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Objectives: Positron emission tomography (PET) with [11C]raclopride has been applied to measure changes in the concentration of endogenous dopamine induced by pharmacological challenge or neuropsychological stimulation by evaluating the binding potential (BP) between the baseline and activated state. Recently, to reliably estimate BP in the activated state, a new approach with dual-bolus injections in a single PET scan was developed. In this study, we investigated the feasibility of applying this dual-bolus injection approach to measure changes in endogenous dopamine levels induced by cognitive tasks in humans.

Methods: First, the reproducibility of BP estimation using the dual-bolus injection approach was evaluated using PET scans without stimulation in nine healthy volunteers. A 90-min scan was performed with bolus injections of [11C]raclopride administered at the beginning of the scan and 45 min after the first injection. BPs in the striatum for the first injection (BP1) and second injection (BP2) were estimated using an extended simplified reference tissue model, and the mean absolute difference (MAD) between the two BPs was calculated. The MAD was also compared with the conventional bolus-plus-continuous infusion approach. Next, PET studies with a cognitive reinforcement learning task were performed on 10 healthy volunteers using the dual-bolus injection approach. The BP1 at baseline and BP2 at the activated state were estimated, and the reduction in BP was evaluated.

Results: In the PET scans without stimulation, the dual-bolus injection approach showed a smaller MAD (<2%) between BP1 and BP2 than the bolus-plus-continuous infusion approach, demonstrating good reproducibility of this approach. In the PET scans with the cognitive task performance, the reduction in BP was not observed in the striatum by either approach, showing that the changes in dopamine level induced by the cognitive tasks performed in this study were not sufficient to be detected by PET.

Conclusion: Our results indicate that the cognitive task-induced changes in dopamine-related systems may be complex and difficult to measure accurately using PET scans. However, the proposed dual-bolus injection approach provided reliable BP estimates with high reproducibility, suggesting that it has the potential to improve the accuracy of PET scans for measuring changes in dopamine concentrations.
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INTRODUCTION

[11C]raclopride is an antagonist of dopamine D2 receptors, and positron emission tomography (PET) with [11C]raclopride has been widely used to image the binding of striatal dopamine D2 receptors in living humans (1–3). In PET dynamic acquisition, the binding potential (BP), which represents the density and apparent affinity of the receptors, can be quantified by analyzing the time course of the radioactivity concentration using a compartment model including compartments for free and specifically bound tracer in tissue (4–6) or some simplified models (7, 8), and it has been used to report changes in the density of dopamine D2 receptors in neurodegenerative or psychiatric disease (9–11).

Subsequently, PET studies with [11C]raclopride have been applied as a new approach for investigating changes in the concentration of endogenous dopamine due to pharmacological challenges or neuropsychological stimulations. The administered [11C]raclopride competes with endogenous dopamine for binding to the dopamine D2 receptors, and an increase in the concentration of endogenous dopamine is supposed to result in a decrease in the binding of administered [11C]raclopride, as measured by PET. Using this competition paradigm, some PET studies measured the BP before and after the stimulations and reported that the BP decreased after stimulation, such as an amphetamine challenge and behavioral or cognitive tasks (12–20).

To measure the changes in BP from a single PET scan, an injection protocol with a bolus-plus-continuous infusion has been applied (14, 15, 21). In these studies, stimulation was imposed during the continuous infusion, and BPs at the baseline and activated states were measured as the tissue-to-plasma concentration ratio at equilibrium using time frames before and after the stimulation. However, it is often difficult to design a protocol to attain equilibrium within the time frames of the baseline and activated states (22), and an unstable equilibrium may cause systematic errors in the BP estimates (19). On the other hand, two independent PET scans with a bolus injection for the baseline and activated states require a long study period and the physiological condition is often difficult to maintain. Therefore, shortening the scan time and improving the administration protocol and quantification method may reduce the burden on subjects and improve the reliability of the estimates.

Recently, a new approach for measuring changes in BP using a single PET scan with multiple bolus injections of [11C]raclopride has been proposed (23, 24). This approach provides the BP at the baseline and the activated state from data for the first and second injections by the extended simplified reference tissue model, and demonstrated that changes in BP after the second injection were detected in monkey studies when the binding conditions changed due to an increase in the administered mass of [11C]raclopride (23). However, this approach has not been applied to human studies investigating dopamine release caused by neuropsychological stimulations.

In this study, we evaluated the feasibility of applying this approach with dual-bolus injections of [11C]raclopride to detect changes in endogenous dopamine levels in human PET studies. First, the reproducibility of the BP estimates was evaluated in PET studies without stimulation. Second, changes in BP after stimulation were investigated in PET studies with cognitive tasks, and the results were compared with those of the conventional bolus-plus-continuous infusion approach.



MATERIALS AND METHODS


Theory of Estimating Changes in Binding Potential With Dual-Bolus Injection

In PET receptor imaging, the binding of administered radioligand to receptors can be quantified using a two-tissue compartment model, as shown in Figure 1 (21). In the baseline state, the number of receptors bound by [11C]raclopride (Cb) and dopamine (Db) was considerably smaller than the total number of receptors (Bmax). On the other hand, in the activated state, Db becomes larger and the number of available receptors (Bfree) decreases, resulting in a decrease in the binding of the administered [11C]raclopride obtained by the BP (= k3/k4). Therefore, changes in endogenous dopamine levels can be measured by comparing the BP between the baseline and activated states.
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FIGURE 1. Extended compartment model including competition between administered [11C]raclopride and endogenous dopamine proposed in Endres et al. (21). Total receptor density (Bmax) is the sum of the free receptors (Bfree) and receptors bound by raclopride (Cb) and dopamine (Db). A model parameter k3(t), representing the rate constant from the free compartment (Cf) to the specific binding compartment (Cb), depends on the association rate constant of [11C]raclopride (kon) and density of available receptors (Bfree).


In the dual-bolus injection approach, bolus injection of [11C]raclopride is performed twice in a single session of PET scanning. The first injection of [11C]raclopride is performed at the time of the scan initiation, and the BP of the baseline is estimated by the usual simplified reference tissue model with a reference region instead of an arterial input function (7). Then, the second injection is administered immediately before the change in the binding conditions without waiting for decaying radioactivity of the first injection. The BP of the activated state is estimated using data after the second injection by the multiple-injection simplified reference tissue model (MI-SRTM), including the remaining radioactivity of the first injection, as follows (23, 24):
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where Ct1 and Ct2 are the radioactivity concentrations in the target region for the first and second injections, respectively, Cr is the radioactivity concentration in the reference region, t is the time from the first or second injection, and Ct0 and Cr0 are the radioactivity concentrations of the target and reference regions at the time of the second injection, respectively. K1 and k2 are the rate constants of the compartment model in the target region shown in Figure 1, and R1 is the ratio of K1 between the target and reference regions. The mathematical symbol ⊗ represents the convolution operation.



Subjects

PET scans were performed for 19 healthy men (mean age ± SD, 23.2 ± 2.8 years). Nine subjects were under resting condition until the end of the scan without stimulation to evaluate the reproducibility of the BP. Meanwhile, the other 10 subjects were subjected to a cognitive task during the scan to induce dopamine release to investigate if changes in BP could be detectable. All subjects underwent two PET scans on separate days; one was the scan by the proposed dual-bolus injection protocol (dual-bolus method) and the other was the scan by the conventional bolus-plus-continuous infusion protocol (bolus-infusion method). All subjects were free of somatic, neurological, or psychiatric disorders. This study was approved by the Ethics and Radiation Safety Committee of the National Institute of Radiological Sciences. Written informed consent was obtained from all participants before inclusion in the study. The study was registered with University Hospital Medical Information Network Clinical Trials Registry (UMIN000008221, UMIN000013753).



Positron Emission Tomography Procedure

PET studies with [11C]raclopride were performed using an Eminence SET-3000GCT/X (Shimadzu Corp., Kyoto, Japan). This scanner provides 99 planes with a 26-cm axial field of view, and the intrinsic spatial resolution was 3.4 mm in-plane and 5.0 mm full-width at half maximum (FWHM) axially (25). A 10-min transmission scan was acquired before an emission scan using a 137Cs line source for subsequent attenuation correction. [11C]raclopride was administered by the dual-bolus method or bolus-infusion method, and emission data were acquired in three-dimensional mode. The list-mode data were rebound to sinograms and reconstructed by filtered back-projection using a Gaussian filter (cutoff frequency, 0.3 cycle/pixel). The reconstructed in-plane resolution was 7.5 mm in FWHM and the voxel size of the reconstructed images was 2.0 × 2.0 × 2.6 mm. The head movement of each frame was corrected by frame-by-frame image realignment with attenuation correction using a resliced μ-map, as reported previously (26).

T1-weighted magnetic resonance (MR) images were acquired with a GE 3.0-T Excite system (slice thickness 1.0 mm; matrix, 256 × 256; field of view, 25 × 25 cm).


Protocol of Dual-Bolus Method

In the dual-bolus method, [11C]raclopride was taken in two syringes for the first and second injections. A bolus of 217.7 ± 10.3 MBq [11C]raclopride was administered at the time of scan initiation, and a bolus of 195.2 ± 13.2 MBq [11C]raclopride was administered subsequently. The interval between the first and second injection was 45.2 ± 0.27 min. The specific activity of the first and second injection was 224.8 ± 62.7 GBq/μmol and 48.3 ± 13.4 GBq/μmol, respectively, at the time of each injection. The emission data were acquired in three-dimensional mode over 90 min. The list-mode data were rebound to sinograms as 69 time-frames of 20-s × 12 frame, 60-s × 16 frame, 240-s × 6 frame, and 60-s × 1 frame after the first injection, 20-s × 12 frame, 60-s × 16 frame, and 240-s × 6 frame after the second injection. In the scans with the stimulations, the preparation of the cognitive task started at 40-min and the actual performance started at approximately 45-min after the scan initiation and soon after the second injection (Figure 2A).
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FIGURE 2. Protocol of proposed dual-bolus injection method (A) and conventional bolus-plus-continuous infusion method (B). Binding potentials were estimated using frames before the stimulation (Sec. 1) and after the stimulation (Sec. 2).


The BP of the first section (BP1) as the baseline, and the BP of the second section (BP2) as the activated state were estimated using time-activity curves (TACs) for 40-min data after the first and second injections by the MI-SRTM (Eq. 1), with the cerebellum as the reference region.



Protocol of Bolus-Infusion Method

In the bolus-infusion method, [11C]raclopride was set in the syringe pump, and half of this (261.4 ± 17.5 MBq) was administered by a bolus injection at the time of scan initiation, which was followed by a continuous infusion of the remaining [11C]raclopride over 100 min. The specific activity was 171.7 ± 54.0 GBq/μmol at the start of the scan. Note that the ratio of injection volume between the bolus and continuous infusion was designed by a computer simulation so that the TAC would be flat after 38-min.

The emission data were acquired in three-dimensional mode over 100 min. The list-mode data were rebound to sinograms as 48 time-frames of 20-s × 12 frame, 60-s × 16 frame, and 240-s × 20 frames. In the scans with the stimulation, the preparation of the cognitive task started at 56-min and the actual performance started at 60-min after beginning the scan (Figure 2B).

The BP was calculated from the TAC of the target and reference regions on the assumption that the radioactivity concentration in the reference region reflects the concentration of unbound [11C]raclopride in the target region (15) as follows:
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where AUCtar and AUCref are the areas under the TAC of the target and reference regions, respectively. The BP of the two sections (BP1 and BP2), which are the baseline and activated states, were calculated from the areas under the TAC between 40 and 56 min and between 60 and 100 min, respectively.



Cognitive Task

In this study, the participants performed cognitive reinforcement learning with the probabilistic selection task reported previously (27) as a neuropsychological stimulation during the scan. Briefly, six symbols resembling Sanskrit alphabet were prepared, and three different symbol pairs were presented on the display in random order. The participants selected the desirable symbol by the selection switch to hit the correct answer while viewing the symbols on the display, and then feedback was turned to indicate whether it was correct or incorrect. However, this feedback was probabilistic, and each pair had a different probability of returning correct feedback. Over the course of training, the participants learned to choose symbols with a higher probability of correct feedback.



Preprocessing of Data Analysis

PET dynamic images were summed for all frames and coregistered to the individual MR images. Then, individual MR images were normalized to the template of MR T1 image, of which the matrix size was 91 × 109 × 91 and voxel size was 2.0 × 2.0 × 2.0 mm, by DARTEL in SPM12 (Wellcome Centre for Human Neuroimaging, UCL Queen Square Institute of Neurology, London, United Kingdom), and PET images were also normalized to the template using the same transformation parameters. Regions of interest (ROIs) were drawn manually on the template MR image for the striatum subdivisions, including the limbic striatum (495 voxels), executive striatum (939 voxels), sensorimotor striatum (416 voxels), and whole striatum merged these subdivisions (Figure 3). The cerebellum was also delineated as the reference region, where the specific binding was negligible (6, 28, 29). The respective TACs were then extracted from the normalized dynamic PET images.
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FIGURE 3. Regions of interest for the limbic striatum (blue), executive striatum (pink), and sensorimotor striatum (green).


All data analyses were performed using the PMOD software (PMOD Technologies, Zurich, Switzerland) and MATLAB (Mathworks, Natick, MA, United States).




Evaluation of Reproducibility in the Binding Potential

The reproducibility of BP estimates was evaluated by comparing BP1 and BP2 in the PET scans without stimulation, assuming the case where no binding change was induced during the scan. From each TAC of the striatum ROIs, BP1 and BP2 were obtained as mentioned above, and the reproducibility of BP estimates was evaluated by the mean absolute difference (MAD) and intraclass correlation coefficient (ICC) (30) as follows:
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where MSB is the mean sum of squares between subjects, and MSW is the mean sum of squares within subjects. The MAD and ICC obtained using the dual-bolus method were compared with those obtained using the bolus-infusion method.



Evaluation of Changes in the Binding Potential Induced by Cognitive Task

In the PET scans with the stimulation of cognitive tasks, BP1 at the baseline and BP2 at the activated state were estimated as mentioned above for each TAC of the striatum ROIs, and the change in BP was evaluated as follows:
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The ΔBPs obtained using the dual-bolus method were compared with those obtained using the bolus-infusion method. A statistical comparison between BP1 and BP2 was performed using paired-samples t-tests with a significance level of 0.05.




RESULTS


Evaluation of Reproducibility in the Binding Potential

In PET images without stimulation, a high accumulation of [11C]raclopride was observed in the striatum. In the whole striatum, BP1 and BP2 by the dual-bolus injection method was 2.50 ± 0.10 and 2.48 ± 0.11, respectively (Table 1). There was no significant difference in BP estimates between the dual-bolus and bolus-infusion methods. The MAD of the whole striatum was 1.10 ± 0.66 and the ICC was 0.959 in the dual-bolus method, which was superior to those in the bolus-infusion method. The maximum MAD among the nine subjects was 2.3% in the dual-bolus injection method. Meanwhile, in the bolus-infusion method, three of nine subjects showed a higher MAD (>2.7%) and the maximum MAD was 2.9%. With respect to each striatal subdivision, the MAD in the dual-bolus method was 1.14 ± 0.62 in the limbic striatum, 1.32 ± 0.75 in the executive striatum, and 1.68 ± 1.44 in the sensorimotor striatum. These MAD values were smaller than those measured in the bolus-infusion method in all striatal subdivisions.


TABLE 1. Changes in binding potential for PET studies without stimulation.
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Evaluation of Changes in the Binding Potential Induced by Cognitive Task

A typical example of the TACs for the striatal subdivisions and cerebellum in the PET studies with the stimulation of cognitive tasks is shown in Figure 4. In the whole striatum, ΔBP was –0.35 ± 1.53 (range, –2.22 to 2.29) in the dual-bolus method, and –0.31 ± 2.90 (range, –4.32 to 5.87) in the bolus-infusion method (Table 2). Despite the average BP2 value decreasing, no significant difference between BP1 and BP2 was observed using either method. Although the average ΔBP value was almost the same between the two methods, the variation of ΔBP in the dual-bolus method was considerably smaller than that of the bolus-infusion method. With respect to each striatal subdivision, ΔBP of the dual-bolus method and bolus-infusion method were 0.87 ± 2.13 (range, –2.18 to 3.84) and –0.31 ± 3.34 (range, –4.74 to 7.38), respectively, in the limbic striatum, –0.48 ± 1.43 (range, –2.52 to 2.37) and –0.53 ± 2.67 (range, –4.06 to 4.97), respectively, in the executive striatum, and –1.39 ± 2.15 (range, –5.12 to 1.73) and 0.19 ± 3.29 (range, –4.40 to 6.25), respectively, in the sensorimotor striatum. The reduction in BP2 was the largest in the sensorimotor striatum of the dual-bolus method; however, there was no significant difference between BP1 and BP2 in any of the striatal subdivisions in either method. The variation of ΔBP in the dual-bolus method was smaller than that in the bolus-infusion method in all striatal subdivisions.
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FIGURE 4. Positron emission tomography (PET) images and time-activity curves of the limbic striatum, executive striatum, sensorimotor striatum, and cerebellum for the dual-bolus method (A) and bolus-infusion method (B) in [11C]raclopride-PET studies with cognitive tasks. PET images show the averaged radioactivity concentration for the second section after the stimulation (45–89 min for the dual-bolus method, 60–100 min for the bolus-infusion method). Time-activity curves were decay corrected to the time of the scan start.



TABLE 2. Changes in binding potential for PET studies with cognitive task performance.
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DISCUSSION


Detection of Changes in Binding Potential by the Dual-Bolus Injection Method

In PET studies with [11C]raclopride, the measurement of changes in the BP due to pharmacological or neuropsychological stimulations has been attempted using various approaches, such as a scan with bolus-plus-continuous infusion, two separate PET scans with a bolus injection, and a single session of PET scan with extended simplified reference tissue model including time-dependent parameters (12–16, 18–20). In the conventional bolus-plus-continuous infusion approach, the BP can be estimated by the ratio of radioactivity concentration between the striatum and cerebellum at equilibrium, and the calculation process is easy and stable. However, it is often difficult to maintain an equilibrium state during scanning. In our studies using the bolus-infusion method, we designed the injection protocol by a computer simulation using the average kinetic rate constants of [11C]raclopride for humans so that the time-activity curve became flat at 38 min after scan initiation. However, even in the PET scans with the cognitive tasks, the area under the TAC of the whole striatum between 60 and 100 min was larger than that between 40 and 56 min in nine of ten subjects, and three of them increased by more than 5%. This suggests that the TAC did not reach equilibrium and continued to increase during the scan. Therefore, the reliability of BP estimates may depend on the equilibrium condition among individuals and on the time range used for BP estimation. Subsequently, an extended simplified reference tissue model was developed to quantify the BP reduction in the non-equilibrium state from a 90-min scan with bolus-plus-continuous infusion (19). Nevertheless, continuous infusion requires the equipment to provide [11C]raclopride constantly. Moreover, the signal-to-noise ratio deteriorates due to the radioactivity decaying in the delayed frames used for BP2 estimation. This results in lower reliability of BP2 estimates compared to that of BP1 estimates.

The dual-bolus method overcame these problems by performing a second bolus injection at almost the same time as the start of change in the binding condition and estimates BP in the activated state by a compartmental analysis using data after the second injection. In this method, almost the same radioactivity concentration of [11C]raclopride is administered 45 min after the first injection, and the injection protocol is simple. Quantification analysis is also simple and is the same as the usual simplified reference tissue model, except that it requires a constant parameter of residual radioactivity at the time of the second injection, as shown in Eq. 1. Furthermore, the second bolus injection increased the PET count in delayed frames, resulting in images with high signal-to-noise ratio even in the frames for BP2 estimation. Therefore, the dual-bolus method is expected to provide BP2 estimates as reliably as BP1 estimates. In our studies for the evaluation of reproducibility, the MAD of the dual-bolus method was smaller than that of the bolus-infusion method and was also small enough compared with those obtained from two separate PET scans with a bolus injection of [11C]raclopride reported previously (30), demonstrating good reproducibility of this dual-bolus method.



Changes in Binding Potential Induced by the Cognitive Task Performance

As a next step, we applied this dual-bolus method to measure the changes in BP induced by the cognitive task. It was expected that BP would decrease after cognitive task performance because of the increase in dopamine concentration. However, no significant reduction in BP was observed with either the dual-bolus or bolus-infusion methods. Phasic bursts of dopamine cell firing during positive reinforcement have been reported in animals (31, 32) and a similar elevation of dopamine levels has been suggested in humans (33, 34). Nevertheless, our results suggest that the amount of dopamine released by the cognitive reinforcement learning task performed in this study was not sufficient to induce changes in BP. The previous monkey study with amphetamine challenge and microdialysis analysis reported that the ratio of percent dopamine increase to percent striatal binding reduction for amphetamine (0.2 mg/kg) was 44:1 and demonstrated that relatively small binding changes reflect large changes in dopamine level (14). This means that a fivefold increase in dopamine concentration induces a 10% decrease in BP. Unlike dopamine elevation by pharmacological challenge, the amount of dopamine release as a result of cognitive performance is supposed to be smaller. However, some studies with behavioral or cognitive tasks have reported a reduction in striatal BP (16, 18); for example, about 13% BP reduction in the ventral striatum was observed during a video game (16), demonstrating the possibility of measuring the dopamine release induced by neuropsychological stimulation as well as the pharmacological challenge using [11C]raclopride-PET. On the other hand, our study did not detect any changes in BP by both injection methods, which suggests the difficulty of measuring the changes in BP due to psychological stimulation reproducibly by [11C]raclopride-PET. Unlike the pharmacological dopamine elevation, the cognitive task-induced changes in dopamine-related systems may be complex, thus hindering the prediction of the magnitude of BP changes before the PET measurement. Despite our attempts to investigate dopamine level changes using the cognitive reinforcement learning task, as previously reported (27), further investigations with different stimulations may be needed to fully assess the matter. Additionally, a stimulation protocol optimization may improve the dual-bolus method’s potential for stably evaluating the BP changes induced by cognitive tasks.

In the [11C]raclopride-PET scans with cognitive tasks, the reliability of parameter estimates is important to evaluate small changes in BP. Considering the results of PET studies with the cognitive task as shown in Table 2, the variation of BP1, BP2, and ΔBP among subjects in the dual-bolus method was considerably smaller than that in the bolus-infusion method, as well as that in the PET studies without the cognitive task. These results suggest that the stability of the estimated parameters originated from technical improvements of the dual-bolus method. Detection of BP change in the dual-bolus method has already been demonstrated in an animal study with a large mass of radiotracer administration (23). Therefore, this stability of parameter estimation in PET studies with the cognitive task is an advantage of the dual-bolus injection method.



Potential Limitations of the Dual-Bolus Injection Method

The dual-bolus method can provide BP with high reproducibility and detect changes in the binding of [11C]raclopride, as reported in monkey studies (23). However, this method requires caution. First, as with the bolus-infusion method, the dual-bolus method employs the TAC of the cerebellum as the reference region instead of using the arterial input function. Strictly speaking, radioactivity concentration in the cerebellum is different from radioactivity concentration of unbound [11C]raclopride in the striatum shown as Cf in Figure 1, and this causes bias in BP estimated using the cerebellum TAC compared with that using the arterial input function. However, it is practically difficult to reliably obtain the arterial input function and estimate k3/k4 directly without the reference region. Although the BP estimates may cause some bias by using the reference region, the previous studies reported these values became smaller after changes in the dopamine level induced by amphetamine challenge in the bolus-infusion method (14, 15) or by an increase in molar amount of administered [11C]raclopride in the dual-bolus method (23). Furthermore, computer simulations based on the extended compartment model shown in Figure 1 demonstrated that the integral of dopamine pulse concentration was related to the magnitude of reduction in BP using the reference region (21, 23). These results suggest changes in the dopamine level can be detectable as changes in BP using the reference region. Second, the magnitude of BP reduction is affected by various factors other than stimulus-induced dopamine elevation, such as the mass and kinetics of the administered ligand. It has been reported that a large molar mass with low specific activity of administered [11C]raclopride causes a reduction in BP due to an increase in the number of bound receptors (23). In our study, BP reduction was not observed in PET scans without stimulation, and the MAD was smaller than that of the bolus-infusion method, suggesting that the specific activity is sufficiently high to avoid BP reduction. Finally, in the simplified reference tissue model, BP is estimated based on the assumption that it is constant during the data frames after the bolus injection. Therefore, when the dopamine concentration changes with time after the stimulation, the magnitude of BP reduction is considerably affected by the timing of dopamine release and the shape of dopamine concentration changes over time (35). These dopamine releases may differ depending on the kind of stimulation. Although it is difficult to measure them directly in humans, more optimization for the design of cognitive task performance may improve the sensitivity to BP reduction in the dual-bolus method.

In summary, we performed PET studies with dual-bolus injections of [11C]raclopride to measure BP reduction induced by cognitive tasks. Although the binding of [11C]raclopride did not change after the cognitive reinforcement learning task, this method could provide the BP of two sections assuming the baseline and activated state with high reproducibility from a single session of PET scanning. Our results suggest that the dual-bolus injection method has the potential to improve the accuracy with which we are able to measure changes in dopamine levels. Additionally, it may be beneficial for future research regarding the investigation of changes in dopamine concentrations induced by various pharmacological or neuropsychological stimuli.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics and Radiation Safety Committee of National Institute of Radiological Sciences. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

YI: conceptualization, methodology, data analysis, and writing-original draft. YK: conceptualization, methodology, PET data collection, and writing-review, and editing. MY: conceptualization, design and implementation of cognitive tasks, and writing-review, and editing. TO and TS: discussion on results and writing-review, and editing. HI: conceptualization, methodology, PET data collection, supervision, and writing-review, and editing. All authors have approved the manuscript.



ACKNOWLEDGMENTS

We thank the members of the Brain Disorder Translational Research Group and Radiopharmaceuticals Production Group at the Institute for Quantum Medical Science, National Institutes of Quantum Science and Technology for their assistance in conducting the human PET studies. We are also grateful to Takuya Hayashi at the RIKEN Center for Biosystems Dynamics Research and Hiroshi Watabe at Tohoku University for their helpful suggestions for data analysis.



REFERENCES

1. Farde L, Ehrin E, Eriksson L, Greitz T, Hall H, Hedström CG, et al. Substituted benzamides as ligands for visualization of dopamine receptor binding in the human brain by positron emission tomography. Proc Natl Acad Sci USA. (1985) 82:3863–7. doi: 10.1073/pnas.82.11.3863

2. Köhler C, Hall H, Ogren SO, Gawell L. Specific in vitro and in vivo binding of 3H-raclopride. A potent substituted benzamide drug with high affinity for dopamine D-2 receptors in the rat brain. Biochem Pharmacol. (1985) 34:2251–9. doi: 10.1016/0006-2952(85)90778-6

3. Hall H, Köhler C, Gawell L, Farde L, Sedvall G. Raclopride, a new selective ligand for the dopamine-D2 receptors. Prog Neuropsychopharmacol Biol Psychiatry. (1988) 12:559–68. doi: 10.1016/0278-5846(88)90001-2

4. Mintun MA, Raichle ME, Kilbourn MR, Wooten GF, Welch MJ. A quantitative model for the in vivo assessment of drug binding sites with positron emission tomography. Ann Neurol. (1984) 15:217–27. doi: 10.1002/ana.410150302

5. Wong DF, Gjedde A, Wagner HN Jr. Quantification of neuroreceptors in the living human brain. I. Irreversible binding of ligands. J Cereb Blood Flow Metab. (1986) 6:137–46. doi: 10.1038/jcbfm.1986.27

6. Farde L, Eriksson L, Blomquist G, Halldin C. Kinetic analysis of central [11C]raclopride binding to D2-dopamine receptors studied by PET–a comparison to the equilibrium analysis. J Cereb Blood Flow Metab. (1989) 9:696–708. doi: 10.1038/jcbfm.1989.98

7. Lammertsma AA, Hume SP. Simplified reference tissue model for PET receptor studies. Neuroimage. (1996) 4:153–8. doi: 10.1006/nimg.1996.0066

8. Logan J, Fowler JS, Volkow ND, Wang GJ, Ding YS, Alexoff DL. Distribution volume ratios without blood sampling from graphical analysis of PET data. J Cereb Blood Flow Metab. (1996) 16:834–40. doi: 10.1097/00004647-199609000-00008

9. Rinne JO, Laihinen A, Ruottinen H, Ruotsalainen U, Någren K, Lehikoinen P, et al. Increased density of dopamine D2 receptors in the putamen, but not in the caudate nucleus in early Parkinson’s disease: a PET study with [11C]raclopride. J Neurol Sci. (1995) 132:156–61. doi: 10.1016/0022-510X(95)00137-Q

10. Abi-Dargham A, Rodenhiser J, Printz D, Zea-Ponce Y, Gil R, Kegeles LS, et al. Increased baseline occupancy of D2 receptors by dopamine in schizophrenia. Proc Natl Acad Sci USA. (2000) 97:8104–9. doi: 10.1073/pnas.97.14.8104

11. Hirvonen J, van Erp TG, Huttunen J, Aalto S, Någren K, Huttunen M, et al. Increased caudate dopamine D2 receptor availability as a genetic marker for schizophrenia. Arch Gen Psychiatry. (2005) 62:371–8. doi: 10.1001/archpsyc.62.4.371

12. Dewey SL, Smith GS, Logan J, Brodie JD, Fowler JS, Wolf AP. Striatal binding of the PET ligand 11C-raclopride is altered by drugs that modify synaptic dopamine levels. Synapse. (1993) 13:350–6. doi: 10.1002/syn.890130407

13. Volkow ND, Wang GJ, Fowler JS, Logan J, Schlyer D, Hitzemann R, et al. Imaging endogenous dopamine competition with [11C]raclopride in the human brain. Synapse. (1994) 16:255–62. doi: 10.1002/syn.890160402

14. Breier A, Su TP, Saunders R, Carson RE, Kolachana BS, de Bartolomeis A, et al. Schizophrenia is associated with elevated amphetamine-induced synaptic dopamine concentrations: evidence from a novel positron emission tomography method. Proc Natl Acad Sci USA. (1997) 94:2569–74. doi: 10.1073/pnas.94.6.2569

15. Carson RE, Breier A, de Bartolomeis A, Saunders RC, Su TP, Schmall B, et al. Quantification of amphetamine-induced changes in [11C]raclopride binding with continuous infusion. J Cereb Blood Flow Metab. (1997) 17:437–47. doi: 10.1097/00004647-199704000-00009

16. Koepp MJ, Gunn RN, Lawrence AD, Cunningham VJ, Dagher A, Jones T, et al. Evidence for striatal dopamine release during a video game. Nature. (1998) 393:266–8. doi: 10.1038/30498

17. Laruelle M. Imaging synaptic neurotransmission with in vivo binding competition techniques: a critical review. J Cereb Blood Flow Metab. (2000) 20:423–51. doi: 10.1097/00004647-200003000-00001

18. Alpert NM, Badgaiyan RD, Livni E, Fischman AJ. A novel method for non-invasive detection of neuromodulatory changes in specific neurotransmitter systems. Neuroimage. (2003) 19:1049–60. doi: 10.1016/s1053-8119(03)00186-1

19. Zhou Y, Chen MK, Endres CJ, Ye W, Brasiæ JR, Alexander M, et al. An extended simplified reference tissue model for the quantification of dynamic PET with amphetamine challenge. Neuroimage. (2006) 33:550–63. doi: 10.1016/j.neuroimage.2006.06.038

20. Drevets WC, Gautier C, Price JC, Kupfer DJ, Kinahan PE, Grace AA, et al. Amphetamine-induced dopamine release in human ventral striatum correlates with euphoria. Biol Psychiatry. (2001) 49:81–96. doi: 10.1016/s0006-3223(00)01038-6

21. Endres CJ, Kolachana BS, Saunders RC, Su T, Weinberger D, Breier A, et al. Kinetic modeling of [11C]raclopride: combined PET-microdialysis studies. J Cereb Blood Flow Metab. (1997) 17:932–42. doi: 10.1097/00004647-199709000-00002

22. Watabe H, Endres CJ, Breier A, Schmall B, Eckelman WC, Carson RE. Measurement of dopamine release with continuous infusion of [11C]raclopride: optimization and signal-to-noise considerations. J Nucl Med. (2000) 41:522–30.

23. Ikoma Y, Watabe H, Hayashi T, Miyake Y, Teramoto N, Minato K, et al. Quantitative evaluation of changes in binding potential with a simplified reference tissue model and multiple injections of [11C]raclopride. Neuroimage. (2009) 47:1639–48. doi: 10.1016/j.neuroimage.2009.05.099

24. Ikoma Y, Watabe H, Hayashi T, Miyake Y, Teramoto N, Minato K, et al. Measurement of density and affinity for dopamine D2 receptors by a single positron emission tomography scan with multiple injections of [11C]raclopride. J Cereb Blood Flow Metab. (2010) 30:663–73. doi: 10.1038/jcbfm.2009.239

25. Matsumoto K, Kitamura K, Mizuta T, Tanaka K, Yamamoto S, Sakamoto S, et al. Performance characteristics of a new 3-dimensional continuous-emission and spiral-transmission high-sensitivity and high-resolution PET camera evaluated with the NEMA NU 2-2001 standard. J Nucl Med. (2006) 47:83–90.

26. Ikoma Y, Kimura Y, Yamada M, Obata T, Ito H, Suhara T. Correction of head movement by frame-to-frame image realignment for receptor imaging in positron emission tomography studies with [11C]raclopride and [11C]FLB 457. Ann Nucl Med. (2019) 33:916–29. doi: 10.1007/s12149-019-01405-1

27. Frank MJ, Seeberger LC, O’Reilly RC. By carrot or by stick: cognitive reinforcement learning in parkinsonism. Science. (2004) 306:1940–3. doi: 10.1126/science.1102941

28. Kuhar MJ, Murrin LC, Malouf AT, Klemm N. Dopamine receptor binding in vivo: the feasibility of autoradiographic studies. Life Sci. (1978) 22:203–10. doi: 10.1016/0024-3205(78)90538-6

29. Martres MP, Bouthenet ML, Sales N, Sokoloff P, Schwartz JC. Widespread distribution of brain dopamine receptors evidenced with [125I]iodosulpride, a highly selective ligand. Science. (1985) 228:752–5. doi: 10.1126/science.3838821

30. Kodaka F, Ito H, Kimura Y, Fujie S, Takano H, Fujiwara H, et al. Test-retest reproducibility of dopamine D2/3 receptor binding in human brain measured by PET with [11C]MNPA and [11C]raclopride. Eur J Nucl Med Mol Imaging. (2013) 40:574–9. doi: 10.1007/s00259-012-2312-8

31. Schultz W, Dayan P, Montague PR. A neural substrate of prediction and reward. Science. (1997) 275:1593–9. doi: 10.1126/science.275.5306.1593

32. Schultz W. Getting formal with dopamine and reward. Neuron. (2002) 36:241–63. doi: 10.1016/s0896-6273(02)00967-4

33. Holroyd CB, Coles MGH. The neural basis of human error processing: reinforcement learning, dopamine, and the error-related negativity. Psychol Rev. (2002) 109:679–709. doi: 10.1037/0033-295X.109.4.679

34. Zald DH, Boileau I, El-Dearedy W, Gunn R, McGlone F, Dichter GS, et al. Dopamine transmission in the human striatum during monetary reward tasks. J Neurosci. (2004) 24:4105–12. doi: 10.1523/JNEUROSCI.4643-03.2004

35. Yoder KK, Wang C, Morris ED. Change in binding potential as a quantitative index of neurotransmitter release is highly sensitive to relative timing and kinetics of the tracer and the endogenous ligand. J Nucl Med. (2004) 45:903–11.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ikoma, Kimura, Yamada, Obata, Suhara and Ito. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpsyt-13-811136-e004.jpg
ABP(%) =

BP, — BP,

BP,

- 100

(5)





OPS/images/fpsyt-13-811136-e003.jpg
Icc =

MSB — MSW
MSB+ MSW

@)





OPS/images/fpsyt-13-811136-e002.jpg
MAD(%) =

|BP1—BPy|

(BP,+BPy) /2

3)





OPS/images/fpsyt-13-811136-e001.jpg
BP =

AUCur — AUC,o¢
AUC,ot

@





OPS/images/fpsyt-13-811136-e000.jpg
Rik. k;
Cul) =RiG(O) + (k: <o ;;P) “exp (_TZBP[) R a0

) RK ,
Colt) = RiC(D)+ (kl - H_‘sz) - exp (—1 fZBP,[)

i K
®Cv(f)+(Cm—R,C:o)'ExP(—W[) (6]






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Measurement of Striatal Dopamine Release Induced by Neuropsychological Stimulation in Positron Emission Tomography With Dual Injections of [11C]Raclopride



		INTRODUCTION



		MATERIALS AND METHODS



		Theory of Estimating Changes in Binding Potential With Dual-Bolus Injection



		Subjects



		Positron Emission Tomography Procedure



		Protocol of Dual-Bolus Method



		Protocol of Bolus-Infusion Method



		Cognitive Task



		Preprocessing of Data Analysis







		Evaluation of Reproducibility in the Binding Potential



		Evaluation of Changes in the Binding Potential Induced by Cognitive Task







		RESULTS



		Evaluation of Reproducibility in the Binding Potential



		Evaluation of Changes in the Binding Potential Induced by Cognitive Task







		DISCUSSION



		Detection of Changes in Binding Potential by the Dual-Bolus Injection Method



		Changes in Binding Potential Induced by the Cognitive Task Performance



		Potential Limitations of the Dual-Bolus Injection Method







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fpsyt-13-811136-t001.jpg
Dual-bolus method

Bolus-infusion method

BP4 BP> MAD (%) IcCC BP4 BP2 MAD (%) IcC

mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
Limbic striatum 2.22(0.13) 2.21(0.13) 1.14 (0.62) 0.974 2.28 (0.11) 2.27 (0.12) 1.57 (1.12) 0.927
Executive striatum 2.57 (0.11) 2.54 (0.13) 1.32 (0.75) 0.951 2.59 (0.13) 2.57 (0.13) 1.48 (1.23) 0.934
Sensorimotor striatum 2.69 (0.14) 2.67 (0.15) 1.68 (1.44) 0.922 2.70 (0.14) 2.68 (0.15) 1.90 (1.47) 0.905
Whole striatum 2.50 (0.10) 2.48 (0.11) 1.10 (0.66) 0.959 2.53(0.11) 2.52 (0.11) 1.54 (1.10) 0.912
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Dual-bolus method Bolus-infusion method

BP4 BP> *P-value A BP (%) BP4 BP2 *P-value A BP (%)

mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
Limbic striatum 2.27 (0.27) 2.30 (0.30) 0.18 0.87 (2.13) 2.40 (0.39) 2.38(0.38) 0.68 -0.31(3.34)
Executive striatum 2.55 (0.14) 2.54(0.15) 0.34 -0.48 (1.43) 2.61(0.34) 2.60 (0.34) 0.50 -0.53 (2.67)
Sensorimotor striatum 2.75(0.16) 2.72(0.17) 0.078 -1.39 (2.15) 2.82 (0.39) 2.82 (0.40) 0.88 0.19 (3.29)
Whole striatum 2.52(0.13) 2.51(0.15) 0.52 -0.35(1.593) 2.60 (0.34) 2.59 (0.33) 0.70 -0.31(2.90)

*P-value of the paired-sample t-test between BPy and BP» of each method.
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