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Although auditory information is processed in several subcortical nuclei, most fMRI studies focus solely on the auditory cortex and do not take brainstem responses into account. One common difficulty in obtaining clear functional brainstem recordings is due to heartbeat related motion, manifested in the rostro-caudal and in the ventro-dorsal directions in the contraction phase of the heart. The aim of this study was to investigate the effect of slice orientation on auditory functional magnetic resonance imagining (fMRI) measurements with respect to the pattern of brainstem oscillation. Fourteen healthy volunteers listened monaurally to modulated pink noise. Blood oxygenation level dependent (BOLD) contrast was performed with an echo-planar image (EPI) sequence using a 3 T MRI system. Three different slice orientations were compared: approximately parallel, at 45 degrees, and orthogonal to the brainstem. The standard deviation of the residuals, the effect size, the median t-values, and the number of activated voxels were calculated to quantify variability in activation between orientations. The data for the inferior colliculi indicated that a slice orientation with a 45 degrees angle to the brainstem yielded the lowest sensitivity to motion (reflected in the standard deviation of the residuals). By contrast, the results did not suggest differences between the three imaging planes on the scanning of the auditory cortex. Findings indicate that the 45 degrees slice orientation is the optimum orientation for accurate measurement at the upper brainstem level.

Introduction

Movement is unavoidable in living human beings, and since the fMRI BOLD effects are relatively small (1-5% signal changes), even a small amount of motion captured during an MRI can have an impact on acquisition [START_REF] Cox | Real-time 3D image registration for functional MRI[END_REF] and can lead, for example, to image degradation and false-positive fMRI activation. In particular, functional imaging of the brainstem is complicated by heartbeat-related motion, blood flow, cerebrospinal fluid movement, tissue deformation, and the small size of the nuclei. While there is a large body of research dealing with activation of the auditory cortex (AC), limited information exists on functional imaging of the subcortical auditory pathway [START_REF] Heßelmann | Functional magnetic resonance imaging of human pontine auditory pathway[END_REF]. The subcortical areas involved in auditory information processing include: the cochlear nucleus (CN), the superior olivary complex (SOC) at the lower brainstem level, the inferior colliculus (IC) in the upper brainstem, and the medial geniculate body (MGB) in the thalamus. The CN is located in the medulla and is approximately 2x2x5 mm [START_REF] Hawley | Effects of sound bandwidth on fMRI activation in human auditory brainstem nuclei[END_REF]). The SOC is located in the pons and is approximately 3x3x7 mm.

In humans, the largest nucleus of the SOC, the medial superior olive, has a rostrocaudal extent of about 2.6 mm and a dorso-ventral extent of 1.8-2.4 mm [START_REF] Bazwinsky | Characterization of the human superior olivary complex by calcium binding proteins and neurofilament H (SMI-32)[END_REF][START_REF] Marks | Determination of cerebral blood flow with a phase-contrast cine MR imaging technique: evaluation of normal subjects and patients with arteriovenous malformations[END_REF]).

The ICs are the major site of converging projections from both lower and higher brain centres, and are supplied by blood vessels of different shapes and sizes, resulting in subject-specific motion. The size of the IC is approximately 6x6x4 mm [START_REF] Hawley | Effects of sound bandwidth on fMRI activation in human auditory brainstem nuclei[END_REF]. This study addressed this gap in the literature by investigating the effect of slice orientation on auditory fMRI measurements with respect to the pattern of brainstem movement.

Motion of the brainstem arises from several correlated factors, such as vasculature (arteries and veins attached to the brainstem which cause a movement with each arterial pulsation), cerebrospinal fluid movement, and tissue deformation [START_REF] Feinberg | Human brain motion and cerebrospinal fluid circulation demonstrated with MR velocity imaging[END_REF]. During the systolic (contraction) phase of the cardiac cycle, i.e. when the vessels pulsate, the brain tissue moves in the finite cranial volume. Several authors [START_REF] Feinberg | Human brain motion and cerebrospinal fluid circulation demonstrated with MR velocity imaging[END_REF][START_REF] Enzmann | Normal flow patterns of intracranial and spinal cerebrospinal fluid defined with phase-contrast cine MR imaging[END_REF][START_REF] Poncelet | Brain parenchyma motion: measurement with cine echo-planar MR imaging[END_REF][START_REF] Greitz | Pulsatile brain movement and associated hydrodynamics studied by magnetic resonance phase imaging. The Monro-Kellie doctrine revisited[END_REF]) have described the motions of the brainstem in the rostro-caudal and in the ventro-dorsal directions in the contraction phase of the heart (cf. Figure 1 a-c). However, the reported values for displacement and velocity in the caudal direction of the lower and upper brainstem differ considerably between authors [START_REF] Feinberg | Human brain motion and cerebrospinal fluid circulation demonstrated with MR velocity imaging[END_REF][START_REF] Enzmann | Normal flow patterns of intracranial and spinal cerebrospinal fluid defined with phase-contrast cine MR imaging[END_REF][START_REF] Greitz | Pulsatile brain movement and associated hydrodynamics studied by magnetic resonance phase imaging. The Monro-Kellie doctrine revisited[END_REF][START_REF] Maier | Brain and cerebrospinal fluid motion: real-time quantification with M-mode MR imaging[END_REF]. Generally, the central structures show caudal motion shortly after the systolic phase of the cardiac cycle. The caudal displacement occurs first in the cerebellar tonsil (69% of cardiac cycle), followed by displacement in the medulla, pons, midbrain and hypothalamus. The lower brainstem (medulla) has smaller amplitude in mean-displacement than the upper brainstem (midbrain) while the ventro-dorsal direction shows a similar cephalic progression of the motion from the medulla to the midbrain, but smaller in amplitude. The medulla (CN) moves in directions opposite to those of the pons (SOC) and the midbrain (IC) late in the systolic phase of the cardiac cycle (94% of cycle). An additional and "somewhat surprising" difference according to [START_REF] Enzmann | Normal flow patterns of intracranial and spinal cerebrospinal fluid defined with phase-contrast cine MR imaging[END_REF] point of view is that cerebellar tonsils and lower brainstem, tractable by the spinal cord, have an earlier caudal motion than the upper brainstem (midbrain) and hypothalamus. In summary, the magnitudes of the lower brainstem and the upper brainstem motion reported in the literature appear to differ for the two directions due to the techniques used, or the group/individual analysis performed, covering the range from 0.11 mm with the cardiac cycle to approximately 2 mm with forced inspiration or breath-holding. The variability observed in the literature regarding the source and the amplitude of the displacement between the upper and lower brainstem remains rather unclear, suggesting that further studies are needed to clarify this issue. Motion of cerebral cortex (including the AC) with the cardiac cycle is only 10-20% of the brainstem motion [START_REF] Enzmann | Brain motion: measurement with phase-contrast MR imaging[END_REF][START_REF] Greitz | Pulsatile brain movement and associated hydrodynamics studied by magnetic resonance phase imaging. The Monro-Kellie doctrine revisited[END_REF]), approximately 0.05 -0.1 mm. Therefore, the present research focuses on the subcortical areas, where the motion represents a practical limit in imaging. Given the above arguments, it is expected that these differences in motion amplitude of the cortical and subcortical areas would be reflected in the fMRI data. Moreover, the present research assumes that the displacement of the brainstem in the cardiac cycle is 0.5 mm in 0.25 s.

One method used in past research to compensate for brainstem motion is to use cardiac gating, such that image acquisitions are synchronized to the phase of the cardiac cycle [START_REF] Vlaardingerbroeck | Magnetic resonance imaging[END_REF]. A pioneer study of auditory effects within the brainstem was conducted by Guimaraes and colleagues (1998) who used fMRI to demonstrate less signal variability when comparing cardiac gating to a non-gating condition in the inferior colliculi.

Stronger signal intensity for the gated vs. the non-gated stimulus was shown at the auditory cortex.

The authors report no significant difference of the BOLD response, only the standard deviation of the BOLD signal change was reduced at the inferior colliculi. Since their work, cardiac triggering has been frequently applied [START_REF] Melcher | Lateralized tinnitus studied with functional magnetic resonance imaging: abnormal inferior colliculus activation[END_REF][START_REF] Griffiths | Encoding of the temporal regularity of sound in the human brainstem[END_REF][START_REF] Harms | Sound repetition rate in the human auditory pathway: representations in the waveshape and amplitude of fMRI activation[END_REF][START_REF] Backes | Simultaneous sampling of event-related BOLD responses in auditory cortex and brainstem[END_REF][START_REF] Hawley | Effects of sound bandwidth on fMRI activation in human auditory brainstem nuclei[END_REF][START_REF] Sigalovsky | Effects of sound level on fMRI activation in human brainstem, thalamic and cortical centers[END_REF][START_REF] Schönwiesner | Hemispheric asymmetry for auditory processing in the human auditory brain stem, thalamus, and cortex[END_REF]). However, another line of research has performed scanning without cardiac gating, using different slice orientations [START_REF] Heßelmann | Functional magnetic resonance imaging of human pontine auditory pathway[END_REF][START_REF] Yetkin | Functional Magnetic Resonance Imaging of Activation in Subcortical Auditory Pathway[END_REF][START_REF] Langers | Lateralization, connectivity and plasticity in the human central auditory system[END_REF][START_REF] Kovacs | Activation of cortical and subcortical auditory structures at 3 T by means of a functional magnetic resonance imaging paradigm suitable for clinical use[END_REF]. For instance, Yetkin and colleagues (2004) and Langers and colleagues (2005) scanned a coronal plane orientation and they demonstrated consistent activation of the MGB and the IC and in a few cases activation of CN, SOC and lateral lemniscus. Using an axial plane orientation, Heßelmann and colleagues (2001), observed activation of only the lower brainstem (i.e. CN and SOC).

The objective of this study was to investigate the effect of slice orientation on the measured activity at the level of the brainstem and auditory cortex, and ignore the possible effect of cardiac gating. Building on the results mentioned above [START_REF] Heßelmann | Functional magnetic resonance imaging of human pontine auditory pathway[END_REF][START_REF] Yetkin | Functional Magnetic Resonance Imaging of Activation in Subcortical Auditory Pathway[END_REF][START_REF] Langers | Lateralization, connectivity and plasticity in the human central auditory system[END_REF][START_REF] Kovacs | Activation of cortical and subcortical auditory structures at 3 T by means of a functional magnetic resonance imaging paradigm suitable for clinical use[END_REF], it was assumed that the benefit of cardiac gating is negligible.

Motion of the brainstem consists in principle of an in-plane and a through-plane component.

The relative relevance of these components depends on the direction of motion with respect to slice orientation. Furthermore, brainstem motion is described to have components in the rostro-caudal and ventro-dorsal directions, based on cine MRI (e.g., [START_REF] Poncelet | Brain parenchyma motion: measurement with cine echo-planar MR imaging[END_REF][START_REF] Greitz | Pulsatile brain movement and associated hydrodynamics studied by magnetic resonance phase imaging. The Monro-Kellie doctrine revisited[END_REF]. If these components are in phase and of similar strength, which is our working hypothesis, then the resultant of these two components is at 45 degrees. Motion sensitivity is different between in-plane encoding (i.e. frequency and phase) and through-plane encoding (i.e. slice selection). Specifically, in-plane motion of spins (within gradient magnetic fields) modifies the phase of MR signals and shows the strongest effect if the motion is in the phase encoding direction, while through-plane motion of spins has an effect via the spin-history [START_REF] Muresan | Automated correction of spin-history related motion artefacts in fMRI: simulated and phantom data[END_REF]. Unperturbed spins, typically inflowing blood or cerebrospinal fluid (CSF), result in increased signal intensity. Other spins may, due to the through-plane motion, experience multiple radio frequency pulses in rapid succession, causing saturation and thus a signal decrease. These effects will not be stable over multiple volume acquisitions due to the different phases of the heartbeat. The variance in measured signal intensity will be highest when motion is largest. Thus, an appropriate measure of motion sensitivity is the analysis of the residual motion, rather than the number of activated voxels, because of the possible false-positive fMRI activations that might occur at the brainstem level. In the present study, the fMRI data were acquired with an isotropic voxel size (2x2x2 mm 3 ), and thus the main difference between orientations was the spatial encoding method for a given axis (i.e. frequencyencoding, phase-encoding, or slice selection).

Three different slice orientations perpendicular to the sagittal plane were used in the current experiment: orthogonal to the brainstem and to the rostro-caudal direction of motion of the brainstem-called orthogonal, parallel with the brainstem -named parallel, and at 45 degrees to the brainstem and to the already defined orientations -termed 45 degrees (see Figure 1d; Figure 2 a-c).

The phase direction was always left-to-right. The through-plane motion of the brainstem was expected to dominate the measured signal and be least reflected in the 45 degrees orientation plane.

A comparison with auditory cortex data was also performed, where according to the literature, the motion is small compared to the IC. 

Materials and methods

Subjects and task

Fourteen subjects participated in this study that was approved by the Medical Ethics Committee of Groningen. All participants had normal hearing (hearing loss < 20 dB). To minimize head movement during the scanning sessions, head padding and a strap were mounted on each side of the head coil and positioned on the subject's forehead. Datasets from four out of the 14 participants were excluded because of excessive sudden head motions (translation > 6 mm; rotation> 4 degrees), which occurred during the long scanning sessions (approximately 1.5 hours), either as a consequence of coughing or swallowing, or during a related response task. The mean and the standard deviation of absolute values of motion parameters of the remaining scans were 0.19 mm ± 0.08 mm for the translation and 0.03° ± 0.001° for the rotation. The data from ten participants (aged 23 to 33 years; 6 females; 1 left-handed) were analyzed. The light was dimmed during the experiments and the participants were blindfolded to minimize visual stimulation. The stimuli consisted of dynamic ripples generated by modulation of pink noise in the temporal and spectral domain. The stimuli were delivered separately to the left and right ear, with a duration of 8 s. The ripples were characterized by four parameters: the spectral modulation density of 1 cycle per octave, the temporal modulation frequency of 8 Hz, the modulation amplitude of 80 %, and an upward drift direction (cf. [START_REF] Langers | Spectrotemporal features of the auditory cortex: the activation in response to dynamic ripples[END_REF][START_REF] Langers | Lateralization, connectivity and plasticity in the human central auditory system[END_REF]. Stimuli were generated using a computer equipped with a digital-to-analog converter. The output of the converter was connected to the standard sound system of the MRI (Philips Medical Systems, Best, the Netherlands).

At the start of each experiment, the sound pressure level (SPL) was measured with the Brüel Kjaer (Naerum, Denmark) artificial ear Type 4153. Stimuli were presented at 75 dB SPL, after a reduction of sound level (max. 31 dB) by using earplugs. Due to technical modifications of the scanner, sound was delivered at 69 dB SPL for the last 6 participants. The participants had to report if the stimuli were perceived in the left or right ear, using an optically wired response box (FORP system, Current Designs Inc., Philadelphia, PA, USA). Stimuli were presented in pseudo random order and the numbers of right vs. left stimuli were balanced.

fMRI design

A sparse sampling fMRI design (TR = 12 s) was used, with a delay from the end of image acquisition until the beginning of the stimuli presentation of 1.5 s. The paradigm contained two stimuli (both either left or right), followed by a silent baseline (REST) condition (cf. [START_REF] Hall | Sparse" temporal sampling in auditory fMRI[END_REF], resulting in a series of 60 stimuli (30 right, 30 left), and 30 REST periods (Figure 2-d).

Data acquisition

Anatomical structures were identified using landmarks visible on the reference scan. The scanning planes intersected the CN, SOC, IC, MGB, and the AC. Images were collected using a 3T Philips Intera scanner (Philips Medical Systems, Best, the Netherlands) equipped with a 6-channel SENSE head coil. Each session included three functional scans and 3 anatomical scans each containing 41 slices oriented parallel, orthogonal and at 45 degrees to the brainstem (Figure 2 a-c).

The mean values and the standard deviation of the slice tilt relative to the AC-PC direction for the 10 subjects were 32 0 ± 2.77 for the 45 degrees, 77.24 0 ± 3.04 for the coronal, and -11. 

Data analysis

Individual EPI time series were processed using the Statistical Parametric Mapping software i . The preprocessing steps included: realignment, motion correction, and smoothing using an isotropic 3-mm Gaussian kernel. Data were not normalized. After applying the general linear model, the following contrasts were made: left stimuli vs. REST and right stimuli vs. REST. The tmaps were overlaid on top of the mean -realigned EPI images after applying a threshold of t ≥ 3.21 (corresponding to p < 0.001, uncorrected for multiple comparisons).

The regions of interest (ROI) were defined based on the activation clusters. Specific anatomical landmarks [START_REF] Gebarski | The cochlear nuclear complex: MR location and abnormalities[END_REF][START_REF] Yetkin | Functional Magnetic Resonance Imaging of Activation in Subcortical Auditory Pathway[END_REF][START_REF] Hawley | Effects of sound bandwidth on fMRI activation in human auditory brainstem nuclei[END_REF]Sigalowsky and Melcher 2006) and sketches from [START_REF] Duvernoy | The Human Brain Stem and Cerebellum: Surface, Structure, vascularization, Three Dimensional sectional Anatomy, and MRI[END_REF] were used to help identify the location of the activation clusters from the left and right ear stimulation for the left and right CN, SOC, IC, MGB, and AC. For greater statistical reliability, the data were analyzed separately for ipsilateral and contralateral sides, but pooled across ears of presentation.

The number of activated voxels (N), t-values, effect size (Es), and standard deviation (SD) of the residuals were analyzed to identify differences in scanning plane orientations. The residuals reflect the variance in the data that is not explained by the model and can reveal regions that are sensitive to the motion of the brain, respectively brainstem motion. The effect size is defined (in i SPM99 (www.fil.ion.ucl.ac.uk/spm) was used because of the implemented MarsBaR toolbox (http://marsbar.sourceforge.ne) for defining the regions of interest. terms of SPM) as the components in vector β in Y=Xβ+ε, where Y is a vector containing the measured signal, X is a vector containing the model, where each column contains a regressor, and ε contains the error/residual. It is important to note that the values of β are in arbitrary units.

However, because the variance is equal for the different conditions in the design matrix, (both between and within subjects) these units are considered comparable [START_REF] Friston | Statistical parametric maps in functional imaging: A general linear approach[END_REF].

To determine whether the distribution differs significantly between the orientations (for the sample size of N=10), the two-sample Kolmogorov-Smirnov test (KS test) from SPSS 14.0 (SPSS Inc., Chicago, IL) was used. The KS test is a non-parametric test which has no restrictions for the underlying probability distribution(s). The KS test is not only sensitive to differences in the location of distributions, but is also greatly affected by differences in their shapes. Because the data were not normalized across slice orientations, the distributional comparison would preclude a significant outlier from generating a marked difference if the remainders of the data are consistent across two slice planes. In case there was no normal distribution, a Kruskal-Wallis test (the nonparametric analogue of the parametric analysis of variance ANOVA, except that it is based on ranks rather than means) was applied. After applying the Bonferroni correction, orientations were considered significant different if the probability fell below 0.016. For a simple graphical representation of the distribution, the bar-graph of the mean, including the standard deviation is presented.

Results

Brainstem

Table 1 shows the detection level of the activation of the CN, SOC, IC, MGB and AC for the 10 subjects for three orientation planes. Because the MGB, CN and SOC were insufficiently activated across subjects, the analysis was focused on the IC and AC. The activation of the IC was almost always detected across subjects. Yet, one subject did not show significant activation for the 45 degrees orientation plane. The total number of activated voxels for the IC across subjects for the three orientation planes is presented in Table 2. Even though the mean values of the number of active voxels was higher for the contralateral than ipsilateral IC for the three slice orientations, a significant statistical difference was found only for the right stimulation (Kruskal-Wallis test, p=0.05). The comparison between the orientations revealed no significant difference for the range of the mean-corrected t-values and number of voxels at the IC for the ipsilateral or contralateral sides (Table 3). The t-values are proportional to Es divided by residual noise (SD). To study these parameters independently, the SD of the residuals and the Es were calculated (Table 3). The KS test showed significant effects on the SD (the top-right panel of Figure 3) between 45 degrees and orthogonal orientations, but not on the Es (the top-left panel of Figure 3). Moreover, the Kruskal-Wallis test showed differences between the three orientation planes for the SD of the residuals in the IC controlateral to the attended ear (p = 0.0002), but not for the ipsilateral side (p = 0.067). Posthoc repeated measures contrasts confirmed differences between coronal and orthogonal (p = 0.016), 45 degrees and coronal (p=0.017), and 45 degrees and orthogonal (p = 0.0002) orientation planes for the contralteral IC and between 45 degrees and orthogonal orientation planes for the ipsilateral IC to the attended ear (p = 0.005).

Figure 3 The mean and standard deviation of the effect size, SD of the residuals, t-values, and number of activated voxels across subjects for the ipsilateral and contralateral sides pooled across ears of stimulation at the IC level. The significant (Kruskal-Wallis ANOVA test) differences of the parameters between orientations were noted with asterisks. Table 2. The total number of activated voxels in the IC. The number of degrees of freedom is 72, t ≥ 3.21 (corresponding to p < 0.001 uncorrected for multiple comparisons).

Table 3 The significance values of the Kolmogorov-Smirnov test for the SD, Es, t-values, and N for the ipsilateral and contralateral sides pooled across ears of presentation at the inferior colliculi. Visual inspection of the data revealed that the activation occurs also in the immediate vicinity of the colliculi using the scan plane orthogonal to the brainstem, and for the 45 degrees orientation plane the activation is lying directly on the IC (see Figure 4). In order to verify this observation, the anatomically-defined ROIs were analyzed. As depicted in Figure 4, the activation of the IC is displayed in one slice for the 45 degrees and orthogonal directions applying the comparison left stimuli vs. baseline (REST) for subjects 1, 2, 3, 5, and 6 or right stimuli vs. baseline (REST) for subjects 4, 7, 8, 9, and 10. For an easier visualization of the IC in the 45 degrees and orthogonal planes, the axial views are presented. The choice between left or right stimuli vs.

Parameters

baseline was based on the maximal activation of the orthogonal plane. The active areas outside of the IC are larger when the slices are positioned orthogonally to the brainstem compared with the 45 degrees orientation planes (p = 0.03, KS test). 

Auditory cortex

The same parameters were calculated for the AC. The KS test revealed no significant effects on the SD, Es, mean-t values, and N with regard to the orientation plane in the AC (Figure 5). 

Discussion

Brainstem

The present findings are consistent with research by Langers and colleagues (2005) on a 1.5T scanner indicating a low detection level of the activation of the CN, and SOC (see Table 1).

Moreover, a similar paradigm was used for the current study, which involved rippled noise as a stimulus [START_REF] Langers | Spectrotemporal features of the auditory cortex: the activation in response to dynamic ripples[END_REF]. Their results for the most significantly active voxels were: 1 out of 8

for the left SOC, 6/8 for the right SOC, 0/8 for left CN, and 6/8 for the right CN [START_REF] Langers | Lateralization, connectivity and plasticity in the human central auditory system[END_REF]. The weak responses in the CN, SOC and MGB may be caused by the type of the stimuli used. Furthermore, the size and morphology of these nuclei inhibit detection of their activation [START_REF] Hawley | Effects of sound bandwidth on fMRI activation in human auditory brainstem nuclei[END_REF]). An alternative explanation would be related to the fact that the blood flow at this level differs from that at the inferior colliculi (IC). Measurements of the blood flow in the cat brain have revealed the highest level in the inferior colliculus (1.8 cc/gm/min) compared with the blood flow of other auditory nuclei and auditory cortex [START_REF] Landau | The local circulation of the living brain; values in the unanesthetized and anesthetized cat[END_REF]. Zeller and colleagues (1997) found the highest capillary density in the inferior colliculus in laboratory rats.

However, past research has argued that the BOLD effect is sensitive to the effects of large draining veins when the acquisition plane is perpendicular to the local vessels which can have profound implications for spatial specificity. Given that, it is not possible to separate true tissue signal from the intra and extravascular contribution induced by nearby large draining vessels and therefore, the area that shows an increase in fMRI signal can be larger than the area of neuronal activation [START_REF] Krings | MR Blood Oxygenation Level-Dependent Signal Differences in Parenchymal and Large Draining Vessels: Implications for Functional MR Imaging[END_REF][START_REF] Disbrow | Functional MRI at 1.5 tesla: A comparison of the blood oxygenation level-dependent signal and electrophysiology[END_REF][START_REF] Van Gelderen | Resolution and Reproducibility of BOLD and Perfusion Functional MRI at 3.0 Tesla[END_REF]. The venous relationships in the posterior incisural space, lying behind the midbrain, are the most complex in the cranium, orienting transversally or vertically to the brainstem [START_REF] Ono | Microsurgical anatomy of the region of the tentorial incisura[END_REF]. The present research argues that the macrovascular contribution appears to be strongest in case of an orthogonal orientation to the brainstem due to the activation outside of the colliculi (Figure 4). Even though the scan planes intersect the arteries and veins at different angles and blood vessels occupy different proportions of a given voxel that could explain the difference in intra-subject variability (Table 2), the mean and standard deviation of the number of activated voxels did not reveal inter-orientation differences at the IC (the right-bottom panel of Figure 3).

This study explored the possibility to reduce motion artifacts in auditory activation in the brainstem by optimizing the slice orientation. At the higher brainstem level (inferior colliculus) differences were observed for the explored directions. The results showed that the mean-t value and

Es was not significantly affected by the orientation plane whereas SD of the residuals depended on the orientation planes, increasing from 45 degrees to parallel to orthogonal orientation plane for the contralateral side of the acousting stimulation as illustrated in the top-right panel of Figure 3. Due to the cross-over nature of the ascending projections, for a monaural sound, the greatest response will be on the contralateral side of the IC [START_REF] Langers | Lateralization, connectivity and plasticity in the human central auditory system[END_REF]. Consequently, the most reliable indicator of the effect of slice orientation on activity would also be found on the contralateral side of the IC.

Auditory cortex

The KS test yielded no significant differences between orientations for the SD, Es, mean-t values, and N across the orientation planes for the AC (Figure 5). The fact that no effect of slice orientation in the residual signal fluctuations was observed for the SD in the AC, but a significant effect was visible in the IC may be due to the fact that auditory cortex motion is smaller than the motion of the brainstem over the cardiac cycle, and so a higher slice orientation impact was observed on the IC compared to the AC.

The most commonly used hardware, pulse sequence, and analysis techniques for a sparse sampling design were used in this research. Lately, auditory neuroimaging is becoming an increasingly important area and for this to be successful requires robust and accurate methods for imaging the subcortical auditory system. Consequently, the present results indicate that the orientation of image acquisition at the IC may provide more reliable measures by decreasing the residual signal fluctuations of the BOLD responses. The slice orientations reported in the literature for imaging the auditory nuclei are coronal [START_REF] Yetkin | Functional Magnetic Resonance Imaging of Activation in Subcortical Auditory Pathway[END_REF][START_REF] Langers | Lateralization, connectivity and plasticity in the human central auditory system[END_REF][START_REF] Lanting | Functional Imaging of unilateraltinnitus using fMRI[END_REF]) and axial [START_REF] Heßelmann | Functional magnetic resonance imaging of human pontine auditory pathway[END_REF] orientations. From a methodological perspective, an accurate slice orientation selection will be beneficial for the standardization of the fMRI acquisition parameters in scanning the IC. However, there are many open-questions that have not been addressed in the current research. For example, additional empirical work is needed to further explore whether the motion artifacts are limited by the gain of a high temporal resolution, for instance, when applying fast imaging sequences, allowing simultaneous acquisition of multiple slices, or acquiring a single slice rather than multi-slice. Nevertheless, a high spatial resolution is necessary for imaging the small auditory nuclei. Therefore, the choice in imaging should reflect a reasonable compromise between the voxel size and implicitly by the matrix size, the field of view, and the slice profile with respect to the structure of interest. Moreover, future research is also required to test whether cardiac gating can be omitted when the slice orientation is chosen to minimize the sensitivity to movement.

A comparison of orientation effects on cardiac gating vs. non-gating at the brainstem level would provide more detailed information. It is worth mentioning that cardiac gating eliminates the effect of motion that is directly correlated to the cardiac rhythm by decreasing the variance at the inferior colliculus level, and not increasing the relative signal change within this same region [START_REF] Guimaraes | Imaging subcortical auditory activity in humans[END_REF].

This study explored the potential impact of slice orientation on the inferior colliculi.

Although t-values are not significantly different for the IC using different slice orientations, there is decrease of motion reflected in standard deviation of the residuals from the orthogonal slices to parallel and to 45 degrees orientation slices for the inferior colliculi. In summary, the 45 degrees slice orientation is the optimum orientation for a more accurate measurement at the upper brainstem level.

Figure 1 .

 1 Figure 1. The direction of forces responsible for brain motion (smaller arrows) and brainstem motion (larger arrows) in the sagittal (a), axial (b), and coronal (c) planes during systole[START_REF] Greitz | Pulsatile brain movement and associated hydrodynamics studied by magnetic resonance phase imaging. The Monro-Kellie doctrine revisited[END_REF]) and the movement of the brainstem in the rostro-caudal and in the ventro-dorsal planes (d).

Figure 2 .

 2 Figure 2. The imaging planes for the functional scan sessions: a) parallel, b) orthogonal, and c) at 45 degrees to the brainstem in the sagittal view, and d) fMRI design: the acoustic stimuli (black bars), were presented between two volume acquisitions (gray bars).

  85 0 ± 3.51 for the orthogonal orientation planes. The IC having a size of approximately 6x6x4 mm 3 , usually covers 3 to 4 slices with the voxel size of 2x2x2 mm 3 . The functional scans consisted of * weighted EPI images (repetition time TR = 12 s, echo time TE = 20 ms, flip angle 90 o , filed of view FOV = 192 mm, matrix scan 96x96, SENSE factor = 2.3, 41 ascending slices, 2 mm slice thickness). The phase encoding was always in the left-to-right direction. The scan duration was 2015 ms per volume. Total number of volumes was 90. The scan parameters for the three anatomical images (gradient echo) were: TR = 25 ms, TE = 20 ms, flip angle = 30 o , FOV = 256 mm, matrix size 256x256, 41 slices, 2 mm thickness, no slice gap. The acquisition order of the 3 orientations was randomized over subjects in each imaging session.

Fig. 4

 4 Fig. 4 fMRI activation maps of the IC in one slice applying the comparison left stimulus vs. baseline (REST) or right stimulus vs. baseline (REST), using the imaging plane orthogonal and at 45 degrees to the brainstem for the ten subjects (overlaid with mean EPI images, using a threshold for activation of t ≥ 3.21, corresponding to p < 0.001 uncorrected for multiple comparisons) for the axial view; left/right placement of the symbol represents left / right stimulation.

Figure 5

 5 Figure 5 The mean and standard deviation of the Es, SD of the residuals, t-values, and number of activated voxels across subjects for the ipsilateral and contralateral sides pooled across ears of stimulation at the AC level.

Table 1 .

 1 The number of subjects (max = 10) showing activation at a threshold of t ≥ 3.21 (corresponding to p < 0.001, uncorrected for multiple comparisons).

			paralle	
	45 degrees		orthogonal
			l	
	Cochlear Nucleus	5	7	6
	Superior Olivary Complex	5	5	6
	Inferior Colliculus	9	10	10
	Medial Geniculate Body	1	5	2
	Auditory Cortex	10	10	10
	13			
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