzed, corresponding to 
three reconstruction algorithms (FLASH3D, FLASH3D+, 
and xSPECT Quant) and four sphere-to-background 
configurations (cold background, 5:1, 10:1, and 15:1).

The RC was expressed as a function of the volume-to-
surface ratio (V/S) of the inserts rather than only their 
volume. This choice was motivated by the fact that the 
RC was influenced not only by lesion volume but also 
by lesion shape and surface extension. In particular, two 
inserts having the same volume but different geometrical 
shapes, and therefore different surface areas, may exhibit 
different RC values. Inserts characterized by larger surfaces 
generally present lower RC values due to the increased 
contribution of spill-in and spill-out effects at the lesion 
boundaries. Another factor affecting the RC was the spatial 
resolution of the imaging system, commonly described 
through the full width at half maximum (FWHM) of a 
point source response.

This approach was based on the RC model proposed in 
the MIRD Pamphlet No. 3228, in which the RC was described 
as a function of both the V/S and the spatial resolution of 
the imaging system. Following the methodology suggested 
in the pamphlet, the experimental RC data were fitted 
using a three-parameter logistic function of the form:

	 (7)

where β, γ, and L are fitting parameters.

Since each RC curve consisted of only seven 
experimental points, the use of a three-parameter model 
allowed a sufficiently flexible fitting while reducing the risk 
of overfitting.

The spatial resolution of the FLASH3D+ and FLASH3D 
reconstruction algorithms was evaluated according to 
the NEMA NU 2 standard, yielding an average FWHM 
of approximately 0.55 cm in all three spatial directions. 
This value was therefore adopted for all fitting procedures 
involving these reconstruction methods.

In contrast, the spatial resolution of the xSPECT 
Quant reconstruction could not be rigorously defined 
according to the NEMA methodology. This was due to the 
reconstruction protocol’s intrinsic characteristics, which 
required CT-based attenuation correction and did not 
permit reconstruction without attenuation correction, as 
required by the standard NEMA protocol.

Consequently, a direct NEMA-based estimation of the 
spatial resolution was not feasible for this reconstruction 

method. For this reason, no experimentally derived 
FWHM value was assigned to xSPECT Quant. However, 
for the purposes of the fitting procedures, a conservative 
assumption was made. Considering that the voxel size of 
the xSPECT Quant reconstruction was larger than that 
used in the OSEM-based reconstructions, and to ensure a 
conservative approach, a spatial resolution value of 1 cm 
(FWHM) was adopted.

The fitting procedure was implemented using an 
in-house Python script. The optimized fitting parameters 
obtained for each reconstruction algorithm and activity 
concentration ratio were stored and subsequently used 
in clinical routine. In practical applications, the lesion 
or organ surface and volume were measured from the 
segmented structure, the most appropriate lesion-to-
background activity concentration ratio was selected, and 
the reconstruction algorithm used for image reconstruction 
was identified. The corresponding fitting parameters were 
then applied to the logistic model in order to estimate the 
appropriate RC value for that specific lesion.

Figure 12 shows representative examples of RC 
curves as a function of the V/S and FWHM, together 
with the corresponding fitted logistic functions using the 
optimized parameters. In particular, Figure 12A refers 
to the FLASH3D reconstruction on the Symbia Intevo 
Bold system with cold background, while Figure 12B 
corresponds to the FLASH3D+ reconstruction on the 
Symbia Pro.specta system with cold background.

3.6. Quantification validation

Validation was performed by comparing the reconstructed 
activity concentrations within the three anthropomorphic 
phantom inserts with their corresponding nominal 
values. For FLASH3D and FLASH3D+, total counts were 
measured within each segmented VOI, converted into 
activity using the CF derived from the uniform phantom, 
and subsequently corrected using the corresponding RC 
obtained from the fitted model. The appropriate RC was 
selected according to the sphere-to-background activity 
concentration ratio for each insert: a cold background 
for the sphere and a 10:1 background-to-insert activity 
concentration ratio for the kidney and heart inserts. For 
xSPECT Quant, reconstructed activity concentrations were 
directly obtained from the quantitative reconstruction, and 
only the corresponding RC correction was applied. Surface 
and volume measurements required for RC estimation 
were obtained from CT segmentation.

Table 1 summarizes the relative quantification errors 
obtained for the three inserts using the optimized 
reconstruction settings. Overall, close agreement was 
observed between the reconstructed and nominal activity 
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Figure 12. Examples of RC curves as a function of  
V / S

FWHM
 
 
   together with the corresponding three-parameter logistic fits for (A) FLASH3D on Symbia 

Intevo Bold and (B) FLASH3D+ on Symbia Pro.specta, both with cold background. The optimized fitting parameters β, γ, and L, as well as the corresponding 
R2 and AICc values, are reported in each panel. 
Abbreviations: β: Beta; γ: Gamma; AICc: Corrected Akaike information criterion; FWHM: Full width at half maximum; R2: Coefficient of determination; 
RC: Recovery coefficient; V/S: Volume-to-surface ratio.
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Table 1. Relative quantification errors obtained for the three 
inserts of the anthropomorphic phantom using the optimized 
reconstruction parameters (two subsets and 30 iterations)

Insert FLASH3D+ FLASH3D xSPECT Quant

Sphere insert −16% −14% −6%

Kidney insert −14% −16% −10%

Heart insert +3% −8% +3%

concentrations across all reconstruction algorithms. 
Among the evaluated methods, xSPECT Quant 
consistently provided the lowest quantification errors for 
the sphere and kidney inserts, confirming its superior 
quantitative recovery performance. For the heart insert, 
both FLASH3D+ and xSPECT Quant showed a slight 
overestimation of activity concentration. This behavior 
was likely related to the complex geometry of the insert 
and its relatively low V/S, which was associated with a 
lower RC and therefore a larger correction factor applied 
to the reconstructed activity concentration.

The observed differences between reconstruction 
methods were consistent with the RC analysis presented 
previously. The higher RC values achieved by xSPECT 
Quant reduced the magnitude of the recovery correction 
and improved overall quantification accuracy, whereas 
the lower RC values associated with FLASH3D and 
FLASH3D+ required larger correction factors and 
therefore increased sensitivity to uncertainties related to 
segmentation, calibration, and RC modeling.

These results confirmed the validity of the proposed 
calibration and correction workflow and supported the use 
of the optimized reconstruction settings for quantitative 
177Lu SPECT/CT imaging in clinical practice.

4. Discussion
The results presented in this work demonstrate 
that quantitative SPECT/CT imaging for 177 Lu  is 
strongly dependent on both the imaging system 
and the reconstruction methodology adopted. The 
reconstruction algorithm, reconstruction parameters, 
calibration strategy, and recovery correction procedure all 
contributed significantly to the final quantitative accuracy. 
Consequently, quantitative SPECT cannot be considered a 
purely acquisition-dependent process, but rather the result 
of a complex interaction between physical, statistical, 
and reconstruction-related factors that must be carefully 
optimized for each clinical implementation.

Image noise behavior was one of the most relevant 
findings concerning the relationship between 
reconstruction parameters and image noise. The COV 
analysis showed that the OSEM-based reconstruction 
algorithms, namely FLASH3D and FLASH3D+, exhibited 
a relatively stable and predictable behavior, in which image 
noise was primarily governed by the number of EI. Different 
combinations of subsets and iterations that produced the 
same EI yielded comparable COV values, indicating that, 
for these algorithms, convergence and noise behavior 
could be effectively characterized by a single parameter.

In contrast, the quantitative xSPECT Quant 

reconstruction showed a markedly different behavior. 
In this case, image noise depended explicitly on the 
individual reconstruction parameters rather than solely 
on their product. Different combinations of subsets 
and iterations corresponding to the same EI produced 
substantially different COV values, reflecting the 
fundamentally different statistical framework of the OSCG 
reconstruction algorithm, alongside any hardware-specific 
noise characteristics of the Symbia Intevo Bold, compared 
with conventional OSEM-based methods. These findings 
confirmed that reconstruction optimization strategies 
developed for OSEM algorithms could not be directly 
transferred to xSPECT Quant and that quantitative 
protocols must therefore be optimized separately for each 
clinical workflow.

The CF analysis further emphasized the importance 
of reconstruction convergence for quantitative imaging. 
For both FLASH3D and FLASH3D+, the CF exhibited 
unstable behavior at low EI values, characterized by rapid 
variations during the early reconstruction iterations. 
Only after sufficient convergence was reached did the 
CF progressively stabilize toward a plateau region. This 
behavior indicated that quantitative calibration was 
reliable only when reconstruction parameters allowed 
the system to operate within a stable convergence regime. 
Reconstructions performed with insufficient iterations 
may therefore lead to systematic inaccuracies in activity 
estimation, even when all other calibration procedures are 
correctly implemented.

Interestingly, the behavior of the CF closely mirrored 
the behavior observed for the COV. Both parameters 
demonstrated a strong dependence on EI and progressively 
stabilized at higher iteration numbers. This further 
supported the interpretation that image convergence and 
quantitative calibration were intrinsically linked processes 
in iterative SPECT reconstruction.
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The RC analysis confirmed the major role of partial 
volume effects in quantitative SPECT imaging. As expected, 
smaller inserts systematically showed lower RC values due 
to the limited spatial resolution of the imaging systems and 
the resulting spill-out effects. Conversely, larger spheres 
exhibited RC values approaching unity, particularly for 
highly convergent reconstructions.

The influence of the specific scanner–reconstruction 
combination was also clearly evident. Among the 
investigated scanner–reconstruction combinations, the 
xSPECT Quant workflow yielded the highest RC values. 
The standard FLASH3D workflow showed intermediate 
behavior, while the FLASH3D+ workflow systematically 
produced lower RC values. These differences were likely 
associated with the distinct reconstruction models adopted 
by the software (including differences in resolution 
recovery implementation, convergence properties, and 
quantitative corrections) as well as the inherent hardware 
differences between the Symbia Intevo Bold and Symbia 
Pro.specta scanners used for the acquisitions.

The influence of background activity was comparatively 
smaller. Although the cold background configuration 
yielded slightly higher RC values, only modest differences 
were observed among the hot background ratios 
investigated (15:1, 10:1, and 5:1). This suggested that, 
within the investigated range, lesion size and the chosen 
clinical workflow were the dominant factors affecting 
quantitative recovery.

The optimization strategy adopted in this study was 
based on jointly evaluating quantitative accuracy and image 
noise. For FLASH3D and FLASH3D+, the reconstruction 
parameters were selected from configurations that 
achieved a COV below the reference threshold of 15%, 
with the configuration yielding RCs closest to unity being 
selected. This approach identified the combination of two 
subsets and 30 iterations as the most suitable compromise 
between quantitative convergence and image noise. 
For xSPECT Quant, the same reconstruction settings 
were intentionally retained to ensure methodological 
consistency across all reconstruction protocols and 
to facilitate their comparison and subsequent clinical 
implementation. Although the corresponding COV 
(approximately 31%) exceeded the reference threshold 
adopted for FLASH3D and FLASH3D+, this higher noise 
level was consistent with the intrinsic characteristics of 
xSPECT Quant, which prioritized quantitative accuracy 
over image smoothing. Consequently, the increased 
statistical noise was considered an acceptable trade-off 
given the algorithm’s improved quantitative performance 
and the practical difficulty of achieving substantially lower 
noise levels without compromising activity recovery.

For the non-quantitative workflows, these parameters 
ensured COV values below the predefined acceptability 
threshold while allowing the RC curves to approach 
their asymptotic behavior. Although the xSPECT Quant 
configuration produced substantially higher noise levels 
under the same conditions, the improved quantitative 
recovery provided by this system–algorithm combination 
supported the adoption of identical reconstruction settings 
for all protocols. Maintaining the same reconstruction 
configuration across all methods also simplified clinical 
implementation and facilitated comparison between 
reconstruction strategies.

Validation using the anthropomorphic phantom 
supported the validity of the proposed calibration 
workflows. All evaluated scanner–reconstruction 
combinations provided reconstructed activity 
concentrations in reasonable agreement with the nominal 
values, confirming the validity of the calibration procedure 
and RC correction methodology. Among the investigated 
methods, the xSPECT Quant workflow achieved the lowest 
quantification errors for most inserts, consistent with its 
higher RCs.

The slight overestimation observed for the heart 
insert in some reconstructions was likely related to the 
insert’s complex geometry and its relatively low V/S. 
Since structures characterized by low RC values required 
larger correction factors, uncertainties associated with 
segmentation, RC fitting, and calibration were amplified, 
thereby increasing the sensitivity of the final activity 
estimation. This observation further highlighted the 
importance of accurate recovery correction modeling in 
non-spherical geometries.

Overall, the present results indicated that accurate 
quantitative ¹⁷⁷Lu SPECT/CT imaging depended on careful 
optimization of reconstruction parameters, calibration 
methodology, and recovery correction. Within the specific 
scanner–reconstruction combinations evaluated in this 
study, the xSPECT Quant workflow yielded higher RCs and 
lower quantification errors, whereas the evaluated OSEM-
based workflows produced lower image noise but reduced 
activity recovery. Because these findings were derived from 
different hardware platforms, they should be interpreted 
as specific to the investigated clinical workflows and not 
as a direct comparison of reconstruction algorithms. 
Nevertheless, the proposed calibration and validation 
workflow provide a practical framework for the local 
commissioning of quantitative ¹⁷⁷Lu SPECT/CT systems 
intended for patient-specific dosimetry.

A primary limitation of this study was the inherent 
confounding factor introduced during the evaluation of 
the reconstruction algorithms across two different SPECT/

https://doi.org/10.36922/ARNM026260029


Advances in Radiotherapy &Advances in Radiotherapy &
Nuclear MedicineNuclear Medicine 177Lu SPECT/CT commissioning workflow

Volume X Issue X (2026)	 20� doi: 10.36922/ARNM026260029

CT hardware platforms. Specifically, xSPECT Quant 
and standard FLASH3D were evaluated on the Symbia 
Intevo Bold, whereas FLASH3D+ was evaluated on the 
Symbia Pro.specta system. Consequently, any observed 
differences in quantitative accuracy, RCs, or image 
noise reflected the overall performance of the specific 
scanner–reconstruction combination rather than isolated 
differences in the software algorithms alone. Variations in 
detector electronics, collimator manufacturing tolerances, 
or system geometry between the two scanners could 
contribute to the measured outcomes. Therefore, our 
findings should be strictly interpreted as an evaluation 
of these distinct clinical workflows, rather than a pure 
algorithmic comparison.

5. Conclusion
This work presented a practical commissioning and 
optimization workflow for quantitative ¹⁷⁷Lu SPECT/
CT imaging using two commercial Siemens SPECT/CT 
platforms. The proposed methodology combined image 
noise characterization, CF determination, RC modeling, 
reconstruction parameter selection, and anthropomorphic 
phantom validation to support reliable activity 
quantification within the investigated clinical workflows.

The results indicated that quantitative performance 
depended on both the scanner platform and the 
reconstruction methodology adopted. The evaluated 
OSEM-based workflows showed predictable convergence 
behavior and lower image noise, whereas the xSPECT Quant 
workflow yielded higher RCs and lower quantification 
errors, albeit with increased image noise. Because the 
investigated reconstruction methods were implemented 
on different hardware platforms, these findings should be 
interpreted as reflecting the performance of the specific 
scanner–reconstruction combinations rather than the 
intrinsic superiority of one reconstruction algorithm over 
another.

Within the investigated parameter space, the 
combination of two subsets and 30 iterations provided the 
most favorable trade-off between quantitative accuracy 
and image noise. Specifically, this reconstruction setting 
yielded RCs closest to unity while maintaining the COV 
below the predefined acceptance threshold of 15%, and was 
therefore selected for the subsequent quantitative analyses.

Overall, the proposed calibration and optimization 
procedure provides a practical framework for the local 
commissioning and validation of quantitative ¹⁷⁷Lu 
SPECT/CT systems intended to support patient-specific 
dosimetry and radionuclide therapy monitoring. Future 
work should include validation on larger clinical cohorts, 
evaluation across additional reconstruction platforms, 

and further investigation of automated segmentation and 
artificial intelligence–based approaches.
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