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Increasing evidence shows that the midbrain dopaminergic system is involved in various functions. However, details of the role of the midbrain dopaminergic system in these functions are still to be determined in humans. Considering that the ventral tegmental area (VTA) and substantia nigra (SN) in the midbrain are the primary dopamine producers, creating reliable anatomical templates of the VTA and SN through neuroimaging studies would be useful for achieving a detailed understanding of this dopaminergic system. Although VTA and SN anatomical templates have been created, no specific templates exist for the Asian population. Thus, we conducted anatomical and resting-state functional magnetic resonance imaging (rs-fMRI) studies to create VTA and SN templates for the Asian population. First, a neuromelanin-sensitive MRI technique was used to visualize the VTA and SN, and then individual hand-drawn VTA and SN regions of interests (ROIs) were traced on a small sample of neuromelanin-sensitive MRIs (dataset 1). Second, individual hand-drawn VTA and SN ROIs were normalized to create normalized VTA and SN templates for the Asian population. Third, a seed-based functional connectivity analysis was performed on rs-fMRI data using hand-drawn ROIs to calculate neural networks of VTA and SN in dataset 1. Fourth, a seed-based functional connectivity analysis was performed using VTA and SN seeds that were created based on normalized templates from dataset 1. Subsequently, a seed-based functional connectivity analysis was performed using VTA and SN seeds in another, larger sample (dataset 2) to assess whether neural networks of VTA or SN seeds from dataset 1 would be replicated in dataset 2. The Asian VTA template was smaller and located in a more posterior and inferior part of the midbrain compared to the published VTA template, while the Asian SN template, relative to the published SN template, did not differ in size but was located in the more inferior part of the midbrain. The neural networks of the VTA and SN seeds in dataset 1 were replicated in dataset 2. Altogether, our normalized template of the VTA and SN could be used for measuring fMRI activities related to the VTA and SN in the Asian population.
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INTRODUCTION

Increasing evidence suggests that the midbrain dopaminergic system is involved in various behavioral and cognitive functions, such as motor behavior, working memory, decision making, attention, reward-related learning, addiction, and motivation (1–3). However, details of the role of the midbrain dopaminergic system in those functions remain to be determined in humans.

Recent remarkable developments of neuroimaging techniques provide the means by which to develop deeper understanding of this dopaminergic system in humans. In particular, considering that the ventral tegmental area (VTA) and substantia nigra (SN) in the midbrain are the primary dopamine producers, localizing these regions in humans is necessary if future neuroimaging studies are to reveal the role of the midbrain dopamine system.

The SN, which lies dorsal to the cerebral peduncles, is the largest nucleus in the midbrain. Dopamine neurons in the SN project to the dorsal striatum via the nigostriatal pathway. These neurons are critical for controlling voluntary movement and are associated with prediction error and processing saliency of environmental stimuli (4). Loss of dopamine neurons in the SN is an established cause of Parkinson's disease, which is characterized by tremor, rigidity, and slowness of movements (5).

The VTA is a small region in the midbrain that is contiguous to the SN. The VTA is close to the midline on the floor of the midbrain. Dopamine neurons in the VTA project to the nucleus accumbens and other various brain regions, including the amygdala, hippocampus, ventral pallidum, periaqueductal gray matter, bed nucleus of the stria terminalis, olfactory tubercle, locus coeruleus, and medial prefrontal cortex (mPFC). VTA dopamine neurons play a central role in reward-related and goal-directed behaviors (6). fMRI and PET studies have indicated that neural activity in the VTA dopamine region is associated with addiction and drug-seeking behaviors (7).

Human neuroimaging studies require reliable anatomical templates of the VTA and SN to examine their neural functions. However, creating reliable VTA and SN templates has been challenging until recent developments in MRI techniques because the VTA is contiguous with the SN and located within an approximately 20-mm cubic region in the midbrain, and it is difficult clearly detect these regions with T1- and T2-weighted images.

Murty et al. created anatomical templates of the VTA and SN regions in the midbrain using a conventional T1-weighted MRI [T1-weighted fast spoiled gradient echo (FSPGR) sequence MR image] and hand-drawn individual VTA and SN regions of interests (ROIs) (8). However, VTA or SN masks for the Asian populations have not been created. A morphometric MRI study suggested that the Caucasian and Asian brains differ in shape, size, and multiple local structures (9–11); briefly, there exist ethnicity-based structural brain differences between the Caucasian and Asian brains. Thus, we designed the current study to create the Asian anatomical templates of the VTA and SN to facilitate neuroimaging studies in Asian populations.

Previous findings have suggested that the SN and VTA functional networks are different (8, 12) therefore, we speculated that appropriate VTA and SN templates could elucidate significantly different neural networks. To test this hypothesis, VTA, and SN functional networks were created by applying a seed-based functional connectivity analysis to rs-fMRI data, using Asian VTA and SN seeds.

MATERIALS AND METHODS

Participants

We collected two datasets: dataset 1 consisted of 16 healthy participants (11 males, 5 females; age mean = 21.3 years, SD = 8.1, range = 13–43 years) and dataset 2 of 61 healthy participants (25 males, 36 females; age mean = 39.4 years, SD = 8.1, range = 27–59 years). All participants provided written informed consent, and the study was approved by the ethics committee at the Department of Medicine, the University of Tokyo (No. 3150-20).

We have also downloaded the NKI-Rockland FSPGR data (13) from fcon 1,000 project website, along with demographic assessments (http://fcon_1000.projects.nitrc.org/indi/pro/nki.html) and selected 75 Caucasian samples matched in age and gender (42 male, 33 female, age mean = 43.5, SD = 19.6, range 18–85) to examine the morphological differences between the Caucasian and Asian brains in the midbrain area.

Image Acquisition

All images from participants in dataset 1 were collected using a MAGNETOM Prisma 3.0 Tesla scanner equipped with a 64-channel head coil (Siemens Healthineers, Erlangen, Germany). All images from participants in dataset 2 were collected using a Discovery MR750w 3.0 Tesla scanner equipped with a 24-channel head coil (GE Healthcare, Chicago, Illinois, United States).

We applied a newly developed neuroimaging technique, namely neuromelanin-sensitive magnetic resonance imaging, to create individual hand-drawn VTA and SN templates for dataset 1. This imaging technique can visualize tissues containing neuromelanin, such as the SN, and has been utilized in neuroimaging studies to examine the SN and VTA (14–17). The neuromelanin-sensitive MRI used the following pulse sequence: T1-weighted fast spin echo (TR/TE = 24.0/2.20 ms, field of view = 220 mm2, matrix = 320 × 320, voxel size = 0.3 × 0.3 × 2.5 mm3) with an acquisition time of 7 min 12s.

Blood oxygen level-dependent functional MR imaging (BOLD fMRI) data for dataset 1 were acquired using the following pulse sequence: single-shot echo-planar sequence (TR/TE = 2,500/30 ms, flip angle = 80°, field of view = 212 mm2, matrix = 64 × 64, voxel size = 3.3 × 3.3 × 4.0 mm3) with an acquisition time of 10 min 17s. Thirty-eight contiguous slices were acquired. Whole-brain high-resolution anatomical image data were obtained using the following pulse sequence: T1-weighted 3D MPRAGE (TR/TE = 1,900/2.53 ms, flip angle = 9°, field of view = 212 mm2, matrix = 256 × 256, voxel size = 1.0 × 1.0 × 1.0 mm3) with an acquisition time of 4 min 26s. For dataset 2, BOLD fMRI data were acquired using the following pulse sequence: single-shot echo-planar sequence (TR/TE = 2,500/30 ms, flip angle = 80°, field of view = 212 mm2, matrix = 64 × 64, voxel size = 3.3 × 3.3 × 4.0 mm3) with an acquisition time of 10 min 17 sec. Forty contiguous slices were acquired. Whole-brain high-resolution anatomical image data were obtained using the following pulse sequence: T1-weighted 3D FSPGR (TR/TE = 7.7/3.1 ms, flip angle = 11°, field of view = 240 mm2, matrix = 256 × 256, voxel size = 1.0 × 1.0 × 1.2 mm3), with acquisition time of 4 min 26s.

Creating VTA and SN ROIs

Criteria for Creating Hand-Drawn VTA and SN ROIs

Regions of interest (ROIs) were hand-drawn on neuromelanin-sensitive MR images of individual participants in dataset 1 using FSLView, which is a viewer function of FSL (18). First, the SN was defined as a high intensity area in the midbrain. Then, the VTA was defined along the SN. The ventral margin of the VTA was defined along the margin of the midbrain. The lateral margin of the VTA was defined as the medial margin of the SN. The rostral margin of the VTA was defined as lying at the same level as the red nucleus, which was depicted as a low intensity area (Figure 1). Two authors (YN and SK) independently defined the VTA and SN for dataset 1, and the obtained volumes had substantial reliability within the two raters (SN: ICC(2,k) = 0.68, VTA: 0.73).
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FIGURE 1. One example of the midbrain axial slice and hand-drawn ROIs. The left panel depicts the midbrain axial slice of one participant. The right panel depicts hand-drawn VTA and SN ROIs. Red, Ventral tegmental area; Blue = Substantia nigra.



Asian Template of the Midbrain ROIs

To create normalized templates for the Asian populations, each participant's neuromelanin-sensitive MR image was linearly transformed into an anatomical image space and a transfer matrix (matrix i) was created using FMRIB's linear image registration tool (FLIRT), which is implemented in FSL (19). Subsequently, the participant's anatomical image was linearly transformed into the standard space and a matrix for this transfer (matrix ii) was created using FLIRT. These two matrixes (matrix i and matrix ii) were then concatenated to create a matrix for a linear transfer from a neuromelanin-sensitive MR image space to the standard space (matrix iii). Each participant's hand-drawn ROIs were transferred to the standard space using matrix iii with FLIRT. Then, all normalized individual ROIs were binarized, consisting of a value of 1 for regions within each ROI and 0 for regions outside the ROI, and averaged across all participants using fslmaths tool as implemented in FSL. Averaged VTA and SN ROIs were considered as normalized probabilistic templates for VTA and SN, respectively.

Voxel-Based Morphometry Analysis for the Midbrain Region in Asian and Caucasian Populations

We performed voxel-based morphometry (VBM) analysis to examine the morphological differences between Caucasian and Asian brains. T1-weighted images in Caucasian and Asian samples from dataset 2 were processed with FMRIB Software Library VBM (FSL-VBM) (18), using VBM (20, 21). First, skull, dura, and other nonbrain tissues were removed with the brain extraction tool (22). Next, tissue type segmentation was preformed using FMRIB's Automated Segmentation Tool (FAST4) (23). The resulting gray matter partial volume images were then aligned to MNI152 standard space using the affine registration tool FLIRT, followed optionally by nonlinear registration using FMRIB's nonlinear image registration tool (FNIRT), which uses a b-spline representation of the registration warp field (24). The resulting images were averaged to create a study-specific template, to which the native gray matter images were then nonlinearly reregistered. To correct for local expansion or contraction, we modulated the registered partial-volume images by division with the Jacobian of the warp field. The modulated segmented images were then smoothed with an isotropic Gaussian kernel with a sigma of 2 mm. To compare gray matter volumes in the midbrain between Asian and Caucasian samples, we performed an independent t-test. A voxelwise statistical map was computed using permutation testing, using a false-positive cutoff of 5% corrected for multiple comparisons. To examine details of the differences of midbrain volumes in the midbrain region, we applied a midbrain anatomical template from Harvard-Oxford subcortical structural atlas (25, 26) to a voxelwise statistical map.

Preprocessing rs-fMRI Data

Conventional preprocessing was performed for dataset 1 and dataset 2 using tools from the FMRIB Software Library (FSL Version 5.0; http://www.fmrib.ox.ac.uk/fsl/) package (18, 27, 28). fMRI data were preprocessed as follows: (1) head motion correction by realigning the time series to the middle volume (29), (2) removing non-brain material using the brain extraction tool (22), (3) slice-timing correction using Fourier-space phase shifting, aligning to the middle slice (30), (4) image smoothing with a 5-mm full-width at half-maximum Gaussian kernel, (5) high-pass filtering with a 150 s cutoff, (6) low-pass filtering with a 1 s cutoff and (7) grand-mean intensity normalization using a single multiplicative factor. To remove the effects of time-points that were corrupted by large motion (motion outliers) from the analysis, a confound matrix was created to be used at the participant level analysis using FSL's toolbox (31). Head motion, which lied outside 1.5 times the interquartile range above the upper quartile of head motion across the whole scan, was defined as a motion outlier. This confounder matrix also included a time series extracted from individual white matter and cerebrospinal fluid regions. Before group analyses, the high-resolution anatomical image was normalized to the MNI avg152 T1-weighted template (2-mm isotropic resolution) using a nonlinear transformation with a 10-mm warp resolution, as implemented by FSL's fMRI non-linear registration tool.

Seed-Based Functional Connectivity Analysis

Functional Connectivity Maps of Hand-Drawn ROIs

For dataset 1, connectivity maps of each ROI were created using hand-drawn VTA and SN ROIs. First, a matrix (matrix 1) to transfer a neuromelanin-sensitive MR image space to an anatomical image space was calculated using FLIRT. Second, a matrix (matrix 2) to transfer from an anatomical image space to a functional image space was calculated using FLIRT. Third, matrix 1, and matrix 2 were combined to transfer hand-drawn VTA and SN images from a neuromelanin-sensitive MR image space to a functional image space using FLIRT (matrix 3). Finally, hand-drawn VTA and SN regions were transferred to a functional image space from a neuromelanin-sensitive MR image space using matrix 3.

Time-series extraction from each hand-drawn ROI was performed on non-smoothed preprocessed fMRI data. To create functional connectivity maps, the extracted time-series from hand-drawn VTA and SN ROIs were included in a regression model (the general linear model; GLM) using FSL's fMRI Expert Analysis Tool (FEAT). This model also included a confounder matrix. In the participant-level analysis, four contrasts were created as follows: (1) VTA connectivity map, (2) SN connectivity map, (3) VTA-SN connectivity map, and (4) SN-VTA connectivity map. Individual contrast maps entered the group-level analysis to perform one sample t-tests. Clusters that survived p < 0.05 (a cluster-extent based threshold for a family-wise error (FWE) correction) were considered as significant.

Functional Connectivity Maps of Asian Template Seeds

For dataset 1 and dataset 2, connectivity maps using VTA and SN seeds were created. VTA and SN seeds were generated based on normalized probabilistic templates for VTA and SN. A 3 mm-sphere at the peak of mass for the VTA template was created as the VTA seed and a 3 mm-sphere at the bilateral peaks of mass for each SN template were created and merged as the SN seed.

To create connectivity maps using each seed, time-series extraction from each seed was performed on non-smoothed preprocessed fMRI data. The extracted time-series data and a confounder matrix entered the regression model and participant-level contrasts were created for the VTA connectivity map, SN connectivity map, VTA-SN connectivity map, and SN-VTA connectivity map. These contrasts entered the group-level analysis to perform one sample t-tests. Clusters that survived p < 0.05 (a cluster-extent based threshold for FWE correction) were considered as significant.

RESULTS

Hand-Drawn VTA and SN ROIs

The mean volume of the VTA and SN ROIs across all participants in dataset 1 was 357.63 ± 108.35 mm3 and 1087.70 ± 227.53 mm3 (mean ± SD), respectively. Our VTA ROI was significantly smaller than published VTA templates (p = 0.022), whereas our SN ROI did not differ from the published SN template (p = 0.132) (8). Figure 1 shows an example of the hand-drawn VTA and SN ROIs for a participant.

Morphological Differences in the Templates and Midbrain Between Asian and Caucasian Populations

The Peak Voxels of Each Probabilistic Template

The peak coordinate of the Asian VTA probabilistic template was [x, y, z] = [−2, −20, −18], while that of published VTA was [x, y, z] = [−2, −14, −18]. The peak coordinate of the Asian SN probabilistic template was [x, y, z] = [−6, −20, −18] (left side) and [8, −24 −18] (right side), whereas that of published SN was [x, y, z] = [−12, −22, −10] (left side) and [12, −20, −12] (right side). To examine the locations of probabilistic templates, we overlaid the Asian and Caucasian templates on individual Asian anatomical brain from dataset 2 and Caucasian anatomical brain respectively (Figures 2, 3). Our templates fit well with each of the Asian midbrain regions. In contrast, Caucasian templates were located more anteriorly, and the anterior part of these templates covered the fourth ventricle, compared to the Asian templates (Figures 2, 3).
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FIGURE 2. Morphological differences between Asian and published VTA templates. Asian (red) and published (yellow) templates of VTA transferred to an individual space were overlay on an Asian sample from dataset 2 (the upper raw), and that of VTA templates were overlay on a Caucasian template (the bottom row).




[image: image]

FIGURE 3. Morphological differences between Asian and published SN templates. Asian (red) and published (yellow) templates of SN transferred to an individual space were overlay on an Asian sample from dataset 2 (the upper raw), and that of SN templates were overlay on a Caucasian template (the bottom row).



Volumes of the Midbrain

The independent t-test showed that gray matter volumes in the midbrain in the Caucasian samples were larger than that of the Asian samples from the dataset 2 (p < 0.001). The peak voxel was in the medial posterior part of the midbrain ([x, y, z] = [6, −40, −24]).

Functional Connectivity Maps of Hand-Drawn ROIs

Functional Connectivity Map of Each ROI

Of the 16 participants in dataset 1, 13 rs-fMRI data were available for the analysis. The hand-drawn VTA connectivity map included the midbrain (VTA), while that of the SN included the midbrain (SN), thalamus, pallidum, posterior cingulate cortex (PCC), and angular gyrus (Figure 4, Table 1).
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FIGURE 4. Significant VTA and SN functional connectivity maps. p < 0.05, whole-brain corrected. Red clusters = VTA contrast, Blue clusters = SN contrast.




Table 1. Peak coordinates of regions of each connectivity map.
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Differences Between Connectivity Maps of Each ROI

We also observed distinct functional connectivity maps of the VTA and SN. Compared to the SN connectivity map, the VTA connectivity map showed greater functional connectivity in the caudate/white matter (Figure 6). Conversely, compared to the VTA connectivity map, the SN connectivity map showed greater functional connectivity in the PCC, lateral occipital cortex, thalamus, paracingulate gyrus, and inferior frontal gyrus (Figure 6).

Functional Connectivity Maps of Asian Template Seeds

Functional Connectivity Map of Each Seed

In dataset 1, the connectivity map of the Asian-VTA seed included the midbrain (VTA), brain stem, and PCC, while that of the Asian-SN seed included the midbrain (SN), thalamus, pallidum, and occipital fusiform gyrus (Figure 5, Table 1). These maps were similar to the functional connectivity maps of the hand-drawn VTA and SN ROIs.
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FIGURE 5. Significant VTA and SN functional connectivity maps. p < 0.05, whole-brain corrected. Red clusters = VTA contrast, Blue clusters = SN contrast.



In dataset 2, the connectivity map of the Asian-VTA seed included the midbrain (VTA), frontal pole, precuneus, lateral occipital cortex, cerebellum, amygdala, and middle temporal gyrus, whereas that of the Asian-SN seed included the midbrain (SN), thalamus, pallidum, angular gyrus, PCC, precuneus, and superior frontal gyrus (Figure 5, Table 1). These maps overlapped notably with the connectivity maps derived from dataset 1.

Differences Between Connectivity Maps of Each Seed

In dataset 1, compared with the Asian-SN connectivity map, the Asian-VTA connectivity map showed greater functional connectivity in the midbrain (VTA) and middle temporal gyrus (Figure 6), whereas the Asian-SN connectivity map showed greater functional connectivity in the midbrain (SN) and occipital fusiform gyrus, in comparison with that of the VTA (Figure 6).
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FIGURE 6. Significant differences in functional connectivity maps between VTA and SN seeds. p < 0.05, whole-brain corrected. Yellow clusters, VTA > SN contrast; Green clusters, SN > VTA contrast.



In dataset 2, compared to the Asian-SN connectivity map, the Asian-VTA connectivity map showed greater functional connectivity in the precentral gyrus, superior temporal gyrus, lateral occipital cortex, and frontal pole (Figure 6). Conversely, compared with the VTA connectivity map, the SN connectivity map showed greater functional connectivity in the midbrain (SN), frontal operculum cortex, central opercular cortex, supramarginal gyrus, and frontal pole (Figure 6).

DISCUSSION

We created VTA and SN templates using hand-drawn ROIs for the Asian population. The Asian-VTA template was smaller and located in the more posterior part of the midbrain compared to that of the published VTA template, whereas the Asian-SN template, relative to that of the published SN, did not differ in the size, but was located more inferiorly.

As we expected, seed-based functional connectivity analysis segregated distinct functional connectivity maps for the Asian VTA and SN seeds. These maps from dataset 2 were similar to the connectivity maps of hand-drawn VTA and SN ROIs from dataset 1. Connectivity maps of the Asian seeds from dataset 2 overlapped with connectivity maps from dataset 1. In addition, connectivity maps of the Asian VTA and SN seeds shared regions with connectivity maps of published VTA and SN seeds. Considering these results, our normalized templates of the VTA and SN would be of utility as anatomical templates for neuroimaging studies in Asian populations.

VTA and SN Templates for Asian Populations

Previous MRI studies have reported SN volumes, which were measured based on MRI images, of nearly 1,000 mm3[1,103.7 mm3 (32), 1,006 mm3 (33), and 972.38 mm3 (8)], which approximate our SN ROI volume (1087.70 ± 227.53 mm3). In contrast, VTA volumes have rarely been reported and the values are inconsistent: 1018 mm3 (34), 159.9 mm3 (35), and 440.98 mm3 (8), all of which are quite different from our VTA ROI volume (357.63 ± 108.35 mm3). These inconsistencies in VTA volumes are likely caused by morphological traits of the VTA. Since the VTA is small and is contiguous with the SN, extra caution would be required to segregate the VTA and SN. In addition, methodological differences among studies could be another cause of these inconsistencies; one study used a 7-Tesla MRI scanner (35), whereas the others used 3-Tesla MRI scanners (8, 34). Further studies are needed to determine the applicable VTA ROI using MRI.

The probabilistic Asian-VTA template was well localized within the central part of the midbrain. The most probable region of the VTA template was localized on slightly left of center of the midbrain at the same horizontal level as the red nucleus. The probabilistic Asian-SN template was contiguous with the VTA template and localized within the midbrain. The most probable region of the SN template was located at the same horizontal level as the VTA template and at a more lateral part of the midbrain. Altogether, these Asian templates represent morphological traits of the human VTA and SN (36).

Morphological Differences in the Midbrain Area Between the Asians and Caucasians

The Asian-VTA template was smaller and located in the more posterior part of the midbrain compared to that of the published VTA template, whereas the Asian-SN template, relative to that of the published SN, did not differ in size but was located more downwards. In our samples, gray matter volume of the Asian samples was smaller than that of the Caucasian samples. Although, to the best of our knowledge, there has been no study to compare the Caucasian and Asian VTA or SN templates directly, some studies have compared the brain structures between Asians and Caucasians. A previous morphological MR image study has reported that volumes of the brain stem of Eastern Asians were greater than that of the Caucasians (9). Whereas, a morphological study has reported that the brain stem of Eastern Asian samples was smaller than that of Caucasian samples (10), and another study has showed that total intracranial volume of Eastern Asian samples was smaller than that of Western Asian samples (11). Although that previous findings about of brain morphological differences among races are not consistent, it is likely that the midbrain regions morphologically differ between ethnicities as we have observed in this study.

Neural Networks of VTA and SN Templates

Functional connectivity is defined as the temporal dependence of neuronal activity patterns of anatomically separated brain regions. Functional connectivity between brain regions, as determined by the co-activation of functional MRI time-series at rest, is purported to reflect functional relationships among such regions (37). Accordingly, seed-based connectivity analysis of rs-fMRI data is likely to be adequate to segregate neural networks of the VTA and SN.

With respect to the VTA neural network, the connectivity map of the hand-drawn VTA was similar to that of the Asian-VTA seed in dataset 1. Significant overlap was observed in the midbrain. In contrast, some parts of the connectivity map of the Asian-VTA seed from dataset 2 did not overlap with that of the hand-drawn and Asian-VTA seed from dataset 1, such as the frontal pole, precuneus, and lateral occipital cortex.

The connectivity map of the hand-drawn SN from dataset 1 significantly overlapped with that of the Asian-SN seed from dataset 1 in the midbrain regions, thalamus, and pallidum. Additionally, the connectivity map of the hand-drawn SN also overlapped with that of the Asian-SN seed from dataset 2 in the midbrain region, thalamus, pallidum, and angular gyrus. However, some parts of the connectivity map from dataset 2 did not overlap with that of the hand-drawn or Asian-SN seed from dataset 1 (e.g., PCC, precuneus, and superior frontal gyrus). Using different MRI scanners could lead these discrepancies in connectivity maps for the VTA or SN. In addition, differences in sample sizes is another possible cause of these discrepancies. In addition, morphological difference between the hand-drawn ROIs and the Asian-seeds could cause minor differences in each neural network from the same dataset (dataset 1).

Our results partially replicated previous findings. Murty et al performed seed-based functional connectivity analysis on rs-fMRI data using their VTA and SN seeds. They reported that the VTA had significant connectivity with the anterior brain stem and subgenual cingulate compare to that of SN; these results were also observed in the current study (8). Tomasi and Volkow also performed seed-based rs-fMRI connectivity analysis using VTA and SN masks created based on coordinates. They reported that the VTA had significant connectivity with the amygdala and the SN was connected to the pallidum and thalamus, as we observed in the current study (38).

Unlike the results of Murty et al. (8), there was no significant difference in the connectivity maps between VTA and SN seeds in the superior parietal lobule, pre-/postcentral gyrus, superior frontal gyrus, supplementary motor cortex. These inconsistencies are likely due to different sample sizes and morphological differences in templates. To create VTA and SN templates and perform a seed-based connectivity analysis, Murty et al. recruited 50 participants, while we collected 13 samples for dataset 1 and 61 samples for dataset 2. In addition, the peak voxel coordinates of published templates are different from our data. Considering these differences in sample size and templates, we thus did not find differences between connectivity maps of VTA and SN in the regions they have reported by them.

Previous animal and human anatomical studies have reported that the VTA significantly contributes to the mesolimbic and mesocortical pathways including the ventral striatum, amygdala, and prefrontal cortex, whereas the SN contributes to the nigrostriatal pathway including the caudate, putamen, pallidum, and thalamus (12, 39–41). Consistent with previous non-human primate studies, we found that the VTA had neural connectivity with the amygdala, prefrontal cortex, while the SN was connected to the pallidum and thalamus (42). Furthermore, a human anatomical neuroimaging study using diffusion tensor imaging showed that the VTA has significant connectivity with the whole brain, including the amygdala and prefrontal cortex, and the SN is connected to the pallidum and thalamus, consistent with our results (43). Overall, the neural networks of our normalized templates included brain regions that have been reported to have anatomical neural connections with the VTA and SN.

Limitations

The present results haveto be considered in light of the following limitations. First, the template we created would not necessarily represent the VTA and SN in the general population because of the relatively small sample size. However, we confirmed that the templates fit well with all Asian brains from dataset 2 and connectivity maps of the hand-drawn ROIs were similar to those derived from normalized seeds in the same dataset. In addition, connectivity maps of normalized seeds in dataset 1 were similar to those in dataset 2. Considering these results, our templates likely represent the VTA and SN in Asians is advisable. However, replication of these results via a study with a relatively large sample of Asians would be advised. Second, although the VTA and SN are the major source of dopamine, the neural networks we observed would not necessarily be the dopaminergic neural networks because rs-fMRI cannot reveal neural networks that depend on specific neurotransmitters. Further studies are required, such as nuclear MRI studies (44) to examine dopaminergic neural networks of the VTA and SN. Third, rs-fMRI data cannot revealed neural networks that are active during task execution. Given that an animal study showed different neural networks activations in the VTA and SN in a task-contingent manner (45), a task-based study or a study including an index of task-dependent neural activity is required to understand these task-dependent neural networks of the VTA and SN.

Conclusion

We created VTA and SN templates for Asian population, which fit well on Asian midbrains. In addition, a seed-based functional connectivity analysis using hand-drawn VTA and SN regions as well as normalized VTA and SN seeds showed that connectivity maps for hand-drawn ROIs and normalized seeds were similar to each other in dataset 1. Furthermore, connectivity maps of normalized seeds in dataset 1 overlapped notably with connectivity maps from dataset 2. Besides, in dataset 1 and 2, a seed-based functional connectivity analysis using hand-drawn ROIs or normalized seeds showed distinct connectivity maps for each seed. Given these results, our templates of the VTA and SN likely reflect the VTA and SN in healthy Asian populations.

AUTHOR CONTRIBUTIONS

YN analyzed data and drafted the manuscript. SK supervised data analysis and drafted the manuscript. NO, AK, and KK contributed to obtaining MRI dataset 2. All authors approved the final manuscript.

FUNDING

This research was supported in part by AMED under Grant Number JP17dm0107120 and 17dm0207004h0004. This work was also supported in part by The UTokyo Center for Integrative Science of Human Behavior (CiSHuB) and the International Research Center for Neurointelligence (WPI-IRCN) at The University of Tokyo Institutes for Advanced Study (UTIAS).

REFERENCES

 1. Bromberg-Martin ES, Matsumoto M, Hikosaka O. Dopamine in motivational control: rewarding, aversive, and alerting. Neuron (2010) 68:815–34. doi: 10.1016/j.neuron.2010.11.022

 2. Salamone JD, Correa M. The mysterious motivational functions of mesolimbic dopamine. Neuron (2012) 76:470–85. doi: 10.1016/j.neuron.2012.10.021

 3. Schultz W. Multiple dopamine functions at different time courses. Annu Rev Neurosci. (2007) 30:259–88. doi: 10.1146/annurev.neuro.28.061604.135722

 4. Bissonette GB, Roesch MR. Development and function of the midbrain dopamine system: what we know and what we need to. Genes Brain Behav. (2016) 15:62–73. doi: 10.1111/gbb.12257

 5. Rodríguez-Violante M, Zerón-Martínez R, Cervantes-Arriaga A, Corona T. Who can diagnose Parkinson's disease first? role of pre-motor symptoms. Arch Med Res. (2017) 48:221–7. doi: 10.1016/j.arcmed.2017.08.005

 6. Morales M, Margolis EB. Ventral tegmental area: cellular heterogeneity, connectivity and behaviour. Nat Rev Neurosci. (2017) 18:73–85. doi: 10.1038/nrn.2016.165

 7. Jasinska AJ, Stein EA, Kaiser J, Naumer MJ, Yalachkov Y. Factors modulating neural reactivity to drug cues in addiction: a survey of human neuroimaging studies. Neurosci Biobehav Rev. (2014) 38:1–16. doi: 10.1016/j.neubiorev.2013.10.013

 8. Murty VP, Shermohammed M, Smith DV, Carter RM, Huettel SA, Adcock RA. Resting state networks distinguish human ventral tegmental area from substantia nigra. NeuroImage (2014) 100:580–9. doi: 10.1016/j.neuroimage.2014.06.047

 9. Tang Y, Hojatkashani C, Dinov ID, Sun B, Fan L, Lin X, et al. The construction of a Chinese MRI brain atlas: a morphometric comparison study between Chinese and Caucasian cohorts. NeuroImage (2010) 51:33–41. doi: 10.1016/j.neuroimage.2010.01.111

 10. Rao NP, Jeelani H, Achalia R, Achalia G, Jacob A, Bharath RD, et al. Population differences in brain morphology: need for population specific brain template. Psychiatry Res Neuroimag. (2017) 265:1–8. doi: 10.1016/j.pscychresns.2017.03.018

 11. Chee MWL, Zheng H, Goh JOS, Park D, Sutton BP. Brain structure in young and old East Asians and Westerners: comparisons of structural volume and cortical thickness. J Cogn Neurosci. (2011) 23:1065–79. doi: 10.1162/jocn.2010.21513

 12. Purves D, Augustine GJ, Fitzpatrick D, Katz LC, LaMantia AS, McNamara JO, et al. Circuits Within the Basal Ganglia System (2001). Available online at: https://www.ncbi.nlm.nih.gov/books/NBK10847/

 13. Nooner KB, Colcombe SJ, Tobe RH, Mennes M, Benedict MM, Moreno AL, et al. The NKI-rockland sample: a model for accelerating the pace of discovery science in psychiatry. Front Neurosci. (2012) 6:152. doi: 10.3389/fnins.2012.00152

 14. Isaias IU, Trujillo P, Summers P, Marotta G, Mainardi L, Pezzoli G, et al. Neuromelanin imaging and dopaminergic loss in Parkinson's disease. Front Aging Neurosci. (2016) 8:196. doi: 10.3389/fnagi.2016.00196/full

 15. Nakamura K, Sugaya K. Neuromelanin-sensitive magnetic resonance imaging: a promising technique for depicting tissue characteristics containing neuromelanin. Neural Regen Res. (2014) 9:759–60. doi: 10.4103/1673-5374.131583

 16. Pyatigorskaya N, Gallea C, Garcia-Lorenzo D, Vidailhet M, Lehericy S. A review of the use of magnetic resonance imaging in Parkinson's disease. Ther Adv Neurol Disord. (2014) 7:206–20. doi: 10.1177/1756285613511507

 17. Reimão S, Ferreira JJ. Neuromelanin MR imaging in Parkinson's disease. CNS J. (2016) 2:24–9. doi: 10.1159/000350291

 18. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, Johansen-Berg H, et al. Advances in functional and structural MR image analysis and implementation as FSL. NeuroImage (2004) 23(Suppl. 1):S208–219. doi: 10.1016/j.neuroimage.2004.07.051

 19. Andersson JLR, Jenkinson M. Non-linear Registration aka Spatial Normalisation. FMRIB Technial Report TR07JA2 (2007).

 20. Ashburner J, Friston KJ. Voxel-based morphometry–the methods. NeuroImage (2000) 11(6 Pt. 1):805–21. doi: 10.1006/nimg.2000.0582

 21. Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, Frackowiak RS. A voxel-based morphometric study of ageing in 465 normal adult human brains. NeuroImage (2001) 14(1 Pt. 1):21–36. doi: 10.1006/nimg.2001.0786

 22. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. (2002) 17:143–55. doi: 10.1002/hbm.10062

 23. Zhang Y, Brady M, Smith S. Segmentation of brain MR images through a hidden Markov random field model and the expectation-maximization algorithm. IEEE Trans Med Imaging (2001) 20:45–57. doi: 10.1109/42.906424

 24. Rueckert D, Sonoda LI, Hayes C, Hill DL, Leach MO, Hawkes DJ. Nonrigid registration using free-form deformations: application to breast MR images. IEEE Trans Med Imaging (1999) 18:712–21. doi: 10.1109/42.796284

 25. Frazier JA, Chiu S, Breeze JL, Makris N, Lange N, Kennedy DN, et al. Structural brain magnetic resonance imaging of limbic and thalamic volumes in pediatric bipolar disorder. Am J Psychiatry (2005) 162:1256–65. doi: 10.1176/appi.ajp.162.7.1256

 26. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. NeuroImage (2006) 31:968–80. doi: 10.1016/j.neuroimage.2006.01.021

 27. Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM. FSL. NeuroImage (2012) 62:782–90. doi: 10.1016/j.neuroimage.2011.09.015

 28. Woolrich MW, Jbabdi S, Patenaude B, Chappell M, Makni S, Behrens T, et al. Bayesian analysis of neuroimaging data in FSL. NeuroImage (2009) 45(Suppl. 1):S173–186. doi: 10.1016/j.neuroimage.2008.10.055

 29. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the robust and accurate linear registration and motion correction of brain images. NeuroImage (2002) 17:825–41. doi: 10.1006/nimg.2002.1132

 30. Sladky R, Friston KJ, Tröstl J, Cunnington R, Moser E, Windischberger C. Slice-timing effects and their correction in functional MRI. NeuroImage (2011) 58:588–94. doi: 10.1016/j.neuroimage.2011.06.078

 31. Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion. NeuroImage (2012) 59:2142–54. doi: 10.1016/j.neuroimage.2011.10.018

 32. Ogisu K, Kudo K, Sasaki M, Sakushima K, Yabe I, Sasaki H, et al. 3D neuromelanin-sensitive magnetic resonance imaging with semi-automated volume measurement of the substantia nigra pars compacta for diagnosis of Parkinson's disease. Neuroradiology (2013) 55:719–24. doi: 10.1007/s00234-013-1171-8

 33. Menke RA, Scholz J, Miller KL, Deoni S, Jbabdi S, Matthews PM, et al. MRI characteristics of the substantia nigra in Parkinson's disease: a combined quantitative T1 and DTI study. NeuroImage (2009) 47:435–41. doi: 10.1016/j.neuroimage.2009.05.017

 34. Yamashita F, Sasaki M, Fukumoto K, Otsuka K, Uwano I, Kameda H, et al. Detection of changes in the ventral tegmental area of patients with schizophrenia using neuromelanin-sensitive MRI. Neuroreport (2016) 27:289–94. doi: 10.1097/WNR.0000000000000530

 35. Eapen M, Zald DH, Gatenby JC, Ding Z, Gore JC. Using high-resolution MR imaging at 7T to evaluate the anatomy of the midbrain dopaminergic system. AJNR Am J Neuroradiol. (2011) 32:688–94. doi: 10.3174/ajnr.A2355

 36. Mai J, Majtanik M, Paxinos G. Atlas of the Human Brain. 4th edn. Massachusetts, MA: Academic Press (2016).

 37. van den Heuvel MP, Hulshoff Pol HE. Exploring the brain network: a review on resting-state fMRI functional connectivity. Eur Neuropsychopharmacol. (2010) 20:519–34. doi: 10.1016/j.euroneuro.2010.03.008

 38. Tomasi D, Volkow ND. Functional connectivity of substantia nigra and ventral tegmental area: maturation during adolescence and effects of ADHD. Cereb Cortex. (2014) 24:935–44. doi: 10.1093/cercor/bhs382

 39. Arias-Carrión O, Stamelou M, Murillo-Rodríguez E, Menéndez-González M, Pöppel E. Dopaminergic reward system: a short integrative review. Int Arch Med. (2010) 3:24. doi: 10.1186/1755-7682-3-24

 40. Dauer W, Przedborski S. Parkinson's disease: mechanisms and models. Neuron (2003) 39:889–909. doi: 10.1016/S0896-6273(03)00568-3

 41. Smith Y, Kieval JZ. Anatomy of the dopamine system in the basal ganglia. Trends Neurosci. (2000) 23(Suppl. 10):S28–33. doi: 10.1016/S1471-1931(00)00023-9

 42. Haber SN, Knutson B. The reward circuit: linking primate anatomy and human imaging. Neuropsychopharmacol (2010) 35:4–26. doi: 10.1038/npp.2009.129

 43. Kwon HG, Jang SH. Differences in neural connectivity between the substantia nigra and ventral tegmental area in the human brain. Front Hum Neurosci. (2014) 8:41. doi: 10.3389/fnhum.2014.00041

 44. Bartelle BB, Barandov A, Jasanoff A. Molecular fMRI. J Soc Neurosci. (2016) 36:4139–48. doi: 10.1523/JNEUROSCI.4050-15.2016

 45. Ilango A, Kesner AJ, Keller KL, Stuber GD, Bonci A, Ikemoto S. Similar roles of substantia nigra and ventral tegmental dopamine neurons in reward and aversion. J Soc Neurosci. (2014) 34:817–22. doi: 10.1523/JNEUROSCI.1703-13.2014

Conflict of Interest Statement: 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.

Copyright © 2018 Nakamura, Okada, Kunimatsu, Kasai and Koike. 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-09-00383-g005.gif
saneabOGY
%ﬁ&%@mmﬁ






OPS/images/fpsyt-09-00383-g006.gif
%ﬁﬁiﬁ%@gsg%w
e aobOHBE

B R AR GpRee





OPS/images/fpsyt-09-00383-g003.gif
Overlay on an Asian brain
Angerior

e v £y ‘N






OPS/images/fpsyt-09-00383-g004.gif
mswﬂw%{%&%@%

BRBHHBL0B0.





OPS/images/fpsyt-09-00383-t001.jpg
Region Cluster size (voxels) z-value

HAND-DRAWN ROIs (DATASET 1)
VTA seed

VA 1545
White matter 355
SN seed

SN 1767
Thalamus®

Palidum’

pCC 1031
Angular Gyrus (Right) 617
Angular Gyrus (Left 503
/ASIAN-VTA SEED (DATASET 1)

VIA 1281
Brain stem (Pons) o17
PCC 249
/ASIAN-VTA SEED (DATASET 2)

VIA 16625
Frontal pole 6476
Precuneus cortex 1769
Lateral occipital cortex 580
Cerebellum 227
Amygdala®

Middle temporal gyrus®

/ASIAN-SN SEED (DATASET 1)

SN 1219
Thalamus®

Pallidum’

Occipital fusiform gyrus 374
/ASIAN-SN SEED (DATASET 2)

SN 19229
Thalamus®

Palidum*

Angular gyrus 155
PCC 24
Precuneus 21
Superior frontal gyrus 10

*, subpeas.

533
365

4.99
4.60
365
4.45
429
3.96

6.26
459
4.08

14.8
5.45
4.90
4.70
4.30
5.36
5.47

534
298
297
a1

13.0
6.38
5.00
371
296
293
3.01

MNI coordinate

x;

-2
-20

-18
4
54

54

2
-18

10
-20
52

-24
20

y

-26

-28
-16
-16
—42
—54

-2
-20
-24

-24
38
—60
=72
-78
-8
-12

-22
-12
-16
—66

-22
—24
-12
=50

-52
18

z

-16
26

-18

-2
14
18
26





OPS/images/fpsyt-09-00383-g001.gif





OPS/images/fpsyt-09-00383-g002.gif
Overlay on an Aslan brain
Anterior

Right
Overlay on a Caucasian brain






OPS/images/cover.jpg
’ frontiers
in Psychiatry

Anatomical Templates of the
Midbrain Ventral Tegmental Area
and Substantia Nigra for Asian
Populations









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychiatry





