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Abstract

:

Purpose: This study aimed to measure the performance evaluation of the Bruker sequential micro-positron emission tomography/magnetic resonance imaging (PET/MRI) scanner by following National Electrical Manufacturers Association (NEMA) NU 4-2008 standards’ protocol. The system consists of a high-performance silicon photomultiplier (SiPM) advanced technology detector and a continuous lutetium-yttrium oxyorthosilicate (LYSO) crystal. Methods: A 22Na (sodium-22) point source was utilized to assess the spatial resolution and system sensitivity, and the Micro-PET scatter phantom measurements were conducted to measure count rate measurements and scatter fractions (SF). A mouse-like Micro-PET image quality (IQ) phantom was utilized as a model to analyze the uniformity, recovery coefficient (RC), and spillover ratio (SOR). A small animal PET/MRI imaging study was performed in a rat. Results: We calculated the spatial resolutions of filtered back-projection (FBP), and used 3D-MLEM to reconstruct PET images at the axial center and ¼ of the axial field of view (FOV) in axial, radial, and tangential directions. The best observed spatial resolutions in both reconstructed images were obtained in the tangential direction, and the values were 0.80 mm in 3D-MLEM and 0.94 mm in FBP. The peak noise equivalent count rate (NECR) in the 358–664 keV energy window was 477.30 kcps at 95.83 MBq and 774.45 kcps at 103.6 MBq for rat and mouse-sized scatter phantoms, respectively. The rat and mouse-sized phantoms scatter fractions (SF) were 14.2% and 6.9%, respectively. Conclusions: According to our results, the performance characteristics of the scanner are high sensitivity, good spatial resolution, low scatter fraction, and good IQ, indicating that it is suitable for preclinical imaging studies.
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1. Introduction


PET imaging system is a vital tool for analyzing the functional and metabolic processes of the body in oncology, cardiology, and neurology. It is necessary to select the appropriate radioactive isotope to diagnose the subject in different regions in body, such as tissue and organs. Thus, radiotracers are a key component of PET imaging which can help to identify or study body lesions [1,2]. In preclinical study and medical applications, PET and MRI are investigated jointly as hybrid imaging modalities. Preclinical PET imaging studies have been significantly improved by using various new technologies, including SiPM [3,4,5,6,7]. Advanced SiPM-based PET technology can provide high-resolution information in brain imaging studies.



The benefits of using a preclinical PET system are many compared to a clinical PET system, including similarly high spatial resolution, good system sensitivity, less scatter, and fewer attenuation problems (due to smaller object size) [8]. Preclinical PET scanners afford high spatial resolution of objects such as rodents and phantoms. PET scanners need to be evaluated to characterize the machine’s performance and constraints. Micro-PET phantoms and small animals were used in our study as objects [9,10]. Preclinical MRI is a good means of visualization for studying small animals. The magnetic field strength of MRI systems in preclinical research that is most used is 7T [11].



The NEMA standard NU 4-2008 is an ideal testing method for preclinical PET scanners. Before this standard, preclinical PET systems had no standard examining methods [12,13,14]. Following the NEMA regulation is enough to estimate the performances of PET systems. For our research, we followed the NEMA NU 4-2008 standards to scan different phantoms, and performed various types of analysis methods, including uniformity, SOR, RC, SF, and NECR [15]. In addition to the NEMA phantom, we have studied the rat and mouse-like Derenzo phantoms to examine the spatial resolution with different sizes of rods.




2. Materials and Methods


2.1. System Characterization


The manufacturer of the small animal 7T PET/MRI is Bruker BioSpin MRI GmbH, Ettlingen, Germany, the type of PET system for the PET/MRI is PET Inline, and the manufacturer’s model name for the MRI is Bruker BioSpec 70/18 Ultra Shielded and Refrigerated (USR). Figure 1 exhibits a picture of our Bruker small animal 7T PET/MRI machine, Ettlingen, Germany. The scanner consists of a patented continuous LYSO crystal [4,16,17] instead of traditional pixelated crystal. It is a stationary system that contains three detector rings in a cylindrical shape. In each ring, there are eight crystals arranged in an octagonal shape. Every crystal in the PET system is shaped like a truncated pyramid, with a 50 × 50 mm base, 48 × 48 mm top, and 10 mm depth. The LYSO crystal depth is segmented into ten layers for depth of interaction (DOI) correction. Parallax errors can be avoided by applying DOI information. This system has advanced high-performance solid-state-based photomultiplier technology called SiPM [18,19,20]. The photon multiplier element/crystal count is 12 × 12 = 144. A SiPM panel is coupled with every crystal block with a gap of 0.5 mm. The transaxial FOV diameter of the system is 80 mm, the axial FOV is 150 mm, and an inner ring diameter is 105 mm.



Moreover, scatter, random, isotope decay, dead-time, and attenuation corrections can be applied beforehand and afterward to the images. The PET data are recorded in list mode (lm) or raw data format. It helps to analyze the data during an examination. The primary reconstruction method of the system is 3D-MLEM. The MLEM algorithm is implemented on an ultra-fast 4×GPU reconstruction. The software in the system allows the user to select the different voxel sizes in the reconstruction method. There are three voxels available: 0.25, 0.50, and 0.75 mm. The energy window was kept to 30% (358–664 keV), and the coincidences timing window was 12 ns for all phantoms and animal measurements.



Bruker MRI systems offer excellent performance for translational research on small animals with a high magnetic field, dedicated fast and strong imaging gradients, and application-optimized radio frequency (RF) coils. The SiPM works at low voltage, is non-vulnerable to the magnetic field, and is more compatible with the MR part. The high-field magnets has a free accessible bore size of 18 cm, and the magnetic field strength is 7 Tesla. Consequently, this makes it possible to study small animals with a greater signal to noise ratio (SNR). Gradient strength is up to 900 mT/m. Table 1 lists the technical specifications of the Bruker sequential preclinical PET/MRI system. We used NEMA standard phantoms and Micro-PET Derenzo phantoms for our experiments, as seen in Figure 2.




2.2. Spatial Resolution


Spatial resolution is a fundamental measurement for analyzing the performances of PET systems. We calculated the spatial resolution values of the scanner from data obtained from the 22Na point source. A 0.25 mm diameter point source was enclosed to a 1 cm3 cube of acrylic. Before beginning the measurements, the point source’s radioactivity was calibrated, and was found to be 0.379 MBq. We gently held the source in the source holder and connected the holder to the bed. Then, the source was well positioned at two axial locations, namely, axial center and ¼ axial FOV from the center, at the pursuing radial intervals: 0, 5, 10, 15, 25, and 35 mm [21,22]. At each position, data were collected for 10 min. The spatial resolution was not measured at 20 and 30 mm positions because the source holder could not hold the source at these positions.



We also analyzed the system’s spatial resolution by using two different sizes of Micro-PET Derenzo phantom. The diameters of the holes in mouse and rat-sized phantoms are 0.6, 0.8, 1.0, 1.2, 1.5, and 2.0; and 0.8, 1.2, 2.4, 3, 3.6, and 4.8 mm, respectively. Figure 2a,b shows pictures of the Micro-PET Derenzo phantoms. We administered a small amount of 18F-FDG radioactivity in both mouse and rat-typed phantoms, and during the acquisition time of 10 min, the phantoms had radioactivity of 10.5 and 17.3 MBq, respectively. Reconstruction of the PET images was performed using 18 iterations of the 3D-MLEM algorithm. The reconstructed image matrix size was 320 × 320, pixel spacing was 1 mm, and slice thickness was 0.25 mm.



Following the NEMA standards, we calculated the spatial resolution. The list-mode (lm) dataset was acquired at the center and ¼th FOV, and sorted into a 3D dataset. Three-dimensional (3D) images were rebinned with the single-slice rebinning method (SSRB). The 2D datasets were obtained after the rebinning, and then we applied the two-dimensional filtered back-projection algorithm (2D FBP) to the 2D datasets [23]. We also calculated spatial resolution in 3D-MLEM-reconstructed images compared to FBP-reconstructed images.


   F  x  = a × exp   −       x − b  σ     2      



(1)






   FWHM ≈ 2.355    σ    



(2)







Based on the general Gaussian model shown in Equation (1), we calculated the spatial resolution values, where a is an amplitude,   σ   is the standard deviation obtained from the fitted function, and b is the mean of the distribution; and we used Gaussian fitting to fit the   σ   to measure the full-width half maximum (FWHM), as expressed in Equation (2).




2.3. Sensitivity


For sensitivity measurement, the 22Na source was mounted at the axial center of the FOV of the scanner. The activity of the point source used for the observation was very low (0.379 MBq). The source was axially moved to one end from the center of the scanner using an animal positioning tool, and then the source stepped into another end of the axial center of FOV. Then, following the NEMA protocol, the system sensitivity was calculated.


    S i  =      R i  −  R  B , i      A  cal         



(3)






    S  A , i   =    S i    0.906   × 100 %   



(4)




where Si is the system sensitivity of slice i, SA,i is the absolute system sensitivity, Ri is the count rate of slice i, Acal is the source activity, and RB,i is the background count rate of slice i. The branching ratio of a 22Na source is 0.906.




2.4. Count Rate Measurements and Scatter Fraction


We acquired emission scans of NEMA standard scatter phantoms to quantify the count rates. Our research evaluated SF and count rate performance using two dissimilar sizes of phantom, mouse and rat type scatter phantoms, and we analyzed the phantoms based on the NEMA standard [6,24,25,26].



The phantoms consist of high-density polyethylene (HD PE) material. The diameter of the mouse-type phantom is 25 mm, and its length is 70 mm. The rat-type phantom’s diameter is 50 mm, and its length is 150 mm. There is a cylindrical bore for placing the line source; the diameter of the bore is 3.2 mm, which is drilled 10 mm (mouse) or 17.5 mm (rat) straight through the center of axis, as shown in Figure 2d. The carbon-11 radioactivity was used, and filled from one end and sealed at the other end to avoid leakage of radioactivity. Following injection of the tracer into the flexible tube, we inserted the line source inside the bore, blocked both ends, and then scanned the phantoms. The line source in the phantom was positioned closest to the bed. We calibrated the radioactivity levels before and after every scan by placing the line source in the well counter. The initial activity of the mouse-like scatter phantom is 336.30 MBq, and it is 541.31 MBq for the rat-like scatter phantom [27,28,29,30,31].



At the end of the experiment, the radioactivity measured in both phantoms went below 0.1 MBq. The time given for every acquisition was one minute, and we used a 10 min time gap for each acquisition for both phantoms. We noted the level of activity before every acquisition. The sum of all the count rates in a sinogram determines the total count rate. We calculated the SF by taking the ratio of scatter count rate to the sum of scattered coincidence and true count rates, assuming that there are a number of random events that occur, though less than 1% of all true events. In order to calculate the activity of inbuilt scintillation material of the scanner, we measured the intrinsic count rate for three minutes without radioactivity in the measurement phantoms. The SF and NECR were calculated using Equations (5)–(7).


Rscatter = Rtotal − Rtrue − Rrandom − Rint



(5)






   SF =    Scattered   count   rate       True   count   rate  +  Scattered   count   rate      



(6)






   NECR =        True   count   rate     2     Total   count   rate      



(7)




where Rtotal, Rtrue, Rscatter, Rrandom, and Rint are total, true, scatter, random, and intrinsic count rates.




2.5. Imaging Studies


2.5.1. NEMA Micro-PET IQ and Derenzo Phantoms Used for PET Imaging


We assessed the image quality using Micro-PET image quality phantoms. The phantom comprises a cylindrical shape of polymethyl methacrylate (PMMA) material. The phantom consists of a large chamber in the first half of the cylinder that can be filled with isotopes to calculate uniformity. The fillable isotope region is called the hot region. The volume of the large chamber also has two smaller cavities. In those cavities (cold region), water and air were present. SOR can be measured in these cavities. It also contains five fillable hot rods interconnected to the first half of the phantom with diameters of 1, 2, 3, 4, and 5 mm, respectively, as shown in Figure 2c. These hot rods regions were used to calculate the RC as a function of rod diameter. FDG solution was infused into the IQ phantom and scanned for 20 min at the scanner’s isocenter. We reconstructed the list-mode data using 18 iterations of 3D-MLEM. The image analysis of the phantom, such as uniformity, RC, and SOR, were calculated using Equations (8)–(11). A micro-Derenzo phantom with very low radioactivity and a short acquisition time (30 s) was used for the measurements. However, the results indicate that the amounts of radioactivity and scanning time were not sufficient to visualize the rods in the phantoms.


      % STD    Uniformity   =     SD   mean     × 100 %   



(8)






   SOR =    Cold   Region   Mean      water ,    air       Hot   Region   Mean      



(9)






      RC  =    Measured   Concentration       from    5    rods       MBq  /  mL         Uniform   Concentration       from   unifrom   region       MBq  / mL     



(10)






    % STD   RC  = 100 ×         S T  D  l i n e p r o f i l e     M e a  n  l i n e p r o f i l e        2  +       S T  D  b a c k g r o u n d     M e a  n  b a c k g r o u n d        2      



(11)




where %STD is a percentage standard deviation.




2.5.2. Micro-PET Phantoms Used for MRI Imaging


For MRI imaging, we utilized the micro-PET Derenzo and image quality phantoms. Following the PET acquisition, the phantoms with an injected 18F-FDG radiotracer were moved to the MRI system. The phantoms for PET are not suitable for evaluating the quality of MR images. Due to the lack of a proper MRI phantom for the measurements, we used PET phantoms to obtain the MRI scans to assess their quality. The purpose was simply to view the MRI images using PET phantoms. MRI image resolution was good, even with PET phantoms. In MRI, the phantoms were scanned for around 12 min, and the T1-weighted images were formed with short repetition times (TR) and short echo times (TE). TR and TE were 5 and 2.4 ms for IQ phantoms; TR and TE were 50 and 8 ms for Derenzo phantoms. The slice thickness of images was 0.25 mm.




2.5.3. Animal Studies


We performed a small animal study with our scanner. A healthy rat was injected with 0.3 mL of saline and 38.9 MBq of 18F-FDG radiotracer passed into the tail vein of the animal. The rat was 23 cm in length and 375.3 g in weight, and the animal was kept inside an acrylic cage for 45 min after the administration of radioactivity. The PET scans were performed for 15 min. During the animal experiment, oxygen and isoflurane (anesthesia gas) were administrated to the animal. PET data were analyzed and reconstructed by 3D-MLEM with 18 iterations.



After proceeding with PET scan, we performed a T1 weighted MRI scan with a short TR of 5 ms and a TE of 2.4 ms. The slice thickness of T1-weighted images is 0.75 mm.






3. Results


3.1. Spatial Resolution


We quantified the spatial resolution of the system utilizing a sodium-22 point source to determine the resolution from 3D-MLEM and FBP-reconstructed images in three directions: tangential, radial, and axial. The FWHM values obtained at the axial center in all three directions of 3D-MLEM-reconstructed images ranged from 0.80 to 1.07, 0.90 to 1.12, and 1.01 to 1.27 mm; and the resolutions of FBP-reconstructed images ranged from 0.94 to 1.11, 1.0 to 1.27, and 1.12 to 1.38, within the radius of 35 mm. Furthermore, we applied Gaussian fitted functions to the data to calculate accurate spatial resolution values from the reconstructed images. The calculated FWHM and full-width tenth maximum (FWTM) results are plotted in the Figure 3 and Figure 4.



Figure 5a,b shows the spatial resolution of reconstructed images using different sizes of rods with a low dose of radiation injected into mouse and rat-like Derenzo phantoms. Figure 5a represents hot rod slice from the mouse-like Derenzo phantom, and Figure 5b illustrates the cold rod slice from the rat-like Derenzo phantom. The slice thickness of the images is 0.25 mm. We used 3D-MLEM reconstruction methods with a 5 min acquisition time. Figure 6a,b shows MRI images of Derenzo phantoms.




3.2. Sensitivity


The system absolute peak sensitivity is 8.1% at the center of the FOV, and maximum sensitivity is 0.073 cps/Bq at a 358–664 keV energy window with a 12 ns timing window. There are four outer peaks corresponding to the center of the remaining two rings. At the edges, the sensitivity profile did not reach zero. It is because we moved the source from 0 to 65 mm. The maximum FOV is 150 mm. Therefore, the source must move 75 mm from either end to fall to zero. Figure 7 shows axial absolute sensitivity profile of the system.




3.3. Count Rate Measurements and Scatter Fraction


Before calculating the SF and count rates, the original data (list-mode data) had to be converted into a sinogram, and then the values were measured using the formulas described above.



We measured the count rates without applying any correction methods to the data. The peak NECR and total count rate values for mouse and rat-sized scatter phantoms were 774.45 and 1298.49 kcps at 103.6 MBq, and 477.33 and 1220.49 kcps at 95.83 MBq, respectively. The SF was 6.9% for the mouse-type phantom and 14.2% for the rat-type phantom in the 358–664 keV energy window. The system count rates of mouse and rat-like scatter phantoms, such as total, true, scatter, random, and noise equivalent, are charted as factors of activity (MBq) in Figure 8a,b.




3.4. Imaging Studies


3.4.1. NEMA Micro-PET Image Quality Phantom Study


Figure 9 exhibits the uniform region’s transverse plane and five rods of the NEMA standard Micro-PET mouse-sized IQ phantom. For uniformity calculations, a diameter of 22.5 mm (75% of effective diameter) and 10 mm length of the cylinder volume of interest were figured at the center FOV uniform region of the IQ phantom. The data from the uniform area in Figure 9a were averaged, and the minimum and maximum activity concentration amounts in the volume of interest (VOI) region were also measured, and then the percentage of standard deviation was calculated. The calculated uniformity values are tabulated in Table 2.



The RC values were calculated from Figure 9b. The size and diameter values of the rods are labelled in Figure 9b. The smallest rod (1 mm) value was 0.17, and biggest (5 mm) was 0.94. The RC values of each rod are given in Table 3. We used 3D-MLEM to reconstruct the images with 18 iterations. The percentage standard deviation values of five different rods were 28.4% (1 mm), 17.7% (2 mm), 14.2% (3mm), 9.3% (4 mm), and 7.2% (5 mm). The regions of interest (ROI) have been drawn on the cavities of IQ phantom. To circle the central 7.5 mm in length, we selected 30 slices, and then measured the mean values in both cold and hot regions. The diameter of the ROI was 4 mm, and the thickness of each slice was 0.25 mm. Here, the hot region was uniform, and the cold regions were cavities (water and air). The hot and cold regions are marked in Figure 9c.



The standard deviation and spillover ratio were calculated using NEMA NU-2008 equations. The calculated SOR values were 0.17 for the water-filled chamber and 0.14 for the air-filled chamber. The standard deviation values were 24.7% and 28.2% for air and water-filled sections. The SOR values were calculated and tabulated in Table 4. Table 5 compares the image quality of Bruker’s small animal PET scanner with other preclinical scanners.




3.4.2. NEMA Micro-PET Image Quality Phantom Study


Figure 10 represents transverse slice MRI images of the image quality phantoms. The smallest rods are clearly visible, as we can see in MRI images from both IQ and Derenzo phantoms. The resolution of the MRI image is good because of the high magnetic field strength, so it can enable a good signal-to-noise ratio (SNR).




3.4.3. Animal Studies


Figure 11 shows the three different planes of PET and MRI and PET/MRI fused images of the small animal. We used PMOD software for the fusion process of PET and MRI images.






4. Discussion


According to NEMA NU4-2008 standards, the performance of the Micro-PET system was evaluated. The standard protocols are necessary to improve the scanner’s geometries, compare the scanner’s performance result with the different preclinical PET systems, or update information on new technologies in the scanner. We followed this standard protocol and analyzed the image quality, scatter fraction, and NECR measurements. The multimodality preclinical imaging improved and solved several limitations in the imaging. A combination of PET and MRI mainly provides functional information in PET and structural information in MRI with greater spatial resolution.



Moreover, NEMA standards assume that the scanner’s best spatial resolution is in the area around the center, corresponding to the cross-section of its axial and transaxial FOV. The system’s spatial resolution varies based on the scanner geometry, and it can also differ for scanners obtaining non-cylindrical arrangements of detectors and non-pixelated designs of detectors. Following the protocol, we should place the source at the center of scanner, not at center of the individual ring. Detectors with two rings have challenges achieving best spatial resolution at the center of scanner. Suppose the system with 1 or 3 detector rings can achieve best spatial resolution at the axial center of the scanner. A three-ring system will have the second ring as its center; in a one-ring system, there will be no other ring, so that the first ring will meet its resolution at the center. Therefore, the 2-ring Bruker Albira PET [17] has no ring differences in spatial resolution at the center, which is why the best spatial resolution cannot be obtained in the center of scanner. In contrast, our Bruker scanner consists of three rings, so the best spatial resolution is found at its axial center.



The PET system consists of a monolithic LYSO crystal with dimensions of 40 × 40 × 10 mm, combined with multi-anode photomultiplier tubes (MA-PMT) and DOI measurements. FWHM values will improve more by pairing LYSO crystals with advanced PMT technology (SiPM) and DOI information than by using the pixelated crystal PET scanner [16]. As part of the spatial resolution calculation, a Gaussian fitting function was applied to fit the profile curve of data. These functions were involved in all three directions, namely, tangential, radial, and axial directions. The resulting spatial resolution of 3D-MLEM PET reconstructed images is good at the axial center. We observed that the spatial resolution values at 0 mm radial offsets in the MLEM-reconstructed images did not cross greater than 1 mm at axial center and at ¼ axial FOV from center in radial and tangential directions. DOI information improved the quality of PET images, resulting in improved spatial resolution values in both tangential and radial directions. The contribution of DOI measurements improved the results of the PET system without compromising the properties of PET imaging, especially spatial resolution and sensitivity. We compared the image quality results to those of other preclinical scanners, and the values are summarized and plotted in Table 5. We scanned the image quality phantom based on the settings and parameters available to our scanner.



The reconstruction methods and correction factors were not the same as those used by all systems. During the image quality tests, no attenuation and scatter corrections were applied in four other imaging systems: IRIS PET/CT [32], VrPET/CT [35], LabPET-8TM [36], and XTRIM-PET [7], as displayed in Table 5. We used different data reconstruction methods, such as 2D and 3D-OSEM. In the FLEX triumph X-PET [33], only attenuation is performed, the scatter correction is not taken into account, and two different type of reconstruction algorithm are used, 2D-FBP and 2D-OSEM. Inveon [30], Argus PET [34], MetisTM PET/CT [37], LFER 150 PET/CT [38], and Bruker PET/MRI both apply corrections in their data, but their reconstruction techniques are different—e.g., FORE + 2D FBP (Inveon), 3D-OSEM (Argus PET and Metis PET/CT), 2D-MLEM (LFER 150 PET/CT), and 3D-MLEM (Bruker PET/MRI)). The image quality test’s reconstruction algorithms and correction factors strongly affect the results. As a result, our scanner is better than other systems in terms of %STD for uniformity at 8.8%; spillover ratio is 24.7% (air) or 28.2% (water). Overall, the performance results of our preclinical scanner were better than those of other preclinical scanners, since we used standard reconstruction methods and correction factors.



In a 358–664 keV energy window, the absolute sensitivity of our scanner is 8.1% at the center of the FOV. Considering the same energy window in other scanners, peak absolute sensitivity is 4.1% in the 2-ring Bruker Albira PET [17] and 6.7% in the 3-ring Albira PET [39]. This shows that our scanner has higher sensitivity at the center of FOV in the 358–664 keV (30%) energy window. Although we did not analyze the sensitivity of our scanner in a 50% (255–767 keV) energy window, we assume that it will improve sensitivity in a 50% energy window.



Owing to the continuous LYSO crystal, there were no high variations in the sensitivity profile. If the scanner’s sensitivity is increased, the NECR values will significantly improve. The true event rate for the rat was 763.25 kcps, and for the mouse was 1002.81 kcps, and the SFs were 6.9% for the mouse and 14.2% for the rat, which are adequate in small animal studies. The NECR at 3.7 MBq in rat and mouse-like scatter phantoms were 33.08 and 41.74 kcps. The scatter fractions for an energy window at 358–664 keV ranged from 6.9% to 14.2% for both phantoms, which is better than some commercial systems. Overall, all the measurement values of our scanner have shown promising results. These results show that the scanner is suitable for small animal research.



Overall, our scanner’s spatial resolutions have good values compared with other preclinical systems. It will enable us to study mouse images at a submillimeter level. The image resolution of low-dose PET images of phantoms is good enough at a low activity concentration. In addition to the PET scanner, it has an MRI section. By incorporating the MRI information into the PET analysis, we can provide preliminary information and enhance the image quality. It will also improve the performance of MRI equipment for examining small animals. Combined with start-of-the-art software and accessories, the high field magnets address translational research needs. Bruker’s PET/MRI, having good spatial resolution and high sensitivity in the imaging modalities, can perform non-invasive approaches.




5. Conclusions


In our research, we analyzed the performance evaluation of Bruker’s preclinical PET/MRI scanner. We studied the spatial resolution using FWHM calculations, and the scanner had good spatial resolution values with the 3D-MLEM image reconstruction technique. The MRI image has good resolution at high field magnetic strength. The image quality phantom measurements, such as uniformity, spillover ratio, and recovery coefficient values, are better than those of other imaging systems. While comparing test results with other preclinical PET scanners, Bruker was proven in overall system performance, giving favorable or at least comparable results. A preclinical PET/MRI system with a 7.0 Tesla magnetic field provides high resolution and good quantitative accuracy for preclinical molecular imaging for multi-disciplinary and multi-institutional research. In conclusion, Bruker’s small animal PET scanner is applicable for preclinical imaging-related studies.
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Figure 1. Photographs of Bruker’s small animal 7 Tesla PET/MRI scanner. 
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Figure 2. The pictures of NEMA standard and Derenzo phantoms. (a) Mouse-sized Derenzo phantom, (b) rat-sized Derenzo phantom, (c) image quality phantom, and (d) mouse and rat-sized scatter phantoms. 
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Figure 3. (a) FWHM of the 3D-MLEM-reconstructed images and (b) FWHM of the FBP-reconstructed images. 
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Figure 4. (a) FWTM of the 3D-MLEM-reconstructed images and (b) FWTM of the FBP-reconstructed images. 
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Figure 5. The transverse PET images of mouse and rat-like Derenzo phantoms. (a) Mouse-sized hot rod image and (b) rat-sized cold rod image. 
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Figure 6. The transverse MRI images of mouse, and rat like Derenzo phantoms (a) Mouse-sized hot rod image and (b) rat-sized cold rod image. 
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Figure 7. The axial absolute sensitivity profile of the PET/MRI scanner. 
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Figure 8. The system count rates, such as total, true, random, scatter, and NECR, as factors of activity (MBq). (a) Mouse-type scatter phantom. (b) Rat-type scatter phantom. 
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Figure 9. The 3D-MLEM reconstructed PET transverse images of NEMA standard IQ phantom. (a) The uniformity region, (b) five rods, and (c) two-chamber region. 
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Figure 10. The MRI transverse images of NEMA standard IQ phantom. (a) The uniformity region, (b) five rods, and (c) two-chamber region. 
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Figure 11. A healthy rat study was conducted using 38.9 MBq of 18F-FDG. The rat with injected anesthesia was mounted on the bed, scanned PET (15 min), and underwent T1-weighted MRI (~6 min). The image was reconstructed by the system’s default reconstruction method, 3D-MLEM, with 18 iterations. Shown and labeled are the three different views of PET images, MRI images, and PET/MRI fused images. Coronal (a–c), sagittal (d–f), and transverse (g–i). (a,d,g) PET images, (b,e,h) MRI images, and (c,f,i) PET/MRI fused images. 
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Table 1. Technical specifications of Bruker’s preclinical PET/MRI system.
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PET Specifications

	




	
Parameter

	
Specifications






	
Photon Multiplier (PM)

	
SiPM




	
Detector crystal

	
Continuous LYSO




	
PM element/crystal

	
12 × 12 = 144




	
Number of detector rings

	
3




	
Transaxial FOV

	
80 mm




	
Axial FOV

	
150 mm




	
Detector ring inner diameter

	
105 mm




	
Number of individual crystals

	
24




	
Number of crystals in a ring

	
8




	
Number of modules in PET scanner

	
24




	
Crystal size

	
Truncated pyramid




	

	
48 × 48 mm at entrance window




	

	
50 × 50 mm at base

10 mm thick




	
Data collection method

	
List mode (or) raw data




	
Reconstruction method

	
3D-MLEM




	
MRI Specifications

	




	
Magnetic field strength

	
7 Tesla




	
Inner diameter

	
105 mm




	
Outer diameter

	
169 mm




	
Maximum gradient strength

	
900 mT/m




	
Maximum linear slew rate

	
4200 T/m/s
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Table 2. The calculated uniformity values.






Table 2. The calculated uniformity values.





	Analysis Method
	Minimum

(kBq/mL)
	Maximum

(kBq/mL)
	Average Concentration

(kBq/mL)
	%STD





	Uniformity
	536.8
	951.6
	739.9
	8.8
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Table 3. The calculated recovery coefficients for five different sizes if rods and their percentage standard deviations.
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	Rod Diameter

(mm)
	Recovery Coefficient
	%STD





	1
	0.17
	28.4



	2
	0.41
	17.7



	3
	0.69
	14.2



	4
	0.85
	9.3



	5
	0.94
	7.2
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Table 4. The calculated spillover ratio values.
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	Analysis Method
	Chamber
	SOR
	%STD





	Spillover ratio (SOR)
	Air
	0.14
	24.7



	
	Water
	0.17
	28.2
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Table 5. Comparing Bruker’s PET performance with other preclinical scanners, such as IRIS PET/CT [32], Inveon [30], FLEX Triumph X-PET (2D-FBP) [33], FLEX Triumph X-PET (2D-OSEM) [33], Argus PET [34], VrPET/CT [35], LabPET-8TM [36], MetisTM PET/CT [37], XTRIM-PET [7], and LFER 150 PET/CT [38].
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Analysis Methods

	

	
Bruker’s Small

Animal 7T

PET/MRI

	
IRIS PET/CT

	
Inveon

	
FLEX

Triumph X-PET (2D-FBP)

	
FLEX

Triumph

X-PET

(2D-OSEM)

	
Argus PET

	
VrPET/CT

	
Lab

PET-8TM

	
MetisTM PET/CT

	
XTRIM-PET

	
LFER 150 PET/CT






	
Uniformity

	
%STD

	
8.8

	
7.0

	
5.3

	
6.3

	
6.0

	
6.0

	
15.3

	
7.0

	
10.9

	
3.82

	
3.3




	
Recovery Coefficient (RC)

	
1 mm

	
0.17

	
0.14

	
0.17

	
0.13

	
0.15

	
0.28

	
0.22

	
0.13

	
0.22

	
0.12

	
0.08




	
2 mm

	
0.41

	
0.58

	
0.48

	
0.38

	
0.43

	
0.77

	
0.62

	
0.32

	
0.50

	
0.40

	
0.75




	
3 mm

	
0.69

	
0.73

	
0.72

	
0.54

	
0.56

	
0.88

	
0.72

	
0.80

	
0.81

	
0.68

	
1.05




	
4 mm

	
0.85

	
0.82

	
0.54

	
0.67

	
0.68

	
0.98

	
0.75

	
0.83

	
0.88

	
0.86

	
1.07




	
5 mm

	
0.94

	
0.89

	
0.93

	
0.85

	
0.88

	
0.92

	
0.75

	
0.96

	
0.89

	
0.90

	
1.06




	
Spillover ratio (SOR)

	
Air

	
24.7%

	
11%

	
−0.6%

	
9.3%

	
6.1%

	
13%

	
8.5%

	
13.7%

	
17.7%

	
35%

	
12.6%




	
Water

	
28.2%

	
16%

	
1.7%

	
11%

	
8.2%

	
15%

	
9.3%

	
24.4%

	
19.4%

	
25%

	
15.9%
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