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Definition


The human brainstem plays important roles in maintaining basic vital functions. In comparison with brain functional magnetic resonance imaging (fMRI), only a few fMRI studies investigating the brainstem have been reported because of a number of technical challenges. This entry briefly introduces technical difficulties, recent advances, and further directions of brainstem fMRI in humans.
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1. Introduction


The human brainstem plays important roles in maintaining basic vital functions, e.g., respiration, swallowing, and walking. The brainstem nuclei play essential roles in the regulation of behavior and cognition via cortical/subcortical projections and nerves originating from the nuclei [1]. For instance, the brainstem nuclei for vagal motor innervation are the nucleus ambiguus and dorsal motor nucleus of the vagus, and the final motoneurons are the ganglia in the lower respiratory tract and lung, the cardiac ganglion, and enteric neurons in the abdominal organs. The vagus nerve supplies the pharynx, larynx, and esophagus (general motor and sensory); the thorax and abdomen (visceral); and the thoracic and abdominal organs (parasympathetic nerve endings). Parasympathetic neurons in the dorsal vagus motor nucleus innervate the ganglia in the gastrointestinal wall and other abdominal organs. The motor nucleus modulates visceral motor function, e.g., activities of the gastrointestinal smooth muscle. The brainstem nucleus for the vagal sensory innervation is the nucleus tractus solitarius. As for the swallowing function, most of the motor or sensory nerves supplying to the pharynx originate from the pharyngeal plexus. The plexus consists of the branches of the glossopharyngeal nerve, vagus nerves, and superior cervical sympathetic ganglia. The pharyngeal muscles are innervated from the pharyngeal plexus (through the vagal pharyngeal branch), except the stylopharyngeus (innervated by the glossopharyngeal nerve) [2,3].



However, unlike a large amount of brain functional magnetic resonance imaging (fMRI) research, only a much less number of fMRI studies investigating the brainstem have been reported until now due to various technical challenges. This entry briefly introduces technical difficulties, recent advances, and further directions of brainstem fMRI in humans.




2. Technical Challenges of Brainstem fMRI


2.1. Motion Artifacts


Motion artifacts of the brainstem are a big challenge for fMRI research. Movements of brain tissues during fMRI scanning lead to displacements of voxels and thus influence voxel intensity. Motion artifacts stem from a number of sources including head movements, movements of the brainstem itself, cerebrospinal fluid (CSF) flux, and blood flow [4].



Head movements during MRI scanning cannot be totally avoided and are often treated with a rigid-body motion correction approach. In comparison with the voxel size, even a small amplitude of head motion can lead to the variation of voxel intensity in blood-oxygen-level-dependent (BOLD) fMRI images, thereby interfering with the detection of signal changes originating from cerebral activities. Motion correction tools including those in Automated Image Registration (AIR), Analysis of Functional NeuroImages (AFNI), FMRIB Software Library (FSL), and Statistical Parametric Mapping (SPM) can lead to improvements in the magnitude (up to 20%) and cluster size (up to 100%) of brain activations. Most motion correction methods apply a rigid-body algorithm, assuming that the shape of the brain is constant across volumes collected at different time points for the same subject. This rigid-body approach corrects translational and rotational motion [5].



Head motion correction may lead to acceptable results for motions of cerebral hemispheres and cerebellum if the amplitude of head movements fluctuates slightly. However, similar to the spinal cord, human brainstem has a thin profile. It is surrounded by cerebrospinal fluid, which cannot restrain small extents of brainstem motion relative to other parts of the brain, or motion of one part relative to other parts of the brainstem. The brainstem is therefore easily distorted by movements of various sources, in addition to rigid-body translational and rotational motions. The caudal part of the brainstem connects the cervical spinal cord, a structure nearly “floating” in the vertebral canal and highly influenced by motion [6]; movements of the cervical spinal cord result in brainstem motions, such as the elongation-contraction movement, which enhances distortion of the brainstem [7].



Both cardiac and pulmonary activities lead to brainstem distortions. Respiration evokes brainstem oscillation, in which the cranial and caudal parts of brainstem displacements do not synchronize but correspond with different respiratory phases (expiration or inspiration) [8,9,10]. Ventilatory chest movement may drive brainstem movements through spinal cord movements (e.g., chest motion→vertebral canal and nerve roots from the spinal cord→spinal cord→brainstem) or through CSF motion driven by respiratory circles.



Brainstem motion originated from cardiac activities also presents non synchronized displacements between caudal and rostral structures of the brainstem [11]. The cardiac activity leads to pulsatility of arteries supplying the brainstem including the basilar artery and vertebral artery, which causes brainstem movements.



Note that distortion includes changes in both shape and size of the brainstem, which cannot be corrected by using a rigid-body model.




2.2. Physiological Noise


Here, the physiological noise is introduced as factors except brainstem motion, although the physiological noise and brainstem motion may stem from the same sources (e.g., cardiac and pulmonary activities). For brainstem fMRI, both cardiac and pulmonary activities are also main sources of physiologically-originated noise, that is, BOLD signal changes in acquired images caused by the subject’s physiological factors but not brain activities. For example, the respiratory cycle is associated with lung volume changes and chest wall movements, which leads to a varying main static magnetic field (B0) originating from variations of oxygen concentration/spatial distribution in the lungs. Such respiratory-induced instability of BOLD-fMRI signals in the brainstem and cervical spinal cord is higher than the instability in more cranial regions of the brain [4]. In addition, the respiratory cycle also has impact on arterial CO2 partial pressure. The cardiac cycle influences cerebral blood flow and volume [12]. BOLD signal changes originating from these factors are noise contaminating signal variations induced by brain function changes.




2.3. Susceptibility-Induced BOLD Signal Losses/Distortions


The magnetic susceptibility of an object indicates its tendency to be magnetized when placed into a magnetic field. At 37 °C, the susceptibility of water is −9.05 × 10−6, and the susceptibilities of most human tissues are within ±10–20% of this value. At 20 °C and normal pressure (1013 mbar), the susceptibility of air is 0.36 × 10−6 [13,14]. Susceptibility artifacts originate from the difference in the magnetic susceptibility arising at an air-tissue or metal implant-tissue interface, resulting in changes in both location and intensity of voxels.



In BOLD fMRI, susceptibility-related field inhomogeneities near the interface of tissues/air with strong different magnetic susceptibilities produce signal losses and/or image distortions. These susceptibility-induced BOLD signal losses and distortions influence sensitivity of spinal cord fMRI and brainstem fMRI [15]. Even in less-affected regions such as the primary motor hand area, voxel shift values in raw echo-planar imaging (EPI) images may reach 5 mm [16].



The sphenoid and the air-filled sphenoid sinus are adjacent to the brainstem, causing magnetic susceptibility-induced BOLD sensitivity losses of the medulla and especially ventral pons [17]. The FieldMap toolbox calculates an unwrapped field map with collected field maps during data acquisition, converts the created field map to the voxel displacement map, and then unwarps geometrically distorted BOLD-fMRI images. This method or similar tools are helpful but can hardly achieve a satisfactory correction for the ventral part of the pons (Figure 1) [18].




2.4. Thermal Noise and Low-Frequency Drift


The temporal signal-to-noise ratio (tSNR) is a ratio between the average BOLD signal intensity during an fMRI session and the standard deviation of the BOLD signal intensity of the session. The brainstem presents much lower tSNR than cerebral and cerebellar tissues, demonstrating relatively small magnitudes of BOLD signal changes compared to noise in the brainstem [12].



Thermal fluctuations of scanned subjects and MR electronics during an fMRI session are sources of noise. In comparison with the cortex, a longer distance of the brainstem from the MR coil reduces coil sensitivity, which may increase impacts from the thermal noise at a higher spatial resolution [4]. SNR driven by thermal fluctuations varies linearly with voxel sizes [12]. A higher spatial resolution of fMRI images (i.e., a smaller voxel size) increases the capability to differentiate anatomical details but reduces the SNR. A large voxel size can increase SNR but reduce tSNR gains due to worse impacts from physiologic noise. To acquire the highest SNR at the cost of the minimum loss in spatial resolution, suggested voxel sizes for gray matter, white matter, and cerebral CSF at 3T MR images have been provided as 1.8 mm3, 2.1 mm3, and 1.4 mm3, respectively [19].



The baseline of BOLD signal drifts during an fMRI session, which is usually considered to originate from the instability of MR instruments [20]. The signal drift may be caused by intrinsic brain physiology [21] whereas the impact of this factor on the brainstem remains unknown.




2.5. Localizing Brainstem Nuclei


Prior to group data analysis, individual MRI data needs to be transformed to match a template (e.g., MNI standard brains) through affine registration, e.g., “normalization” with SPM software or linear intra- and inter-modal brain image registration with FMRIB’s Linear Image Registration Tool. Such a process aims to facilitate accurate coregistration of anatomical structures across all subjects. After normalization, the locations, scopes, and sizes of brain regions in each subject correspond to those in the template. The MNI or other templates can therefore establish a common three-dimensional coordinate system as a reference to consistently communicate and compare the functional anatomy across studies [22,23]. Since a number of nuclei are densely situated in the brainstem, small coregistration errors result in increased variance/decreased significance in detected activations [24].



The cross-sectional size of the brainstem is much smaller than that of brain hemispheres, and a number of brainstem nuclei have very small volumes [25]. Thus, differentiating brainstem nuclei is much harder than parcellating brain areas in cerebral hemispheres during fMRI data analysis. Cytoarchitectonic probability maps have been developed from the analysis of post-mortem human brain to correlate microscopically anatomical data and functional imaging data of the cerebral cortex [26]. However, there is no cytoarchitectonic probability map for human brainstem by now, and thus it is impossible to automatically determine anatomical correspondence to a brainstem template. Manually localizing/labeling brainstem nuclei is a common approach to establish anatomical correspondence in brainstem fMRI studies. Such a manual process may be time and resource consuming and lack a consistent standard.





3. Advances in Brainstem fMRI


After motion correction, brainstem and spinal cord fMRI data still need to remove effects of physiological noise by using physiological (e.g., pulse and respiratory) recordings as regressors in the General Linear Model. This approach needs to take physiological recordings during fMRI scanning (e.g., using a pulse oximeter and a respiratory bellows [27]), better with the concurrent recording of scanner triggers [28].



Cardiac gating can be applied to reduce cardiogenic noise when collecting brainstem fMRI data. However, this technique has several disadvantages: (1) Fluctuations in the duration of the repetition time (TR) induced by heart rate variability cause temporal fluctuations of the intensity in fMRI images. (2) Due to non-constant TRs in cardiac gating, a mean TR is needed during data analysis, which may not be supported by commonly-used fMRI softwares. (3) The cardiac gating method leads to relatively longer TR values, e.g., ranged approximately between 3.6 s and 4.6 s (an average value of 4.1 s) [7], which limits the time resolution of fMRI. Thus, collecting data with a standard fMRI sequence has been advocated. Independent component analysis finds that physiological noise is mainly detected at the junction area between the brainstem tissues and the adjacent CSF and blood vessels [4]. Brainstem masks are therefore used to prevent impacts driven by noise from the interface between the brainstem and surrounding tissues. The masked analysis has been applied successfully to resting-state brainstem fMRI data [29] and then used to analyze task-induced activations in the brainstem [18]. These brainstem masks are manually delineated on the basis of mean BOLD images, whereas a CSF mask can be automatically generated to extract nuisance regressors for the aCompCor-based method. The aCompCor approach regresses signal changes in the CSF out of BOLD signals in the statistical model because these signal changes are unlikely elicited by neuronal activities [30].



To reduce effects of small coregistration errors on detecting brainstem activations, the 2-stage mask guided registration technique has been developed to improved brainstem coregistration, and proven to generate a more consistent overlap of individual brainstem borders when compared to whole-brain coregistration methods [24]. Smoothing with a 4.5 mm-kernel combined with this mask guided registration method is proven to be sensitive for detecting activation of brainstem nuclei [7]. When using FSL normalization, activation of the trigeminal motor nucleus was detected by using 3 or 4.5 mm-kernel smoothing but not 6 mm-kernel smoothing [7]. Evidently, smoothing with a large kernel may “blur” localized activations and thus lead to loss in sensitivity. On the other hand, no smoothing or using small kernels may not well enable inter-subject consistency, which also reduces sensitivity. For example, compared to a 3 or 4 mm-kernel, smoothing with a 5 mm-kernel resulted in larger task-evoked activations in the brainstem [18]. No smoothing also resulted in more dispersed activation clusters in cortical areas and therefore appeared to be less sensitive in comparison with smoothing with a 6 mm-kernel [31].



To achieve brainstem segmentation, tissue probability maps for four classes of brainstem tissues (three gray-matters and one white-matter) acquired with 3 T MRI scanners have been generated, based on a brain specimen of a 57-year-old male subject. These four classes of brainstem tissues are well consistent with brainstem anatomy shown in MR microscopy at 9.4 T [32]. This method can be used to quantitatively analyze the internal architecture of the brainstem [33]. To study functional connectivity between the brainstem and cortical regions [34] or between different nuclei of the brainstem [35,36], it is necessary to define the exact scopes of brainstem nuclei. The cuneiform nucleus (CN) is located at the lateral side of the periaqueductal gray matter, and the pedunculopontine nucleus (PPN) is located at the lateral side of the CN. The CN controls high-speed locomotion whereas the PPN mediates slow/exploratory locomotion in vertebrates [37,38]. Localizing individual nuclei, e.g., the CN or the PPN on the basis of a histochemically defined atlas [25] has also been reported [18]. With higher magnetic susceptibility, iron-rich structures including the red nucleus and substantia nigra can be defined by using quantitative susceptibility mapping [39]. Visual correspondence between detected brainstem activations and an atlas has also been used to estimate the location of brainstem nuclei, e.g., in a study to explore the effect of stimulating the auricular branch of the vagus nerve on the nucleus tractus solitarii in humans [40]. Ultrahigh field (7T) MR scanners can provide a high spatial resolution (e.g., 1.2 mm isotropic voxels) and strong tissue contrast in BOLD images, thereby reducing misalignments between functional and anatomical MR images [41].




4. Further Directions


High quality of fMRI data is of primary importance for a research. Head movements during scanning are the main issue for brain fMRI studies. The real-time amplitude of head motion can be monitored [42] as an index to restart fMRI scanning. Notably, such real-time monitoring and a routine motion correction procedure in the pipeline of fMRI data analysis target movements of the entire head. However, the acceptable amplitude of head motion during scanning, e.g., less than 1- or 2-mm translation in x, y, and z axes, does not necessarily correspond to the same amplitude of brainstem motion. An accurate estimation of the extent of brainstem motion should originate from calculating displacements of the brainstem rather than the entire brain. As a precondition of such estimation, precise automatic segmentation of the brainstem and its surrounding tissues may be needed, similar to a skull-stripping process for brain images.



For the cervical spinal cord, slice-wise motion correction is better than volume-wise correction since the distortion of spinal cord driven by the cardiac and respiratory cycle varies along the cranial-caudal direction [43]. Similarly, because of nonsynchronized motions between different parts of the brainstem [8,9,10] and more localized impacts such as artery pulsations, rigid-body alignments across volumes of fMRI images (e.g., intrasubject registration) may not achieve accurate motion correction. Linear/nonlinear algorithms (e.g., affine models) [44] are therefore worthy to be tried to correct deformation of the brainstem. In previous studies, improvements after modeling of physiological noise [43] or using masks to exclude brainstem margins [18,29] may also benefit from eliminating effects of residual brainstem distortions after motion-correction process.



Brain [26,45] and spinal cord atlases [46,47] provide standard reference spaces for projecting functional changes to anatomical structures in fMRI studies. Although the brainstem atlas has not been developed, the relationship of histological staining-structure MRI [48] or detailed histological staining of the brainstem [25] have been reported. A brainstem template is needed to achieve an accurate corresponding relationship between histologically defined nuclei/white matter fiber and high-resolution MRI. Notably, brain templates generated from different populations (Caucasian and Chinese people) exhibit dramatic differences in supramarginal gyri and inferior frontal gyri in terms of deformation variability, which can reduce the performance of the brain segmentation and registration when a mismatched template is applied during spatial normalization. The sample size during template constructing process also influences the deformation variability in some brain regions, i.e., the frontoparietal control network and dorsal attention network [49].



Subject-specific functional organization of brainstem nuclei should also be noted. Inter-subject variability in functional mapping of cortical regions has been identified. Such cortical functional regions present strong inter-subject variation in size, location, and connectivity. Furthermore, the size and location of the cortical regions as well as the resting-state functional connectivity among these regions are related to the performance of human behavior. Interestingly, the inter-subject differences in size, location, or connectivity of cortical regions can bring dissociated information to explain the behavior of subjects [50,51]. Therefore, it is worthy to determine individual-specific functional organization of brainstem nuclei and evaluate the relationship between inter-subject variation and behavioral performance.
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Figure 1. Susceptibility-induced BOLD signals loss of the ventral pons in functional magnetic resonance imaging (fMRI) images. Normalized brainstem fMRI (A) and T1 images (B) of one subject in [18] are presented. The ventral pons appears to be “dark” in fMRI images because of susceptibility-induced loss of BOLD signals after correction with field maps. Thus, BOLD signal changes in this area cannot be reliably measured. These images are displayed with the SPM12 software (https://www.fil.ion.ucl.ac.uk/spm). The crosshairs in BOLD and T1 images indicate the same point in the Montreal Neurological Institute (MNI) space. BOLD signal losses are also obvious in the medial side of the temporal lobe besides in the ventral pons. 
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