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Abstract

:

Preclinical PET animal studies require immobilization of the animal, typically accomplished through the administration of anesthesia, which may affect the radiotracer biodistribution. The use of    18  F point sources attached to the rat head is one of the most promising methods for motion compensation in awake rat PET studies. However, the presence of radioactive markers may degrade image quality. In this study, we aimed to investigate the most favorable conditions for preclinical PET studies using awake rats with attached point sources. Firstly, we investigate the optimal activity conditions for the markers and rat-injected tracer using Monte Carlo simulations to determine the parameters of maximum detectability without compromising image quality. Additionally, we scrutinize the impact of delayed window correction for random events on marker detectability and overall image quality within these studies. Secondly, we present a method designed to mitigate the influence of rapid rat movements, which resulted in a medium loss of events of around 30%, primarily observed during the initial phase of the data acquisition. We validated our study with PET acquisitions from an awake rat within the acceptable conditions of activity and motion compensation parameters. This acquisition revealed an 8% reduction in resolution compared to a sedated animal, along with a 6% decrease in signal-to-noise ratio (SNR). These outcomes affirm the viability of our method for conducting awake preclinical brain studies.
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1. Introduction


Positron emission tomography (PET) is a powerful tool for imaging biological processes in vivo. PET scans can provide valuable information about molecular mechanisms of disease, drug safety and efficacy, and the response to treatments. In preclinical PET, animal models such as non-human primates and rodents are commonly used to develop and validate novel radiotracers and investigate disease mechanisms. However, the use of anesthesia during preclinical PET scans can have pharmacological effects that may affect physiological parameters, potentially leading to confounding results that limit the translation of preclinical results to the clinic [1,2,3,4].



To overcome this limitation, the focus on conducting studies with awake animals has gained importance in recent years. Several approaches have been taken in this field, including the use of restraining devices [5,6,7,8,9], scanners attached to the animals [10,11], and motion tracking and correction techniques. Restraining animals during PET scans can limit the animal’s movement but may result in immobilization stress, leading to altered uptake of radiotracers [5,6]. Scanners attached to animals, such as the RatCAP [12,13], offer an alternative approach but may also induce stress in the animal. Motion tracking and correction techniques are currently the most-studied approach, as they allow free animal motion and ensure that the animal is not stressed during the scan.



Within the field of motion tracking and correction, several methods have been proposed. Optical markers [14,15,16,17], natural head features [18], point clouds [19], and point sources [20,21,22] are some of the most widely studied techniques. Optical markers require the rat’s head to be facing the tracking camera, and there may be some limitations when the marker is occluded or the bore of the scanner is small. Using natural head features eliminates the need for attaching markers, but to obtain enough distinctive features, it may be necessary to paint a black pattern on the animal’s head. Point clouds use a combination of stereo vision and structured light projection to represent the 3D surface of the animal head as point clouds, which can then be used to determine its 3D pose. Finally, point sources attached to the rat head have been widely studied by Miranda et al. [3,20]. This method uses the spatial location of the point sources in the PET data to calculate the head’s pose [3]. This approach has shown promising results, making viable the acquisition of awake animal data without requiring any external devices.



Given the potential of using point source markers for motion estimation, our study aimed to optimize the parameters of point source markers strategy, a novel approach in motion tracking and correction. Our primary focus is to evaluate the performance of this motion-correction strategy, both with numerical phantoms as well as with several acquisitions with awake rats, including a reference acquisition of an anesthetized rat for comparison. The purpose of this research is to assess the performance of that method, particularly in situations where motion correction may be challenging. We also investigate when the activity of the point source markers may affect image quality. With these goals in mind, we have conducted a comprehensive analysis to enhance the effectiveness of the point source method and provide valuable insights for its practical applications.




2. Materials and Methods


2.1. Scanner


We have tested our mehtods in a 6R-SuperArgus [23]. The scanner is made up of two layers of 13 × 13 crystal arrays, each with a crystal pitch of 1.55 mm. The front layer consists of 7 mm-long lutetium–yttrium orthosilicate (LYSO) crystals, while the back layer has cerium-doped 8 mm-long gadolinium orthosilicate (GSO) crystals. The scanner has a total of 6 rings of 24 detectors each, with a radial field of view (FOV) of 17 cm and an axial FOV of 15 cm. Additionally, the scanner acquires data in a single list-mode, with information on the energy, time, and position of each event recorded.




2.2. Point Source Tracking and Motion Compensation


The overall workflow of the reconstruction process is divided into five steps (see Figure 1):



The reconstruction process is divided into five distinct steps, which are described below:




	
LOR Centroid: To address motion-related issues, we track the rat’s movement during the scan. The centroid position of all LORs is calculated every 50 milliseconds, representing the movement center;



	
Quick-Movement Subtraction: Rapid movement is identified using the   v  m a x    parameter, derived from periods with minimal centroid variation. Such periods are indicative of minimal rat motion. Removing these high-movement intervals helps reduce motion artifacts, vital for small animal studies;



	
Obtaining transformations: We use a reference image from the most stable part of the scan. The acquisition is divided into 12.5 ms frames, reconstructed with low iterations while considering rapid movement removal. Rigid transformation matrices are derived by comparing point source locations with the reference;



	
Non-Precise transformations subtraction: To assess the quality of our transformations, we calculate a discrepancy measure,   χ  f r  2  , for each frame:


   χ  f r  2  =     ∑ s N    (  p s  r e f   − T  (  p s  f r   )  )  2    N   



(1)







In this equation, N represents the total number of point sources,   p s  r e f    is the position of source s in the reference image, and   T (  p  f r   s )   is the position of source s in a specific frame   f r   after applying the transformation T. Frames with   χ 2   values below a set limit (   χ 2   m a x   ) are retained, as rigid transformations may not fully account for the rat’s flexible skin, ensuring more accurate image reconstruction;



	
Final reconstruction: With the transformation parameters obtained for all frames, we proceed with the reconstruction process. Each event within a frame is transformed based on its corresponding transformation, adjusting scanner positions. As the scanner position changes during reconstruction, we need to adapt the standard Expectation Maximization Maximum Likelihood (EMML) algorithm to ensure accurate reconstruction. We modify sensitivity corrections   a  i j    as follows:


   a  i j   =  1  T  a c q     ∫  0   T  a c q    T  ( t )   a   i ′  j   d t  



(2)




where   T  a c q    is the total acquisition time and   T ( t )   represents the transformation at each time point; it should be noted that voxel   i ′   in   a   i ′  j    may not correspond to the same voxel i after applying   T ( t )  .









2.3. Study of Optimal Conditions for Awake Acquisition with Point Sources


In this study, we aimed to investigate the detectability of point sources in PET imaging using a rat numerical phantom with four point sources and to investigate how these sources affect brain uptake estimation. The phantom was designed with two point sources positioned at the snout and two under the ear.



To evaluate the detectability of point sources and their impact on brain uptake estimation, we explored the effect of different parameters, including the activity of the numerical rat phantom and the activity of the point sources. Specifically, we varied the activity of the rat brain phantom in steps of 20 µCi, ranging from 10 to 210 µCi, and the activity of the point sources in steps of 0.5 µCi, ranging from 1 to 10 µCi. This resulted in a total of 220 combinations of brain and point source activities.



It is important to note that the brain activity simulated in our experiments corresponds to approximately 15% of the total activity in the rat body. This percentage represents the median activity level observed in the brain across the four rat acquisitions explained in Section 2.4. Since the process involves stochastic elements, each combination was simulated 100 times, randomly moving the rat within the FOV to obtain a detectability value for each case.



For each simulation, we used a time step of 12.5 ms (corresponding to a frequency of 80 Hz). This choice of time step strikes a balance between precise motion tracking and good detectability of the sources in the image. The execution time of each simulation was not lengthy due to the short time step. Additionally, to address the introduction of more random coincidences with increasing acquisition activity, we investigated how well the delayed window (DW) method, as proposed by Yavuz et al. [24], can mitigate this issue by subtracting the contribution of random coincidences from the image.



Apart from detectability, we also studied how the activity of the point sources affects image quality. Our primary goal is to study the brain of the animal accurately, which requires avoiding halo artifacts induced by the point sources attached to the animal’s head. Halo artifacts are circular regions around high-activity areas, such as the point sources, where nearby regions underestimate the uptake [25]. In addition, we considered the impact of random coincidences introduced by the sources, and we assessed how the DW method can help reduce their impact.



To investigate the effects of point source activity on brain quantification, we conducted simulations with different activities injected into the animal, both with and without point sources. We used the image without point sources as the reference and computed the Root Mean Square Error (  R M  S e   ) for the images with different point source activities. The   R M  S e    values are defined as


  R M  S e  =      ∑  j ∈ B R     (  I j o  −  I j  p s   )  2    N    



(3)




where the sum is performed over the voxels j inside the brain region   B R  .   I o   represents the image without point sources, and   I  p s    represents the image with point sources. N is the total number of voxels inside the brain region. To ensure fair comparison, both images are in relative standardized uptake value (  S U  V r   ).



All simulations took into account scatter and random events to accurately model real-world conditions.



The results of this study enable us to establish the optimal conditions for detecting point sources while avoiding compromising the quality of the reconstructed brain image by adding too much activity.




2.4. Study of Rat Behavior in PET Scanner and How Count Subtraction Affects the Image


The objective of this section is to investigate the effects of rat behavior on PET imaging data, particularly focusing on the impact of subtracting coincidences from the acquisition, as shown in steps 2 and 4 in Figure 1.



To assess the effects of animal behavior on PET imaging data, we conducted a comprehensive study using four different Wistar rats injected with    18  F-FDG within the 6R-SuperArgus scanner. During the experiments, the rats were awake. The rats were introduced into a tube that offered freedom of movement. However, the limited diameter of the tube prevented the animals from making full turns, thereby ensuring that they remained within the FOV of the scanner. Acquisitions lasted approximately 600 s for each rat. A primary objective was to identify the parts of the acquisition where the rats moved too quickly, as such movements can adversely affect image quality. Consequently, we subtracted these fastest motion data from the final image reconstruction to improve the overall accuracy.



In one of the rats, four point sources of    18  F were placed at the same positions as the simulation shown in Figure 2. This rat is a wistar female rat weighing 255 g. Each point source had an activity of 7 µCi, while the rat’s brain had a total activity of 110 µCi at the beginning of the acquisition. Figure 3 shows the rat with the point sources. The study focused on exploring the effects of subtracting more or fewer coincidences by varying the parameters in the reconstruction process. The two parameters that significantly impact the number of counts are   v  m a x    and   χ  m a x  2  , as discussed earlier.



Two different metrics were used to assess the effect of these parameters and the subtraction of counts. First, we used the point sources attached to the animal’s brain to measure the precision of motion compensation by calculating the Full Width at Half Maximum (FWHM) of these sources. The FWHM is a useful measure of spatial resolution that allows us to assess the amount of blurring caused by movement during acquisition.



Secondly, we used the cortex region to measure the signal-to-noise ratio (SNR), which provides valuable insight into the impact of count subtraction on image quality. SNR is defined by the following formula:


  SNR =  μ  s t d    



(4)







Here,  μ  represents the mean value inside the region of the cortex, while   s t d   denotes the standard deviation within the same region. A higher SNR indicates better image quality with reduced noise.



By analyzing the FWHM and SNR under different conditions, we aim to understand how the movement of rats during PET acquisitions affects image quality and how count subtraction influences the final reconstruction. These insights will contribute to the optimization of point source tracking in Awake Rat PET Imaging, leading to more accurate and reliable data for neuroscience research and other related fields.




2.5. Comparison of Awake vs. Anesthetized Brain Reconstruction


To evaluate the performance of our method, we conducted experiments on a female Wistar rat weighing 255 g, on which four    18  F point sources were placed, as detailed in the preceding section. Each point source had an activity of 7 µCi, while the rat’s brain had a total activity of 110 µCi at the beginning of the acquisition. The experiments were carried out in two states: under anesthesia and while the rat was awake.



The rat was positioned within the 6R-SuperArgus scanner, initially under anesthesia, with data acquisition commencing just prior to the onset of the awakening process. Each data acquisition session lasted for 600 s. For the anesthetized state, the acquisition yielded a total of   1.55 ×  10 8    coincidences. Once the rat had fully awakened, we performed the second data acquisition, resulting in   1.45 ×  10 8    coincidences.



By comparing the data obtained from the awake and anesthetized states, we gained valuable insights into how motion affected image quality within the context of PET imaging. This comparative analysis enabled us to assess the effectiveness of our motion compensation methods by directly contrasting the resulting images.





3. Results


3.1. Study of Optimal Conditions for Awake Acquisition with Point Sources


The results presented in this section contribute significantly to understanding the relationship between the activity of both the animal and the point sources and the success rate of tracking the point sources. Figure 4 displays the percentage rate of correct tracking of the point sources for frames of 12.5 ms. We have explored how Delayed Window (DW) correction affects detectability, and it is evident that DW correction has a positive impact on the detectability of short frames, expanding the scenarios in which all point sources can be reliably detected. The dash-dotted line serves as a visual representation of the desired activity configuration in an experiment, where there is a 100% rate of correct tracking of the point sources. This figure demonstrates the effectiveness of the tracking system in high-activity scenarios and provides a reference for optimizing future tracking systems. The results presented in this figure are crucial for guiding experimental design and determining the optimal conditions for point source tracking.



Next, we investigated how the presence of these point sources affects image quality. Figure 5 illustrates the root mean square error (  R M  S e   ) between the image without point sources and the image with point sources at the injected activity of the animal. All simulations encompassed 450 s of acquisition, considering that our acquisitions are of 600 s, and we estimate a loss of counts of approximately 25% due to the methods of subtraction mentioned in Section 2.2. In this case, DW correction is necessary, as it consistently improves the image quality in all cases. The region below the dash line in Figure 5 represents the range of point source activity that has an   R M  S e    of less than 0.05, which we consider to have a negligible effect on the quantification of activity in different brain regions of the animal.



By combining the studies on detectability and image quality, we can identify the region of optimal conditions for awake acquisitions with point sources. Figure 6 depicts this region, shown in green. These conditions ensure that the point sources can be tracked every 12.5 ms, and the reconstructed image has a lower degradation than 0.05   R M  S e    compared to the image without point sources. The star in the figure represents the conditions of the acquisition analyzed in Section 3.2 and Section 3.3.



The information presented in this section provides valuable insights into the best conditions for awake PET imaging with point sources. These findings will contribute significantly to the advancement of motion detection and correction techniques in this field and serve as a foundation for further optimizing tracking systems in future experiments.




3.2. Study of Rat Behaviour in PET Scanner and How Count Subtraction Affects the Image


In this section, our aim is to understand the effect of subtracting counts from the original acquisition. We focus on the subtraction of counts during quick-movement phases. As mentioned before, in order to achieve higher tracking success, we avoid coincidences where the animal is moving quickly, but a trade off between better tracking and count loss is at play. We also investigate the behavior of four different rats inside the 6R-SuperArgus scanner while moving freely in order to identify fast motion periods.



Figure 7 displays the study of the movement of four rats inside the 6R-SuperArgus scanner, showing the centroid of LORs every 50 ms. The areas in green represent regions with low movement, while those in red indicate areas categorized as quick movement. At the top of each graphic, the percentage of events inside low movement frames is shown.



We conducted tests with four different animals to assess the pattern of rat motion inside the scanner and how many events would be removed in our approach. Figure 7 reveals that we retain an average of 73.75% of the counts, with count subtractions ranging from 13.5% in the case with the lowest animal movement to 43.3% in the worst case. We can adjust the   v  m a x    value to achieve the best reconstruction, as shown shortly.



All studies have a total acquisition time of 600 s, providing a sufficient number of events to obtain noise-free images despite possible statistical loss. Additionally, it can be observed that, in most cases, at the early stages of the acquisition, the animal displays significant movement but, after a brief period, relaxes and reduces the amount of movement over time.



Now, we focus on the rat located in the top-left quadrant of Figure 7, which features four point sources attached to its head. The point and rat activities were chosen to lie in the region of optimal conditions, marked with a star in Figure 6. Now, further, we have to adjust two key parameters:   v  m a x   , which controls the acceptance range for the speed of movement, and   χ  m a x  2  , which governs the tolerance for accepting less accurate point source position determination. Exploring these parameters enables us to understand the trade off between accepting more or fewer counts.



In Figure 8, we present a comprehensive overview of our study. Panel a shows how higher tolerances in both   v  m a x    and   χ  m a x  2   result in keeping more counts in the reconstruction. Panel b shows the trade off between the number of counts used and the apparent size of the reconstructed point sources. This panel suggests that the optimal choice for   v  m a x    is 1.0 mm/s, as, across different   χ  m a x  2   values, deviating from this value increases the apparent FWHM of the sources. Additionally, when   χ  m a x  2   exceeds 0.055, we observe a deterioration in resolution.



Panel c showcases the region of interest (ROI) within the cortex, which is utilized to compute SNR values presented in Panel d. We can see that too strict criteria to accept counts result in pronounced noise in the image, leading to a smaller SNR in the cortex region. Conversely, if we accept nearly all counts, as seen in the right-most case in Figure 9, we introduce noise due to poorly compensated motion, ultimately degrading the image. The optimal combination of parameters yielding the best SNR and FWHM values is achieved when   χ  m a x  2   is close to 0.05 and   v  m a x    is set to 1 mm/s.




3.3. Comparison of Awake vs. Anesthetized Brain Reconstruction


In this section, we compare the imaging results of a rat under anesthesia and in an awake state. The awake state of this acquisition is shown in Figure 7a by its centroid.



In the awake state, 73% of the events were retained after filtering the rapid motion regions, using the best parameters determined in the previous section. Both reconstructions reveal distinguishable brain structures, with only an 8% increase in FWHM of the point sources in the awake rat, with a 6% decrease on SNR at the cortex. Consequently, we can conclude that animal studies can be conducted in awake rats without severely affecting the quantification in brain regions.





4. Discussion


In this study, a primary objective was to optimize the parameters chosen during tracking of point sources in awake rat PET imaging using a motion detection and correction system. We have achieved significant insights that shed light on the factors influencing detectability and image quality in this motion correction strategy.



Initially, we investigated the effects of injected activity on the detectability of point sources attached to the animal. Through extensive simulations, we demonstrated the importance of random correction in ensuring the detection of all point sources. It was also found that that, to obtain image deviations below   R M  S e    of 0.05 of the reference, requires keeping the activity of the sources below 8 µCi. Additionally, the point sources require a minimum activity when the brain’s activity exceeds 90 µCi. While this study was performed using FDG as the tracer, we acknowledge that the activity levels in other organs may vary depending on the tracer used, potentially affecting random coincidences. Therefore, future studies using different tracers should take this into account when optimizing tracking systems.



Next, we addressed the trade off of subtracting coincidences associated with quick-movement and non-precise point source tracking. Through our observations of the four rats within the scanner, as shown in Figure 7, we identified a tendency for these animals to display increased movement during the initial stages of the acquisition. This initial movement could be attributed to the novelty of the environment. However, it became evident that, as the rats acclimated to the scanner, movement reduced.



By optimizing our motion detection and correction parameters, we achieved low noise and excellent image resolution, with the best images obtained when retaining 73% of coincidences for our rat. Remarkably, even with a loss of 27% of coincidences, the impact on image resolution was only 8% and on SNR was 6%, as demonstrated in Figure 10. While our current experiments were conducted with a 10 min acquisition time, future research will explore the potential advantages of longer acquisition durations. Extending the acquisition time may provide an opportunity to capture additional information and enhance imaging sensitivity. However, it is important to recognize that longer acquisition times can introduce challenges related to increased subject movement, necessitating further investigation into the associated motion correction techniques and potential limitations.



We note that the position of the animal’s head near the end of the FOV of the scanner may have contributed to the loss of resolution observed. The non-homogeneous resolution across the FOV of the scanner, which exhibits a poorer resolution at the edges of the FOV and could have worsened the image quality. For future studies, it would be beneficial to consider this non-uniform resolution when placing the animal and optimizing motion detection and correction systems for awake rat PET imaging. Additionally, exploring methods to improve the resolution near the edges of the FOV could further enhance image quality in awake rat PET studies [27].



Another important aspect is that, recently, Miranda et al. [28] have proposed adding corrections for cases where point sources shift on the animal’s skin. In our approach, instead of trying to correct for these, we remove them from the acquisition by introducing the   χ 2   parameter. This way, whether the sources have shifted on the animal or an incorrect transformation has been computed, these counts will not introduce erroneous information into the reconstruction. The loss of counts introduced this way is moderate and can be compensated by a modest increase in acquisition time.




5. Conclusions


This study offers valuable insights to optimize the parameters for    18  F point source tracking in awake rat PET imaging and establishes a methodology for determining the appropriate marker activity levels relative to rat-injected activity. These levels are scanner-dependent, contingent on sensitivity and resolution. Focusing on the 6R-SuperArgus scanner, we found that random corrections are of great importance and that combining these random correction techniques with carefully selected motion detection and correction parameters ensures comparable image quality to anesthetized acquisitions. By selecting coincidences during periods of no-quick rat motion (approximately 70–80% of acquisition time), we can produce high-quality brain images with only minor resolution reduction, yielding minimal disparities compared to anesthetized rat studies. In summary, we demonstrate that appropriately dosed    18  F point markers can facilitate motion detection and compensation in awake rat PET studies, emphasizing the importance of tailoring the approach to study-specific conditions for image comparability with sedated rat studies.
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Figure 1. Workflow of the reconstruction process with motion tracking and compensation. 
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Figure 2. Schematic representation of the numerical rat phantom used in our simulations [26], located inside the 6R-SuperArgus PET scanner. The phantom includes four point sources, two at the snout and two under the ear. The point sources are shown larger than their actual size (1 mm diameter) for visualization purposes. 
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Figure 3. Rat with the point sources attached to the head. 
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Figure 4. Point source tracking success as a function of animal and point source activity for frames of 12.5 ms: (a) without random correction, (b) with random correction using the delayed window method. Since the point source locations are known, the success rate is defined as the percentage of time that all four sources are correctly located. The area above the dashed line represents the ideal activity configuration, where all point sources are tracked with 100% accuracy. This figure is the result of 100 simulations for each configuration. 
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Figure 5.   R M  S e    as a function of animal and point sources activity for studies with 450 s acquisitions. The region below the dashed line represents the activity configuration that has an   R M  S e    of less than 0.05. All images have DW correction. 
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Figure 6. Regions of acceptable and non-acceptable conditions for awake acquisitions as a function of animal and point source activity. The green region represents the area where the sources can be tracked every 12.5 ms, and the image reconstructed has a lower degradation than 0.05   R M  S e    with respect to the image without point sources. The star represents the conditions of the acquisition analyzed in Section 3.2 and Section 3.3. 
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Figure 7. Study of the movement of four rats inside a 6R-SuperArgus scanner. Blue lines show the centroid of LORs every 50 ms. Green areas indicate regions with low movement, while red areas represent regions categorized as quick movement. The percentage of events inside low movement frames is shown at the top of each graphic. 
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Figure 8. Study on the impact of count subtraction on the image. The total number of coincidences in the acquisitions is   1.45 ×  10 8   . (a) Percentage of admitted counts for each combination of   v  m a x    and   χ  m a x  2  . (b) Average FWHM of the four point sources for each case. (c) Cortex region utilized for SNR calculation. (d) SNR values corresponding to each case. 
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Figure 9. Reconstruction of five different scenarios with varied   v  m a x    and   χ  m a x  2  . 
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Figure 10. Rat head study with registered CT image in the 6R-SuperArgus scanner. On the left, sagittal and coronal views of a rat in both states, awake and under anesthesia. On the right, the profile of the yellow dashed line is shown. 
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