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Received 4 December 2007, in final form 11 June 2008 Published DD MMM 2008 Online at stacks.iop.org/PMB/53/1 Abstract The β-microprobe is a simple and versatile technique complementary to small animal positron emission tomography (PET). It relies on local measurements of the concentration of positron-labeled molecules. So far, it has been successfully used in anesthetized rats for pharmacokinetics experiments and for the study of brain energetic metabolism. However, the ability of the technique to provide accurate quantitative measurements using 18F, 11C and 15 O tracers is likely to suffer from the contribution of 511 keV gamma rays background to the signal and from the contribution of positrons from brain loci surrounding the locus of interest. The aim of the present paper is to provide a method of evaluating several parameters, which are supposed to affect the quantification of recordings performed in vivo with this methodology. We have developed realistic voxelized phantoms of the rat whole body and brain, and used them as input geometries for Monte Carlo simulations of previous β-microprobe reports. In the context of realistic experiments (binding of 11 C-Raclopride to D2 dopaminergic receptors in the striatum; local glucose metabolic rate measurement with 18F-FDG and H2O15 blood flow measurements in the somatosensory cortex), we have calculated the detection efficiencies and corresponding contribution of 511 keV gammas from peripheral organs accumulation. We confirmed that the 511 keV gammas background does not impair quantification. To evaluate the contribution of positrons from adjacent structures, we have developed β-Assistant, a program based on a rat brain voxelized atlas and matrices of local detection efficiencies calculated by Monte Carlo simulations for several probe geometries. This program was used to 3
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calculate the ‘apparent sensitivity’ of the probe for each brain structure included in the detection volume. For a given localization of a probe within the brain, this allows us to quantify the different sources of beta signal. Finally, since stereotaxic accuracy is crucial for quantification in most microprobe studies, the influence of stereotaxic positioning error was studied for several realistic experiments in favorable and unfavorable experimental situations (binding of 11 C-Raclopride to D2 dopaminergic receptors in the striatum; binding of 18FMPPF to 5HT1A receptors in the dorsal raphe nucleus). (Some figures in this article are in colour only in the electronic version)



1. Introduction Rodents’ models are used in most areas of molecular biology, toxicology and drug discovery research to study physiopathogenic mechanisms, and test drug effects. To explore these models in vivo, several imaging techniques such as magnetic resonance imaging (MRI) or positron emission tomography (PET) have been adapted to the temporal and spatial constraints of small animals studies. In this context, the β-microprobe was developed in our lab a few years ago as a simple and efficient technique. The microprobe technique is complementary to small-animal PET scanners when only local time activity curve measurements are required. The technique relies on the detection with a photomultiplier (PMT) of light pulses generated by positron interactions in the probe radiosensitive tip (plastic scintillating fiber), which is fused to a clear fiber light guide (Pain et al 2000, 2002a). The volume surrounding the probe, where the radioactivity is counted, depends on the labeling isotope. It is limited to a few microliters by the physical range of positrons within biological tissues (Levin and Hoffman 1999, Pain et al 2000, Desbr´ee et al 2004). Since the probe is implanted close to the biological tissues of interest, the technique offers a high sensitivity and, consequently, a high temporal resolution (1 s or less). The β-microprobe has been successfully used for several sets of experiments: pharmacokinetics studies in the rat brain using 11C-labeled D2 dopaminergic receptor tracers (Zimmer et al 2002b, Ginovart et al 2004, Mauger et al 2005, Vasdev et al 2006, Galineau et al 2006); 18F-MPPF, a 5HT1A serotoninergic receptor tracer (Zimmer et al 2002a, Rbah et al 2003, Riad et al 2004, Zimmer et al 2004) and neuro-energetics studies of rat brain metabolism and blood flow with 18F-FDG (Pain et al 2002b, Millet et al 2004) and 15O-water (Weber et al 2003). In addition, it was evaluated as a method of avoiding repeated blood sampling for the determination of arterial input function for PET tracer experiments in rodents (Pain et al 2004). Finally, multimodal studies with the probe were performed using either its versatility to achieve the combination to other invasive techniques such as micro-dialysis (Zimmer et al 2002a) or its insensitivity to high magnetic fields for simultaneous recording with MRI (Desbr´ee et al 2004, 2007). Despite the successful and repeated use of the β-microprobe, we are still concerned with its capacity to provide quantification of PET tracers when we carefully check reported data. The first studies carried out with the β-microprobe provided relative measurements with the increase or the decrease of a tracer-specific binding under pharmacological challenges (Zimmer et al 2002a, 2002b); additional reports have provided quantitative parameters such as kinetic constants of tracer association to the receptor (Ginovart et al 2004, Mauger et al 2005), local cerebral glucose metabolism (Pain et al 2002b, Millet et al 2004) or cerebral blood flow (Weber et al 2003). Interestingly, several studies pointed out systematic underestimation
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of tracer concentrations in comparison to ex vivo controls (Zimmer et al 2002a, Weber et al 2003, Ginovart et al 2004). To clarify this issue, we have studied the influence on quantitation of the count rate normalization to kBq ml−1 in β-microprobe studies. This normalization is performed under the assumption that the whole detection volume is filled with homogeneously labeled brain tissues from the structure of interest. However, an effect similar to partial volume effects, which affect PET images of structures whose dimensions are smaller than twice the detector spatial resolution (Hoffman et al 1979), may occur and could explain the radioactivity concentration underestimation. For an implanted radiosensitive probe, a comparable effect will happen if the volume in which radioactivity is counted contains a hot spot surrounded by tissues where only non-specific binding of the tracer occurs. A quantitative evaluation of this error and a correction method for β-microprobe studies are still lacking in the literature leading us to propose in the present paper a new method based on Monte Carlo simulations using voxelized input geometries of the rat whole body and brain. Besides ‘partial volume’ effects, the accuracy of stereotaxic positioning of the probe is crucial for quantification of β-microprobe studies. Here, we carefully examine these parameters on the basis of previously carried out neurophysiological experiments in rat, and bring new solutions to solve the discrepancy between reports using the probe and ex vivo results. 2. Material and methods 2.1. The β-microprobe technique: physical origin of the recorded signal A typical experiment is carried out as follows. First, after anesthesia, stereotaxic surgery is performed using a rat brain atlas to implant the probe at the desired brain location. Second, the radiotracer labeled with positron emitters (18F, 11C or 15O) is injected intravenously. Third, the count rate is recorded and normalized to obtain the time activity curve in kBq ml−1 versus time. The normalization factor was defined as the probe sensitivity (in counts kBq−1 ml−1) (Pain et al 2002a) and is a key factor for the ability of the probe to perform quantitative measurements. Before each experiment, it is measured after immersion of the probe in a homogenous radioactive solution with a known concentration. The sensitivity is then derived from the recorded count rate and is used to obtain the time activity curves from the count rate recorded in vivo. In most experimental schemes, the signal detected by the β-microprobe may come from several sources: (i) positrons from the brain loci of interest, (ii) the positron background signal from adjacent tissues included in the detection volume, (iii) background contribution from 511 keV gammas generated by positrons annihilation, (iv) dark noise of the PMT and (v) Cerenkov radiation in the fiber. The last two contributions have been shown to be negligible using β-microprobe systems (Pain et al 2000, 2002a, Weber et al 2003). To be able to derive the absolute radioactivity concentration from the detected count rate, it is necessary to quantify each contribution to the overall signal. 2.2. MRI-based phantom of rat whole body MRI was used to create a whole body rat phantom. A 10 weeks old, 284 g, Sprague Dawley R (V´etoquinol, rat was sacrificed by intraperitoneal injection of pentobarbital (2 ml of Dolethal France), i.e. 0.36 g of pentobarbital). The rat was fixed in 10% buffered formalin for seven days before MR imaging on a 4.7 T Bruker Biospec 47/30 system. The spectrometer was equipped with a 12 cm diameter gradient system (200 mT m−1) and a birdcage probe (Bruker GmbH) that was used for signal transmission and reception. Three-dimensional fast spin-echo (RARE) images were recorded with an isotropic resolution of 468.75 µm (TR = 2500 ms,
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Figure 1. Processing of data from initial MRI images to voxelized Monte Carlo lattice geometry. (A) High-resolution anatomic MR images acquired at 4.7 T. (B) Segmented MR Images. (C) 3D surface rendering. (D) Monte Carlo voxelized input geometry.



TE = 7 ms, weighted TE = 52.8 ms, RARE factor = 16, NA = 1, field of view = 12 × 6 × 6 (cm) and matrix = 256 × 128 × 128). To scan the whole rat body, the rat was manually translated between each acquisition along its anteroposterior axe while its position remained unchanged regarding its dorsoventral and lateral axes. This allowed us to record three overlapping matrices that included the whole rat. Using Amira 3.1 (Mercury Computer Systems, Inc. TGS Unit, Villebon, France), cropping and rigid transformation were applied to each matrix to superimpose the overlapping regions. The three sets of data were then fused resulting in a 138 × 138 × 404 matrix. The main organs susceptible to accumulate radiotracers (brain, eyes, skull, thyroid, heart, lungs, liver, spleen, stomach, large intestine, small intestine, kidneys, bladder, testis, spine, femur, bone marrow and vena cava) were manually segmented. Figure 1 presents the steps followed to build the digital whole body phantom from MRI images to Monte Carlo input file, and table 1 summarizes the volume of the segmented structures. 2.3. Rat brain phantom construction The voxelized rat brain phantom is based on Paxinos and Watson’s rat brain atlas in stereotaxic coordinates (Paxinos and Watson 1998), which describes in 78 coronal slices the brain
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Table 1. At whole-body phantom characteristics (male Sprague Dawley rat of 284 g, voxel size 0.938 × 0.938 × 0.938 mm3) Organ



Number of voxels



Volume (ml)



Brain Eyes Skull Thyroid Heart Lungs Liver Spleen Stomach Large intestine Small intestine Kidneys Bladder Testis Spine Femur Bone marrow Posterior vena cava



2955 37 574 194 1113 3610 20 204 532 4282 10 657 12 971 1527 65 2515 3016 2237 975 369



2.44 0.03 0.47 0.02 0.91 2.98 16.67 0.44 3.53 8.79 10.70 1.26 0.054 2.08 2.48 1.85 0.80 0.30



structure delineations for a male Wistar rat with an average weight of 290 ± 20 g. Using an image analysis software (Amira 3.1), these digital slices have been manually segmented into 16 regions of interest, including the main dopaminergic and serotoninergic brain loci and structures such as the striatum, the globus pallidus, the nucleus accumbens, the substantia nigra, the dorsal raphe nucleus, the hippocampus, the ventricles, the aqueduct and the cerebellum. Since the initial slices from Paxinos and Watson atlas are not equidistant, linear 3D interpolation has been carried out to produce 107 coronal-segmented slices each separated by 200 µm. The final phantom consists of a 54 × 78 × 107 matrix composed of 200 µm side cubic voxels. Table 2 gives the volume of the segmented structures. 2.4. Monte Carlo simulation of the 511 keV gamma background The rat whole body phantom and rat brain matrices were processed with the SCMS software (Yoriyaz et al 2001) to convert them into lattice geometry input files for MCNP-4C2, a Monte Carlo particle interaction simulation code (Briefmeister 2000). To reduce the computing time of the Monte Carlo simulations, the whole body phantom was downsampled to produce a 64 × 64 × 202 matrix composed of 938 µm cubic voxels. For each peripheral organ, Monte Carlo simulations were carried out to evaluate the contribution to the total recorded counts of 511 keV gammas from the considered organ. The density and atomic composition of lungs, brain, bones and soft tissues were set according to the National Institute of Standards and γ Technology (NIST) data (Berger et al 1999). Given r the probe position, Si (r , t) the contribution of organ i to the gamma signal at time t, then the total signal due to gamma interaction in the probe at time t is  γ Si (r , t). (1) S γ (r , t) = i



In a voxelized geometry (organ i is composed of Ni voxels), we define for each voxel j , γ the local gamma detection efficiency εj (r ) (which takes into account both the geometrical
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F Pain et al Table 2. Rat brain phantom characteristics (male Wistar rat 290 g from Paxinos et al (1985), voxel size 0.2 × 0.2 × 0.2 mm3). Brain structure



Number of voxels



Volume (µl)



Cortex and other brain tissues Corpus callosum Striatum Globus Pallidus Lateral ventricle Interna Capsula Hippocampus Olfactory bulb (truncated) Olfactory ventricle Nucleus Accumbens Subtantia Nigra Colliculus Aqueduct Dorsal raphe nucleus Cerebellum



162 534 6673 11 468 1292 1252 1905 13 553 7739 17 1260 852 2491 95 202 29 287



1300.3 53.4 91.7 10.1 10.0 15.2 108.4 61.9 0.1 10.1 6.8 19.9 0.8 1.6 237.3



efficiency and the attenuation of gammas) and the local gamma radioactivity concentration γ γ Cj (t). If Vvox is the volume of each voxel, Si (r , t) is rewritten as  γ γ γ εj (r )Cj (t). (2) Si (r , t) = Vvox j ∈organ i γ



If we assume in organ i a homogeneous concentration of gamma activity Ci (t), and define for γ γ each organ i, the mean gamma detection efficiency, Ei (r ) = N1i j ∈organi εj (r ), then equation (2) simplifies to γ



γ



γ



γ



γ



Si (r , t) = Vvox Ni Ei (r )Ci (t) = Vi Ei (r )Ci (t),



(3)



where Vi is the total volume of organ i. For organs outside the brain, the solid angle covered by a β-probe implanted in the rat brain is very small, and is almost insensitive to the probe location within the brain. Therefore, the detection efficiency for gammas emitted from remote organs is approximately the same, wherever the probe is implanted in the brain. Equation (3) finally is rewritten as γ



γ



γ



Si (t) = Vi Ei Ci (t).



(4)



Monte Carlo simulations using the whole body digital phantom were carried out to evaluate γ the mean gamma detection efficiencies Ei for a 500 µm diameter probe with a 1 mm long scintillating tip implanted in the rat striatum and cerebellum at Ginovart et al (2004) stereotaxic coordinates. The gamma background contribution from each organ was calculated using equation (3). 18F-FDG biodistribution data were taken from the studies in rats (Kuge et al 1997, van Waarde et al 2004). 11C-Raclopride biodistribution values in striatum, brain and Harderian glands were taken from the study of Hume et al (1996). For organs other than the brain, we have used recently published biodistribution values in humans (Slifstein et al 2006). Assuming that 11C-Racloppride distribution is similar in human and rat, these values were downscaled to obtain estimates in rat. In humans, the highest accumulation of 11C-Raclopride occurs in gallbladder. However, rats do not have a gallbladder. Since the functionality of gallbladder is to concentrate the bile produced by the liver, we have considered the liver to
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be the organ with highest 11C-Raclopride in rat. For each organ the simulated concentration corresponds to the peak of tracer accumulation after injection. For the brain, we have considered a homogeneous tracer accumulation with a concentration similar to that in specific tracer accumulation area. This approach is obviously not realistic, but allows us to estimate the upper level of 511 keV gamma noise contribution to the beta probe signal. Overall, we have always chosen the most unfavorable scheme in terms of gamma noise so that the 511 keV gamma contributions given in table 4 represent the upper level estimation of 511 keV background noise. For pharmacokinetics experiments in the brain, two microprobes are usually implanted: one in the region of interest where specific and non-specific binding occurs and another one in the region of non-specific binding, which is most often the cerebellum. The cerebellum signal is subsequently used to subtract the nonspecific signal from the signal recorded in the region of interest. The underlying assumption is that non-specific signals (including non-specific binding but also 511 kev gamma noise) are the same for both probes. For peripheral organs, the solid angles covered by both probes are identical, which is no longer true for 511 keV sources close to the brain (Harderians glands) or within the brain. To deal with this issue in the case of 18F-FDG accumulation and 11 C-Raclopride binding, we have simulated, for probes implanted in the striatum and in the cerebellum, the following 511 keV contributions: (i) contribution of 511 keV gammas from both striata, and (ii) contribution of 511 keV gammas from Harderian glands. 2.5. Quantification of the local β radioactivity concentration using β-Assistant Using similar definitions and assumptions as for the calculation of the total gamma signal in equation (3), the total positron signal, S β (r , t), resulting from positrons emitted within the detection volume is β



β



β



Si (r , t) = Vi Ei (r )Ci (t),



(5)



where Vi is the volume of tissues from brain structure i included in the detection volume for a probe position r. For positrons, the recorded signals depend on the probe position within the brain, and the assumption leading from equations (3) to (4) is no longer valid. To quantify and separate the contribution to the signal of positrons from the different brain structures included in the detection volume, we have implemented a strategy based on the superimposition of local detection efficiencies 3D matrix into the voxelized brain phantom. This has led to the development of a Matlab interface called β-Assistant (figure 2). Local detection efficiencies matrices were calculated via Monte Carlo simulations of different microprobes geometry surrounded by brain tissues homogeneously labeled with 18F, 11 C or 15O tracers. To maintain calculation times within reasonable boundaries, the local detection efficiency matrices were calculated in volumes surrounding the probe that account for 99% of the recorded beta signal (for details, see Desbr´ee et al (2004)). These volumes, the associated mean detection efficiency and the theoretical sensitivity are summarized in table 3 for the different probes used in the considered studies. β-Assistant was used to review quantification issues from previously carried out neurophysiological experiments with 18F-FDG in the striatum and cortex (Pain et al 2002b, Millet et al 2004) 11C-Raclopride in the striatum (Zimmer et al 2002b, Ginovart et al 2004) and 15O-H2O in the barrel cortex (Weber et al 2003). The experimental parameters of these studies (tracer, probe dimensions and stereotaxic coordinates) are listed in table 5 in the following section. For each experiment, given the dimensions of the probe, the isotope used and the stereotaxic coordinates of implantation, the volume of each brain structure included in the detection volume and the corresponding apparent detection sensitivities
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Figure 2. Principle of β-Assistant. (A) Coronal slice from the Paxinos and Watson rat brain atlas (Paxinos and Watson 1998). (B) Coronal slice manually segmented. (C) Monte Carlo calculation of local detection efficiencies matrix. (D) 3D Superimposition of the voxelized geometry and the detection efficiencies matrix. Table 3. The whole detection volume and associated mean detection efficiency for several probe/ tracer combinations.



Tracer 18F 18F 11C 11C 11C 15O



Probe diameter (mm)



Scintillating tip length (mm)



Whole detection volume (µl)



Mean detection efficiency (%)



Theoretical sensitivity (Counts/kBq/ml)



0.5 1 0.5 1 0.5 0.25



1 1 1 1 1.5 0.8



17 20.7 46.6 72.1 57.7 190



1.49 2.7 1.1 1.7 1.37 0.15



0.25 0.56 0.51 1.23 0.79 0.29



were calculated. The normalization factors were evaluated to account for the differences between theoretical sensitivities (entire detection volume filled homogeneously with tracer) and apparent sensitivities. In addition, β-Assistant was used to evaluate the influence of probe placement accuracy on quantification. The positron signal from a brain structure can be calculated for a range of stereotaxic coordinates surrounding an initial stereotaxic coordinates set. This provides with an optimal stereotaxic coordinates set for a particular structure and an estimation of the influence of the probe position accuracy on the measurement. We simulated a pharmacokinetics study with a probe implanted in the center of the striatum, which is an a priori favorable situation since the striatum is a large structure. We also simulated the same experiment but with the supplementary condition that the probe should not penetrate the striatal tissues. Finally, we simulated the unfavorable situation of an implantation close to the dorsal raphe nucleus a small, irregularly shaped serotoninergic brain structure. 3. Results 3.1. Quantification of 511 keV gamma background in 18F-FDG and 11C-Raclopride studies The contributions of gammas to the β-microprobe signal are related to the total amount of radioactivity located in each organ. These quantities depend on the biodistribution of the tracer and the volume of the organ. Using biodistribution values in rats for 18F-FDG (Kuge
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Table 4. Total detection efficiency for 511 keV gammas and corresponding contribution to the overall microprobe signal. Biodistribution values are taken from the following references (avan Waarde et al 2004, bKuge et al 1997, cHume et al 1996, dSlifstein et al 2006). Sβ for 18F-FDG or 11C-Raclopride in the striatum were calculated assuming an activity concentration in the whole detection volume similar to the mean biodistribution of the tracer. 18 11 Calculated total F-FDG C-Raclopride 511 keV gammas detection efficiency Contribution to the Contribution to the for a probe implanted Mean total microprobe Mean total microprobe Sγ (t) Sγ (t) in the rat striatum biodistribution signal Sβ (t)+S biodistribution signal Sβ (t)+Sγ (t) γ (t)



Organ



Ei (r ) (10−4%)



(kBq ml−1)



Brain Eyes (Harderian glands) Heart Lungs Liver Kidneys Large intestine Small Intestine Bladder Total



5.500 ± 0.230 0.350 ± 0.059



a



198 100b



5.72 
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