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Abstract

:

(1) Background: New generation of PET-CT scanners allows performing volumetric dosimetry based on 90Y-activity distribution. The aim of this study was to perform an up-to-date evaluation of the optimal 90Y-PET-CT reconstruction parameters for a Siemens Biograph mCT scanner. (2) Methods: A cylindrical uniform phantom (P1), IEC NEMA Body-phantom (P2) and IEC NEMA Torso-phantom (P3) filled with 90Y were acquired. The matrix size and number of Equivalent Iterations (E.I.) were evaluated through the Recovery Coefficient (RC) and the Coefficient of Variation (CoV). The optimal post-reconstruction Gaussian Filter (GF) was assessed through an analysis of Root Mean Square Error (RMSE) and Full Width at Half Maximum (FWHM) in DVHs. (3) Results: For P1, RC values showed constant trends varying the matrix size (slope m = 1.25 × 10−3) or E.I. (slope m = −2.16 × 10−4). For P2, CoV decreased increasing the matrix size and it grew increasing the E.I. For P3, RMSE and mean dose values showed constant trends varying the Gaussian filter (slope m = 1.51 × 10−2) while FWHM decreased increasing filter. For smaller volumes, RMSE grew increasing the filter (from 34% to 74%) and the use of larger filters resulted in a dose underestimation (from 172 to 133 Gy). (4) Conclusions: The optimal reconstruction parameters for the Siemens Biograph mCT PET/CT scanner are presented, combining old metrics with new ones involving a dosimetric approach.
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1. Introduction


Trans-Arterial Radioembolization (TARE), also called Selective Internal Radiotherapy (SIRT), represents a valuable treatment option for patients with unresectable, malignant, primary or secondary hepatic tumors [1,2,3,4]. The 90Y-loaded microspheres, locally injected via catheterization, reach the lesion area exploiting liver vascularization [5], and they remain trapped in the microvasculature of tumor capillary vessels because of their embolic size. The short range in water of β-particles from 90Y decay (~11 mm) makes this treatment extremely selective; therefore, a high absorbed dose can be delivered to tumoral areas while sparing surrounding healthy tissue [5]. Since 90Y is a β-emitter with no gamma emissions, post-implantation imaging and dose delivery confirmation has previously been based on bremsstrahlung imaging with single photon emission computed tomography (SPECT) [6]. The resulting SPECT images are generally of poor quality, with little delineation of heterogeneity and limited quantitative interpretation, even if new specialized software and acquisition modes have shown promise [7,8]. The recognition of the positron-generating decay branch of 90Y has opened the possibility of using PET/CT systems as an alternative for the direct imaging of implanted microspheres [9,10]. Different studies have demonstrated the feasibility of 90Y PET/CT for post-injection treatment monitoring and its advantages over bremsstrahlung SPECT scanning [10,11]. For this reason, there is a growing interest in investigating 90Y quantification, based on phantom and post-radioembolization patient studies, to evaluate the 90Y-PET/CT performance, improving its accuracy and defining a standard protocol for image acquisition and reconstruction with PET/CT scanners [12,13]. The new generation of PET-CT scanners with Time-of-Flight (ToF) technology has improved performances, allowing for the implementation of volumetric 90Y-dosimetry techniques and for the investigation of tumor dose-response directly based on 3D 90Y-activity distribution [14,15,16]. Many authors have tried to establish a routine protocol for 90Y-PET/CT in terms of bed-time acquisition, matrix size, the number of Equivalent Iterations (EI), defined as the product of iterations and subsets, and the post-reconstruction Gaussian filter [17,18,19,20,21]. Siman et al. [21] recently presented an approach to optimization that also involves the evaluation of Dose Volume Histograms (DVH) and absorbed dose distribution. In particular, they used the Root Mean Square Error (RMSE) extracted from integral DVHs (iDVHs) as a metric to evaluate the best 90Y-PET/CT reconstruction parameters. The aim of this study was to perform an up-to-date evaluation of the optimal 90Y PET-CT reconstruction parameters (in terms of Matrix Size, EI and Gaussian Filter) to improve the accuracy of quantification and dosimetry, combining old metrics (RC convergence and CoV evaluation) with new ones, involving a dosimetric approach. In addition to RMSE metric, we proposed the use of Full Width at Half Maximum (FWHM), extracted from the analysis of differential DVHs (dDVHs), as a second complementary metric.




2. Materials and Methods


2.1. Data Acquisition, Phantom Description and VOI Segmentation


Phantom images were acquired using a Siemens Biograph mCT PET/CT scanner (Siemens Healthineers, Chicago, IL, USA). It combines a 64-slice CT with a TOF PET axial field of view of 21.8 cm. The PET scanner is composed of four rings of 48 detector blocks, with each one containing 13 × 13 lutetium oxyorthosilicate (LSO) crystals with dimensions of 4 × 4 × 20 mm3. Three phantoms were used for PET/CT acquisitions: a PMMA cylindrical phantom with a 10 L nominal volume, an IEC NEMA Body Phantom (PET/IEC-BODY/P, Data Spectrum Corporation, Hillsborough, NC, USA) and an IEC NEMA Torso (ECT/TOR/P, Data Spectrum Corporation, Hillsborough, NC, USA), named P1, P2 and P3, respectively, in the following. All phantoms were firstly filled with a solution of distilled water and diethylenetriaminepentaacetic acid (DTPA) at a concentration of 0.2 g/L to prevent the binding of 90Y to phantom walls. Subsequently, a 90Y-trichloride solution was added. P1 was uniformly filled with a clinically relevant quantity of 90Y activity concentration of 0.2 MBq/mL. P2’s spheres were filled with a 90Y activity concentration of 4.8 MBq/mL. Lastly, P3’s liver compartment was filled with a 90Y activity concentration of 1.2 MBq/mL. Activity measurements, used as ground truth, were performed using an ENEA-INMRI portable triple-to-double coincidence ratio (TDCR) counter, which provides a relative standard uncertainty below 1% [22,23,24]. Weightings of liquid solutions were performed with high-precision balances, providing accuracies below 0.01 g (Sartorius, mod. ED224S, Goettingen, Germany). For all phantoms, images were acquired in the list mode for 30 min in a single-bed position PET/CT using Siemens ultraHD PET algorithm (i.e., ToF + HD PET). Different matrix sizes, numbers of EI and Gaussian filters were used in the image reconstruction process to evaluate the effects of these parameters on the data accuracy for clinical dosimetric purposes. VOIs were drawn based on CT images and a verification of volumes was performed in order to limit edge effects.




2.2. Matrix Size and Equivalent Iterations Analysis


The first round of reconstructions was performed on P1 and P2 images, varying the matrix size (128 × 128, 200 × 200, 256 × 256 and 400 × 400). The number of EIs was fixed to 21 (1 iteration, 21 subsets), using the clinical default setting of the scanner, and no Gaussian filter was selected. The quantitative data accuracy was evaluated by analyzing RC values, defined as:


RC (%) = C_voi/C_true × 100,



(1)




where C_voi is the VOI mean activity concentration (kBq/mL) extracted from the image, and C_true is the activity concentration in the VOI (kBq/mL) calculated from the ground truth measurements with the TDCR counter. Image noise was assessed with the Coefficient of Variation, defined as:


CoV(%) = SD_voi/C_voi ×100,



(2)




where [SD]_voi is the standard deviation of C_voi (kBq/mL) and C_voi is the VOI mean activity concentration (kBq/mL) extracted from the image. After choosing the matrix size, a verification of the impact of EI on the RC and CoV was performed, varying Equivalent Iterations from 21 to 105 without using any Gaussian Filter. The combination of EI was obtained only varying the number of iterations (1 to 5) without changing the number of subsets (fixed to 21 by manufacturer).




2.3. Gaussian Filter Analysis


A dosimetric approach was implemented to evaluate the impact of the Gaussian filter (varying from 0 up to 12 mm) on reconstructed 90Y PET images. MIM Sure Plan (version 6.9.4, MIM Software Inc, Cleveland, OH) was used to generate absorbed dose maps, starting from the PET acquisitions of P2 and P3, using the MIRD-17 voxel S-values approach [25] and obtaining both integral experimental DVH (iDVHexp) and differential experimental DVH (dDVHexp). Integral reference DVH (iDVHref) and differential reference DVH (dDVHref) were also obtained starting from two reference PET/CT mathematical phantoms, representing the P2 and P3, filled with the ground truth activity concentrations measured with the TDCR. In order to verify the accuracy in quantitative data, for each PET/CT data acquisition, as proposed by Siman et al. [21], the RMSE was evaluated as (3):


  R M S E =       ∑   i = 20   80     (  D  i , e x p   −  D  i , r e f   )  2    60      



(3)




where D(i,exp) is the dose at i% volume coverage in DVHexp, whereas D(i,ref) is the dose at the same i% volume coverage in DVHref. Moreover, considering the differential DVH (dDVH), a Gaussian-like shape distribution, the FWHM of the dDVH distribution was evaluated in each PET/TC acquisition as:


FWHM_Ddvh = 2.35∙σ



(4)




where σ is the standard deviation of the dDVH distribution from the Gaussian fit.



For P2, this dosimetric analysis was performed only on the 37 mm sphere because of its clinical relevance and to avoid partial volume effects, which highly affect dose values of smaller spheres.





3. Results


RCs and CoVs obtained from PET/CT reconstructed images of P1 and P2 are reported, respectively, in Figure 1A,B as functions of matrix size.



For P1, RC values are not affected by changes in matrix size. Data linear regression shows a slope m equal to 1.25 × 10−3 (χ2 = 8.25 × 10−6). Conversely, CoV grows increasing the matrix size with a variation of 21%. For P2, the RC values show an approximately constant trend by changing the matrix size with a maximum variation of 10% observed for the 10 mm sphere while CoV decreases increasing the matrix size with a maximum variation of 34% observed for the 10 mm sphere.



The RC and CoV values obtained from PET/CT reconstructed images of P1 and P2 are reported in Figure 2A,B, respectively, as functions of EI.



For P1 and P2, the RC values are not affected by changes in EI. The data linear regression shows a mean slope m equal to 3.44 × 10−5 (± 2.00 × 10−4). Similarly, CoV grows, increasing the EI both for P1 (variation of 123%) and P2 (maximum variation of 23%).



In order to obtain reconstructed images suitable for both phantoms, a 256 × 256 matrix was selected, and the number of EIs was fixed to 21, since an increase in iterations results in higher image noise. The 256 × 256 matrix (corresponding to 3.18 mm × 3.18 mm pixel) was also selected considering the 90Y-PET spatial resolution for the mCT scanner (~3 mm). In Figure 3 and Figure 4, images of experimental 90Y-PET/CT and mathematical uniform IEC NEMA Torso phantoms and IEC NEMA Phantom used for the dosimetric approach in the Gaussian filter analysis are reported.



iDVHref and iDVHexp for the P3 liver compartment are shown in Figure 5A for different Gaussian filters. Similarly, iDVHref and iDVHsexp for the 37 mm sphere in P2 are shown in Figure 5B for different Gaussian filters.



For the P3 liver compartment, the mean absorbed doses show an approximately constant value of 51 Gy [50.4–53.1 Gy] increasing the Gaussian filter amplitude while standard deviations decrease from 17.7 Gy to 13.0 Gy, with a more uniform absorbed dose map with high filters. Conversely, for the P2 37 mm sphere, the mean absorbed dose values for each iDVHexp decrease from 172.2 Gy to 133.8 Gy increasing the Gaussian filter magnitude while standard deviations remain at approximately 41 Gy [40.2–41.3 Gy].



Varying the Gaussian filter magnitudes RMSE values for the liver compartment remain approximately constant [0.156–0.163] while for 37 mm sphere grows [0.377–0.744], as reported in Figure 6.



dDVHref and dDVHsexp for the liver compartment in P3 are shown in Figure 7A for different Gaussian filters. Similarly, dDVHref and dDVHsexp for the 37 mm sphere in P2 are shown in Figure 7B for different Gaussian filters. dDVHsexp for the P3 liver compartment shows Gaussian-like shapes (R2 = 0.9854) with approximately constant mean absorbed dose values [50.7–52.6 Gy] increasing the Gaussian filter magnitude. Standard deviations decrease increasing the Gaussian filter magnitude from 15.9 Gy (FWHM = 37.6 Gy) to 11.9 Gy (FWHM = 28.1 Gy) with a more uniform absorbed dose map with high filters. Conversely, the 37 mm sphere mean absorbed dose values for each dDVHexp decrease from 172 Gy to 134 Gy increasing the Gaussian filter magnitude while standard deviations remain approximately the same [40.2–42.1 Gy].




4. Discussion


In the last years, 90Y PET imaging has posed a unique challenge, primarily due to the extremely low positron yield of 32 × 10−6 per 90Y disintegration [9]. Many authors have shown the feasibility of 90Y PET for imaging microspheres after radioembolization procedures [10,15,18,26,27]. In this sense, the main goal of 90Y PET is the estimation of the dose delivered to the tumor and normal tissues. Therefore, the accuracy of the PET image in terms of the quantitative pixel value in Bq/mL is of the highest relevance, especially for the possibility to establish a dose–response correlation also at local level [15,16,28]. In this study, different set-ups of reconstruction for 90Y PET-images were investigated, and different types of analyses and metrics were used. Starting from the choice of matrix size, the effects of different matrix sizes were investigated without the bias generated by using a Gaussian filter and for a fixed number of iterations and subsets. Since there is independence for RCs and SUV from the matrix reconstruction dimension, it is reasonable to choose a matrix size of about 256 × 256, which provides a pixel value of 3.18 × 3.18 mm, considering that the resolution for the 90Y PET is approximately 3 mm [12]. Moving to the choice of the number of EIs, linear regression fits of RCs as functions of the number of EIs show independence of RCs from the number of EIs. For the 21 EIs, a convergence is achieved, and an increase in EIs only results in higher image noise. For this reason, the minimum number of EIs (i.e. 21) which are available for a Siemens mCT Biograph, is fixed. Lastly, the study of Gaussian filters was realized using dosimetric approaches. The evaluation of RMSE in iDVH proposed by Siman et al. [21] and the evaluation of FWHM in dDVH proposed in this work as a complementary metric allows for the evaluation of the accuracy of dose quantification. This analysis shows that there is an inverse trend for smaller volumes and larger ones. For larger volumes, RMSE and mean absorbed doses show independence from the choice of filter (slope m values of 0.0151 and 0.083 respectively), and FWHM decreases with increasing filter values, passing from 41.3 with no filter to 30.8 with a 12 mm filter. On the other hand, for smaller volumes, there is an inverse behavior; RMSE increases with increasing filter thickness. Moreover, for all P2’s spheres, the Gaussian-like shape distribution of dDVH is lost, likely due to partial volume effects, poor counting statistics and limited spatial resolution. In this condition, it is not possible to use the FWHM metric, and more studies should be conducted in this way to establish a cut-off value that represents the real limit of this new metric, especially when the volumes of interest are close to scanner spatial resolution. Evaluations of the possibility to introduce a new metric should also be considered. It should be noticed that this alternative metric can be used only on phantom studies with a uniform and known activity to evaluate the best scanner’s reconstruction parameters. In conclusion, a 6 mm Gaussian filter, corresponding to twice the resolution, can provide an adequate level of accuracy both for small and large volumes, even if adjustments should be performed when the lesion size is smaller than the scanner resolution. Generally, the Gaussian filter can be a free parameter that should be modeled depending on the clinical volume of interest. Moreover, in this aspect, more studies should be conducted to establish an objective guideline to follow in all situations. These future studies should be based firstly on phantoms and should subsequently be validated on patients. Surely, the higher effective sensitivity of new digital PET/CT scanners could particularly improve 90Y-PET-CT imaging. In this sense, a study has been performed by Kunnen et al. [29] by comparing the new digital Siemens PET-CT “Biograph Vision” with its predecessor “Biograph mCT”. The results of this first study show that the new digital scanner outperforms the mCT because of its lower noise level, but based on quantitative measurements, both scanners perform similarly. This suggests that a smooth upgrade during quantitative studies is possible, if the proper reconstruction protocol is chosen.




5. Conclusions


In this work, a set of optimal reconstruction parameters (matrix = 256 × 256, EI = 21, GF = 6 mm) for 90Y-PET images acquired with the Siemens Biograph mCT PET-CT scanner is presented. The optimization was performed combining old metrics (RC convergence and CoV evaluation) with new ones, involving a dosimetric approach (RMSE and FWHM in DVHs). This allows one to obtain reconstructed images suitable for post-TARE dosimetry, even if a careful evaluation of the Gaussian filter should be assessed when dealing with small lesions.
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Figure 1. RC (A) and CoV (B) values for cylindrical phantom (black) and IEC NEMA Body phantom as functions of pixel dimension (inverse of matrix size). 
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Figure 2. RC (A) and CoV (B) values for cylindrical phantom (black) and IEC NEMA Body phantom as functions of EI. 
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Figure 3. Experimental 90Y−PET/CT and mathematical uniform IEC NEMA Torso phantoms. 
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Figure 4. Experimental 90Y−PET/CT and mathematical uniform IEC NEMA Phantom. 
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Figure 5. Integral Dose–Volume Histograms (iDVHs) for whole liver compartment (A) and for the 37 mm sphere (B), obtained with different Gaussian filters. Mean absorbed doses and respective standard deviations are also reported. 
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Figure 6. Normalized RMSE for the liver (black) and for the IEC NEMA spheres as a function of the Gaussian filter. 
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Figure 7. dDVHs for liver compartment (A) and 37 mm sphere (B) for different Gaussian filters. 
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