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Abstract

The human brainstem plays a central role in connecting the cerebrum, the cerebellum and the
spinal cord to one another, hosting relay nuclei for afferent and efferent signaling, and providing
source nuclei for several neuromodulatory systems that impact central nervous system function.
While the investigation of the brainstem with functional or structural magnetic resonance imaging
has been hampered for years due to this brain structure’s physiological and anatomical
characteristics, the field has seen significant advances in recent years thanks to the broader
adoption of ultrahigh-field (UHF) MRI scanning. In the present review, we focus on the
advantages offered by UHF in the context of brainstem imaging, as well as the challenges posed
by the investigation of this complex brain structure in terms of data acquisition and analysis. We
also illustrate how UHF MRI can shed new light on the neuroanatomy and neurophysiology
underlying different brainstem-based circuitries, such as the central autonomic network and
neurotransmitter/neuromodulator systems, discuss existing and foreseeable clinical applications to
better understand diseases such as chronic pain and Parkinson’s disease, and explore promising
future directions for further improvements in brainstem imaging using UHF MRI techniques.
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1. Introduction

The human brainstem is one of the most challenging brain regions to study with either
functional or structural magnetic resonance imaging (MRI). Its propensity to physiological
(i.e. cardiorespiratory) noise as well as the small size and complexity of its anatomical
constituents are brainstem-specific challenges that place high demands on image acquisition
as well as data analysis methods. Nevertheless, the field of brainstem f/MRI has significantly
advanced in recent years, partly due to the broader adoption of ultrahigh-field (UHF) MRI
scanners (7 tesla and higher), as well as several methodological advances that facilitate
brainstem neuroimaging. In this context, our review focuses on these technical advances at
UHF as well as the neuroscience underlying different brainstem-based circuitries and
neurotransmitter systems and their clinical applications. Importantly, while UHF provides
several advantages for brainstem imaging, there are also limitations, and some excellent
research at lower fields (e.g. 3T) has indeed improved our understanding of brainstem
structure and function, and is also reviewed here.

Much of the brainstem’s important role can be inferred by its anatomical location. It is a
central structure that connects the cerebrum and cerebellum to each other and to the spinal
cord. Virtually all afferent and efferent signaling involving peripheral receptors and effectors
(e.g. muscles, glands) relays with brainstem nuclei on their way to or from the spinal cord or
cranial nerves I11-XI11. Important processing occurs in these relay nuclei, and the brainstem,
as one of the phylogenetically oldest structures of the brain (Mai et al. 2004), is a key region
for almost all primitive survival-oriented (e.g., fight or flight responses) functional and
neuromodulatory systems. More specifically, brainstem nuclei synthesize and release
specific neurotransmitters and neuromodulators for the regulation of such basic functions as
arousal, motor function, memory, reward, nociception, and autonomic control.

Anatomically, the brainstem can be divided along its rostro-caudal axis into midbrain (or
mesencephalon), pons, and medulla oblongata (see Figure 1). The midbrain adjoins the
diencephalon (consisting primarily of thalamus and hypothalamus), which constitutes the
upper border of the brainstem, whereas the medulla oblongata merges into the spinal cord.
Along a dorsoventral axis, the brainstem consists of the tectum, which includes structures
dorsal to the mid-point of the cerebral aqueduct, the tegmentum, a central region of neurons
and fibers containing the so called reticular formation and several other nuclei, and a ventral
white matter fiber communication system connecting the cerebral cortex to the spinal cord
and the cerebellum.

2. The potential of UHF MRI to overcome brainstem-specific imaging

challenges

Despite the major role of the human brainstem in systems and circuitries that are otherwise
extensively studied in neuroscience, it has received little attention from the neuroimaging
community relative to studies of the cortex or even subcortical structures (e.g. striatum,
thalamus). This is mainly due to several challenges specific to the brainstem. In the
following section we will explore these challenges in detail and demonstrate how UHF MRI
may help to overcome them.
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2.1 Small cross-sectional area of brainstem nuclei and tracts

MRI studies estimated that the average brainstem volume in healthy adults is about 34 ml
(Luft et al. 1999), and the average diameters of its subdivisions range from 18 mm in the
midbrain, to 30 mm in the pons, to 14 mm in the medulla (Raininko et al. 1994). Brainstem
nuclei, which are commonly elongated along the craniocaudal brainstem axis, have an
average cross-sectional diameter of only a few millimeters (Afshar et al. 1978). They are,
thus, considerably smaller than the cortical and diencephalic structures more commonly
imaged with MRI (see Table 1). The same holds true for brainstem white matter fiber tracts,
although to a lesser extent. The small cross-sectional area of brainstem anatomical
constituents is a major challenge for imaging. This is particularly true when using fMRI at
field strengths of 3 tesla and below, where achieving an adequate signal-to-noise ratio for
voxels near the center of the head requires an in-plane spatial resolution in the order of 2-4
mm. Consequently, imaging brainstem physiology with fMRI at 3 tesla means working at
the spatial resolution limit (Beissner 2015).

Two of the main advantages offered by structural and functional UHF imaging are the
increased signal-to-noise ratio (SNR) and, in some cases, further increases in contrast-to-
noise ratio (CNR). Their combined effects allow for the reduction of voxel size relative to 3
tesla MRI with no significant signal loss, opening the door to sub-millimeter spatial
resolution, and revealing detailed anatomical information invisible at lower field strengths
(Cho et al. 2014). Several structural and functional studies have exploited this opportunity to
image brainstem nuclei and tracts at unprecedented spatial resolution (Bianciardi et al. 2015;
Blazejewska et al. 2013; Cho et al. 2014; Deistung et al. 2013; Faull et al. 2015; Prats-
Galino et al. 2012; Satpute et al. 2013; Sclocco et al. 2016; Wargo and Gore 2013).

A major benefit of fMRI at ultra-high fields is the supralinear increase of the change of the
effective transverse relaxation rate (AR,*) of brain tissue with the change in concentration of
deoxygenated blood that translates to a larger change in the blood oxygenation level-
dependent (BOLD) signal. Importantly, this increase occurs only for the extravascular signal
contribution near small vessels such as capillaries, while the increase near large draining
vessels is linear (Boxerman et al. 1995), leading to both improved spatial resolution and
spatial specificity for UHF fMRI. A crucial consequence of this effect for fMRI studies is a
general increase in statistical power, allowing for a reduction of the number of subjects
required for multi-subject averaging compared to lower field strengths (Chang et al. 2016).
While this is mostly true for cortical areas, when investigating structures with a small cross-
sectional area (e.g. brainstem nuclei), the variability across subjects plays a major role and
could potentially override the benefit of UHF. Additionally, this issue is aggravated by the
lack of a probabilistic brainstem atlas, which can map the location of different nuclei in a
standard space (see Section 6 for more detail). Finally, the necessity to morph individual
images into a standard space using algorithms and atlases mainly designed for cortical
structures might further contribute to decrease the specificity offered by UHF.

In terms of fMRI data acquisition, a viable target for maximum voxel size would be 2 mm
isotropic in-plane resolution, though at UHF, significantly smaller voxel sizes, in the order of
1 mm isotropic in-plane, are preferable depending on experiment design. In terms of data
analysis, spatial smoothing kernels for fMRI data should be carefully considered. On the one
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hand, standard filtering theory suggests that the “best” smoothing filter or kernel is one that
matches the feature size, therefore smoothing kernels should be in the order of expected
activation extent. On the other hand, there is a constraint on the lower limit of smoothing
given by Gaussian field theory, which requires a voxel size appreciably smaller than the
spatial smoothness. Therefore, smoothing kernels have been recommended to be at least
twice the voxel size (Worsley and Friston 1995). From a practical standpoint, slightly larger
kernels may be necessary for brainstem imaging due to inter-subject variability in the exact
nucleus location once individual data have been registered onto standard space templates.
While such variability is unknown for many nuclei, a recent study of locus coeruleus
imaging in the pons found that this nucleus can shift in position by at least 2-3 mm in MNI
space localization within the axial plane of the brainstem (Keren et al. 2009). Other
recommendations for analysis also include preprocessing with brainstem masked analyses to
(1) limit physiological noise artifacts from surface vessels (i.e. important to mask prior to
spatial smoothing, see below), and (2) reduce the multiple comparisons correction problem
by reducing the number of voxels in the analysis (relative to whole brain scanning).

Due to the small cross-sectional area of most brainstem nuclei, correction for multiple
comparisons should utilize voxel-based correction approaches, as opposed to cluster-based
approaches that are skewed to larger activation clusters. Furthermore, nonparametric
approaches (e.g. permutation testing) or Bayesian statistics, are preferred to parametric
general linear models, as smoothness assumptions associated with the latter are often not
met in the brainstem (Beissner et al. 2011). For example, the use of Gaussian field theory to
threshold activations assumes a smoothness of at least twice the voxel size. For lower values,
the corrected p-values derived from Gaussian random fields will approach those of
Bonferroni correction, which is overly conservative, leading to potentially false negative
results (Worsley and Friston 1995). Nonparametric methods usually do not rely on
smoothness assumptions, whereas Bayesian statistics handles smoothness as a spatial prior,
rather than smoothing the data during pre-processing using fixed-width Gaussian kernels
(Penny et al. 2005). Furthermore, as compared to standard approaches based on spatially
smoothing the imaging data itself, a Bayesian spatial regularization procedure has been
shown to result in inferences with higher sensitivity (Penny et al. 2005), and may be
promising for brainstem imaging.

Finally, physiological noise correction using one of the methods proposed in the literature is
a must for brainstem analyses, due to the significant contribution of cardiorespiratory artifact
to the brainstem fMRI signal (see below). Particular care should also be devoted to spatial
co-registration and normalization, which would critically benefit from the adoption of
brainstem-specific templates or co-registration approaches (see below).

2.2 Weak contrast of gray and white matter

Successful brainstem imaging is also hampered by weak contrast between gray and white
matter structures. While both cerebrum and cerebellum show clear gray/white matter
separation on T1, T2, and T2*-weighted imaging, this distinction is significantly weakened
in the brainstem. Instead, gray matter parenchyma and white matter tracts are often
intermingled in complicated structures, like the reticular formation or the basilar pons. Thus,
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while the complexity of brainstem white/gray matter interdigitation is well known, standard
MR imaging at 1.5 and 3 tesla usually shows the brainstem as a mostly homogeneous
structure, save for iron-rich nuclei, like the substantia nigra and red nuclei in the midbrain.
Recent work showed progress in discriminating between different tissue classes in the
brainstem at 3T (Lambert et al. 2013), yet identification of individual brainstem nuclei could
not be achieved. In contrast, UHF MRI offers several advantages for scientists and clinicians
that are interested in localizing brainstem nuclei (Figure 2). Many MR parameters are field
strength-dependent (see e.g. (van der Zwaag et al. 2015) for a recent review). Of special
interest for the imaging of the brainstem and cranial nerves is the increase in magnetic-field-
susceptibility-induced variations with higher Bg. The first advantage of this property is an
increased phase contrast, leading to higher contrast-to-noise ratio (CNR) in susceptibility-
weighted imaging (SWI). The quantitative version of this technique, called quantitative
susceptibility mapping (QSM), is a post-processing method that computes maps of tissue
magnetic susceptibility from the phase signals of gradient recalled echo (GRE) data
(Reichenbach 2012). QSM has been reported to provide information about tissue iron
content (Bilgic et al. 2012), brain myelination (Li et al. 2012), and blood oxygenation
(Haacke et al. 2010). The increased magnetic susceptibility due to increased iron
concentration is particularly useful to depict brainstem structures containing higher iron
concentrations compared to the surrounding tissue, primarily the substantia nigra and red
nuclei, but also inferior olive, spinal trigeminal nucleus and reticulotegmental nucleus
(Deistung et al. 2013; Aggarwal et al. 2016). Additionally, Bianciardi et al. have recently
used diffusion fractional anisotropy at 7-tesla to estimate the putative localization of several
human brainstem nuclei /n vivo (Bianciardi et al. 2015).

2.3 Physiological noise

Structural and functional MRI of the brainstem is highly sensitive to physiological (i.e.
cardiorespiratory) noise sources of signal instability. Direct sources of this MRI signal
instability include magnetic field changes due to chest motion (off-resonance By effects), as
well as pulsatility effects due to propagation of cardiac and respiratory pulse pressure waves
in adjacent arteries, cerebrospinal fluid (CSF) spaces, and parenchyma. While multiple
cortical and subcortical structures can be equally affected by CSF or arterial pulsatility,
nuclei in the brainstem tend to be smaller than higher structures, and many are close to the
brainstem border, where pulsatile artifacts transmitted along arteries and CSF can add
significant noise to voxels encompassing both parenchyma and CSF/arteries. Moreover, the
caudal location of the brainstem leads to a closer proximity to noise sources such as the
heart and lungs (Brooks et al. 2013). Physiological noise in fMRI acquisitions increases with
the field strength (Kruger and Glover 2001; Triantafyllou et al. 2005). Nevertheless, its
contribution relative to thermal noise is mitigated by decreasing the voxel size, up to a
regime where high spatial resolution fMRI images are dominated by thermal (rather than
physiological) noise (Bodurka et al. 2007).

Chest motion due to respiration produces off-resonance By effects due to changes in the
concentration and spatial distribution of oxygen in the chest (note that molecular oxygen is
paramagnetic). These effects introduce artifacts in functional (blurring, signal drop-out) and
structural (also ghosting) MR images and low spatial frequency modulation in phase images
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(Figure 3), which confound the investigation of tissue susceptibility and relaxivity. These
effects are present both in structural and functional imaging, and increase with field strength.
Previous 7 tesla studies (Bianciardi et al. 2014) showed that chest motion effects constitute a
major noise component in phase data (explaining about 65% of signal variance) and a
smaller (about 5% of signal variance) but not insignificant component in magnitude
gradient-echo echo-planar imaging (EPI) fMRI data. These effects decrease with the cube of
the distance from the center of the lungs (Raj et al. 2000), implying that inferior regions of
the brain, such as the brainstem, suffer from higher signal instability and artifacts related to
chest motion than other brain regions (see also Figure 3). Chest motion effects can be
partially compensated by retrospective physiological noise correction strategies, that either
use physiological recordings (Glover et al. 2000; Brooks et al. 2013) or respiratory-related
information extracted from the image phase (Bianciardi et al. 2014). These effects can also
be effectively reduced by the use of prospective external shimming procedures (van
Gelderen et al. 2007), that are able to comprehensively monitor the magnetic field changes
related to chest motion and compensate for them by controlling the frequency synthesizer,
gradient coils and second order shims. In the future, we foresee that brainstem imaging at
high and ultrahigh magnetic field will highly benefit from the development of higher order
prospective shimming procedures based on the use of higher-order shim arrays (Juchem et
al. 2011), or integrated RF-shim arrays driven by dynamically-controllable DC current
drivers (Stockmann et al. 2016; Truong et al. 2014). Indeed, a recently built 3 tesla 32-
channel RF-shim array rivals the performance of 4M-order spherical harmonic shims and
substantially reduces geometric distortion in high resolution single-shot EPI images, at the
same time preserving the performance of both systems (RF detection and shim field
generation) (Stockmann et al. 2016).

Pulsatility effects in the CSF (e.g. within the cerebral aqueduct) and large vessels due to
propagation of cardiac and respiratory pressure waves produce significant artifacts for
brainstem imaging. These artifacts mainly affect brainstem nuclei that are in close proximity
with CSF spaces or large vessels. Thus, the most strongly affected regions are those adjacent
to the aqueduct (e.g. periaqueductal grey, dorsal raphe nucleus), the fourth ventricle (i.e. the
dorsal pontine tegmentum), the circle of Willis (e.g. ventral tegmental area) and vertebral/
basilar arteries (i.e. almost the entire ventral and ventrolateral medulla oblongata). These
high-susceptibility regions are evident by applying independent component analyses with
unmasked brainstem fMRI data (Beissner et al. 2014) (Figure 4). Such localized fluctuations
can also be clearly seen with a single-slice cine-FLASH (fast low-angle shot) cardiac-gated
image of the brainstem at 0.3x0.3x1.0 mm3 resolution (TR/TE/matrix/bandwidth/
FA=129.45 ms/21 ms/192x192x54 mm3/223 HzPx~1/15°), with example frames shown in
Figure 5 (see Supporting Movies S1 and S2). This movie depicts the anatomy of the
brainstem and surrounding anatomical structures through retrospectively gating the imaging
data and reconstructing the image at 25 evenly-spaced phases of the cardiac cycle.

Based on the observation that the brainstem is surrounded by strong noise sources rather
than being affected in its entirety by a “piston-like” motion (as suggested by earlier studies
(Poncelet et al. 1992), it became clear that the influence of cardiorespiratory artifacts could
be significantly reduced by restricting the analysis to an anatomically-defined brainstem
mask (Beissner and Baudrexel 2014; Sclocco et al. 2016; Moher Alsady et al. 2016). The
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optimal approach tightly masks the brainstem prior to any spatial smoothing, limiting the
extension of physiological noise into deeper brainstem nuclei.

2.4 Magnetic susceptibility-induced distortions by air-filled cavities

While increases in AR,* at UHF can help in localizing brainstem nuclei (as noted above),
such increases also cause larger susceptibility-induced distortions in EPI-based acquisitions
used for fMRI, most prominently in the brainstem region, due to the steep magnetic
susceptibility gradient produced by the air-tissue boundary of the posterior part of the oral
cavity (Gizewski et al. 2014). This effect can be partially mitigated through the use of
accelerated parallel imaging (de Zwart et al. 2006; Griswold et al. 1999), or reduced post-
acquisition through corrections based on a field map (Jezzard and Balaban 1995) or other
reference data (Andersson et al. 2003). Additionally, through-slice dephasing, due to
susceptibility gradients that cause phase dispersion across the slice leading to signal
cancellation, grows with magnetic field strength. However, since the drop-out is a function
of the spread of phase across the slice, a thinner slice will have a narrower phase distribution
in the slice direction and therefore less drop-out. The higher SNR afforded by UHF allows
for thinner slices, hence compensating for this effect. Still, residual geometric distortions in
EPI images hamper the coregistration of functional to structural images and the
transformation to standard space, necessary for multi-subject group analyses. A proposed
strategy to overcome this drawback is the use of an anatomical reference dataset with
identical distortion to the BOLD fMRI data, such as Tq-weighted EPI data, to assist with the
mapping to anatomical reference data or a template (Grabner et al. 2014; Tootell et al. 1997)
Renvall et al. recently used anatomical EPI data with 1 mm isotropic voxel size, acquired
with a fast multiple inversion recovery time EPI sequence at 7 tesla, in order to calculate
quantitative T maps. T1-weighted data were then synthesized from these maps using the
Bloch equations, and automatically segmented using FreeSurfer (Renvall et al. 2016). This
approach improved the accuracy of the spatial alignment with the BOLD fMRI data, and has
been successfully applied to brainstem fMRI data, where accurate coregistration enabled
improved masking of brainstem structures by transforming a brainstem mask defined in
MNI space to individual functional space (Sclocco et al. 2016).

2.5 Brainstem probabilistic atlases

Current probabilistic /n vivo brain atlases (Keuken et al. 2014; Destrieux et al. 2010;
Desikan et al. 2006; Tzourio-Mazoyer et al. 2002) released with common neuroimaging
software (e.g FSL, FreeSurfer, SPM) include several cortical and subcortical regions, but not
most brainstem nuclei nor their subdivisions. Atlases including a limited number of
brainstem nuclei, such as the substantia nigra (SN), red nucleus (RN), and subthalamic
nucleus (STh) (Keuken et al. 2014; Chowdhury et al. 2013; Kwon et al. 2012; Menke et al.
2010; Mori et al. 2009) do exist, though their subdivisions are not reported. Mori et al.
developed and publicly released an ex vivo diffusion tensor imaging (DTI) atlas of brainstem
white matter tracts (Mori et al. 2008; Mori et al. 2009) and in recent work, this group also
showed the feasibility of ex vivo DTI imaging of several nuclei important for motor and
cranial nerve functional systems in a single postmortem brainstem specimen (Aggarwal et
al. 2013).
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A recently developed preliminary /n vivo neuroimaging probabilistic structural atlas has
been reported in standard stereotaxic (MNI) space (Bianciardi et al. 2015). This study used 7
tesla MRI and a multi-contrast (diffusion fractional anisotropy and T2-weighted) echo-
planar-imaging approach, which provided complementary contrasts for brainstem nuclei
anatomy with matched geometric distortions and resolution. Labels of probabilistic
brainstem nuclei were generated for the ascending arousal (median and dorsal raphe),
autonomic (raphe magnus, periaqueductal gray) and motor (inferior olivary nuclei, two
subregions of the substantia nigra compatible with pars compacta and pars reticulata, two
subregions of the red nucleus and, in the diencephalon, two subregions of the subthalamic
nucleus) systems. These labels may lead to the first step towards the development of a
comprehensive in vivo neuroimaging atlas of brainstem nuclei in standard space to facilitate
future clinical and research investigations of human brainstem function and pathology.
Follow-up studies at 7 tesla have mapped the functional connectivity of these brainstem
nuclei labels (Bianciardi et al. 2016) and clinical applications for this brainstem nuclei atlas
(traumatic coma) was provided (Bianciardi et al. 2016).

3. Brainstem-based neuromodulatory systems

3.1 The serotonergic system and raphe nuclei

Serotonin (5-hydroxytryptamine or 5-HT) is a monoamine neurotransmitter involved in
many different functions within the CNS, acting as a global homeostatic regulator of
emotion (Elliott et al. 2011; Hale and Lowry 2011), mood (Sharp and Cowen 2011),
nociception (Fields et al. 1977), sleep (Monti 2010), autonomic functions and as a regulator
of motor activity (Di Matteo et al. 2008; Heckman et al. 2008). In the brainstem, the highest
concentration of serotonergic neurons is found in the raphe nuclei, cell groups extending
from the medulla to the midbrain that are clustered throughout the midline. Raphe nuclei are
the primary source of serotonergic projections to the forebrain, brainstem, and spinal cord.
Medullary raphe nuclei (Ncl. raphe pallidus, obscurus, and magnus) correspond to groups
B1, B2, and B3 of Dahlstrém and Fuxe (Dahlstroem and Fuxe 1964) and are mainly
associated with descending spinal projections. Fibers from the nucleus raphe magnus exert
an indirect inhibitory action (by inhibiting second order neurons in the spinal cord) upon
nociceptive neurons, producing an analgesic effect (Fields et al. 1977). Furthermore,
medullary raphe nuclei also inhibit sympathetic preganglionic neurons (Coote 1990). The
raphe nuclei in the pons and midbrain (Ncl. raphe pontis, dorsalis, and reticularis centralis
superior) are larger than their medullary counterparts. They mainly show ascending
projections with their principal fibers arborizing profusely throughout the substantia nigra,
periaqueductal gray matter, thalamus, hypothalamus, and cerebral cortex (Parent 1996).

MRI /n vivo investigation of the raphe nuclei has been severely hampered by the limited
sensitivity and contrast between these nuclei and adjacent white matter (Bianciardi et al.
2015). Recently, significant advances have been made by combining high-resolution
research tomography (HRRT) positron emission tomography (PET) and UHF MRI
techniques. Son and colleagues (Son et al. 2012) successfully exploited fluorodeoxyglucose
(FDG) PET imaging to identify four distinct clusters with high metabolic activity located in
the brainstem midline region, consistent with putative raphe nuclei. UHF-MRI images were
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then fused with the metabolic data to produce a single image with major brainstem
anatomical landmarks, which allowed for identification of clusters putatively consistent with
the Ncl. raphe dorsalis, pontis, magnus, and reticularis centralis superior. Importantly, a
follow-up study from the same group reported significant correlation between the standard
uptake of FDG and nondisplaceable binding potential of DASP, a radioligand designed to
study the serotonin transporter (Son et al. 2014). Both measures identified a group of
clusters consistent with the previous results, but also including the smaller medullary raphe
obscurus and pallidus.

Other UHF MRI applications for improved localization of raphe nuclei attempted to
combine diffusion imaging measures of fractional anisotropy (FA) with To-weighted EPI
images with 1.1 mm isotropic resolution, to create /n vivo probabilistic labels of Ncl. raphe
dorsalis, reticularis centralis superior, and raphe magnus (Bianciardi et al. 2015). Through
multi-contrast imaging, all three nuclei were identified by their low FA values.

3.2 The noradrenergic system and locus coeruleus

Noradrenaline is a catecholamine widely diffused in the human brain and body, where it
functions as a neurotransmitter and hormone, respectively. The locus coeruleus (LC, group
A6 of Dahlstrom and Fuxe) is the largest collection of noradrenergic neurons in the brain.
This structure distributes descending and ascending noradrenergic fibers that terminate in
virtually all parts of the CNS. Thus, alterations in activity of a small number of LC neurons
can have wide influence across functionally diverse regions of the brain. Multiple studies of
the LC-noradrenaline system have led to the identification of two general levels of action
(reviewed in (Berridge and Waterhouse 2003)). First, LC neurons contribute to activity states
amenable to the reception of sensory information (Amatruda et al. 1975; Aston-Jones and
Bloom 1981). Second, within the awake state, a variety of higher cognitive and affective
processes are modulated by the noradrenergic system, so as to facilitate responding to
relevant, salient stimuli while suppressing response to irrelevant stimuli (Foote et al. 1980).
More recently, an interaction between tonic and phasic discharges of LC neurons was found,
leading to the Adaptive Gain Theory (Aston-Jones and Cohen 2005), which proposes that
LC neurons are phasically activated in response to decision outcome. For instance, a recent
lower field human fMRI study suggested that phasic LC activation just prior to button press
for subjective ratings of increasing stimulus-evoked nausea (Napadow et al. 2013). In
contrast, high tonic discharges in LC, measured when task attentiveness wanes, have been
interpreted as a mechanism facilitating behavioral flexibility, rather than focused attention
(Bouret and Sara 2005).

As is often the case with brainstem nuclei, a key challenge of /n-vivo LC investigation with
MRI is its small cross-sectional area (see Table 1) and the lack of precise information about
its normative position in standard space (e.g. MNI). Interestingly, a recent study exploited
the presence of neuromelanin, a pigment produced in noradrenergic neurons that exhibits
ferrous properties (Enochs et al. 1997), in order to visualize the LC using a T1-weighted
Turbo Spin Echo sequence (Sasaki et al. 2006). This approach was subsequently extended to
a larger cohort (N = 44), in order to obtain a probabilistic map of LC in standard MNI space
(Keren et al. 2009). Using this region-of-interest to guide localization, a recent 7T fMRI
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study found increased temporal correlation between LC fMRI signal and the high-frequency
component of heart rate variability, an index of parasympathetic activity, during sustained
evoked-pain stimulus (Sclocco et al. 2016). Interestingly, this correlation was significant
only during the first 2 minutes of the 6-minute sustained pain stimulus, suggesting a faster,
phasic LC response, possibly related to the initial novelty of the nociceptive stimulus. The
LC is also a key brainstem nucleus involved in anesthesia (and consciousness) research,
specifically implicated in the transition from an anesthesized to an awake state (Leung et al.
2014; Vazey and Aston-Jones 2014). Future research should take advantage of UHF fMRI
advances to further probe the role of this nucleus in human anesthesia applications.

3.3 The cholinergic system

Within the reticular formation, neurons containing acetylcholine (ACh) abound particularly
in the central portions of the reticular core. In the midbrain, a clinically important
cholinergic center is the pedunculopontine nucleus (PPN), corresponding to the CH5 group,
as defined by Mesulam and co-authors (Mesulam et al. 1984). The PPN is part of the
mesencephalic locomotor region, which also includes the cuneiform and subcuneiform
nuclei. It mainly gives rise to ascending projections, particularly to the pars compacta of the
substantia nigra and the subthalamic nucleus. Low frequency stimulation of PPN has been
shown to elicit walking movements, while lesions of this nucleus result in gait deficits
(Karachi et al. 2010). As a result, the PPN has recently received much attention as a target
for deep brain stimulation (DBS) techniques in Parkinson’s disease, particularly for the
treatment of freezing of gait (FOG) when patients respond poorly to dopamine therapy and
DBS of the subthalamic nucleus (Ferraye et al. 2010). The exact location of PPN, though, is
generally elusive to clinical MRI, and stereotactic atlases usually identify only the rostral
component of PPN (Zrinzo et al. 2008). However, new studies suggest the possibility of an
increased effectiveness of DBS in the caudal portion (Thevathasan et al. 2012), raising the
need for a better anatomical definition of this nucleus (Windels et al. 2015). In this context,
UHF MRI could play a pivotal role, providing the enhanced SNR necessary to better identify
PPN subregions in patient populations. In particular, a functional mapping approach could
be pursued, since the PPN has been shown to be involved in motor planning and activating
during imagined gait, unlike the subthalamic nucleus (Lau et al. 2015).

3.4 The dopaminergic system

Dopaminergic cell bodies are confined to the mesencephalic portion of the human
brainstem, where they are grouped into two main structures, the substantia nigra (SN) pars
compacta (SNc), encompassing groups A8 and A9 of Dahlstrém and Fuxe, and the ventral
tegmental area (VTA), corresponding to group A10. The SN lies dorsally to the crus cerebri,
centrally to the midbrain tegmentum, and extends throughout the length of the midbrain. The
SNc is an area of densely packed cells that penetrate deep into the pars reticulata (SNr), a
cell-poor zone mainly occupied by the striatonigral fibers, and displaying GABA
immunoreactivity (Parent 1996).

The ascending projections of these two major dopaminergic nuclei follow two different
pathways, the nigrostriatal dopaminergic system, projecting from groups A8/9 to the caudate
nucleus and putamen, and the mesolimbocortical system, connecting group A10 with the
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ventral striatum, nucleus accumbens, amygdala, and prefrontal cortex (Lavoie et al. 1989).
These two pathways are associated to distinct, though overlapping, functions. The
nigrostriatal pathway plays a significant role in the control of motor function and in learning
new motor skills (Graybiel et al. 1994). A massive loss of pigmented cells of the SNc is a
neuropathologic signature of Parkinson’s disease (see more in Clinical applications). The
mesolimbic dopaminergic system, involving projections from VTA to the nucleus
accumbens, has been identified as one of the most important substrates for reward, important
for the study of addiction, pain, appetite for food, sex, and social interactions (Koob and Le
Moal 2001; Wise 1998). However, recent findings have challenged the primary or exclusive
role of dopamine in reward processing (Bromberg-Martin et al. 2010; Salamone and Correa
2012). This is an active field of research, and evidence does still support the primary role of
dopaminergic neurons phasic activity in the generation of reward prediction error signals
(Schultz 2013). UHF MRI, in conjunction with PET neuroimaging may play a critical role in
better understanding this controversy.

3.5 The periaqueductal gray (PAG) and its role in multiple neuromodulatory systems

The PAG is a small (Table 1) yet complex columnar region surrounding the mesencephalic
aqueduct with neurons associated with multiple neurotransmitter systems and involved in
survival-related responses and homeostatic regulation important for affective responses,
nociception, and stress (Bandler et al. 2000). It has no clear cytoarchitectonical boundaries,
but evidence suggests an organization into four longitudinal columns parallel with the
aqueduct, namely the dorsomedial (dmPAG), dorsolateral (dIPAG), lateral (IPAG) and
ventrolateral (VIPAG) (Carrive 1993). Similar efferents are noted for dmPAG, IPAG and
VIPAG, which project directly to the lower brainstem. These PAG subregions receive
afferents from dorsomedial/orbital prefrontal cortex, cingulate cortex, and central amygdala
nucleus. In contrast, dIPAG receives afferent fibers from the medial prefrontal cortex and the
basolateral amygdale (An et al. 1998). Additionally, the PAG is organized rostrocaudally.
Neurons of lamina | of the superficial dorsal horn and caudal trigeminal nucleus provide
nociceptive information to the contralateral PAG. These projections target IPAG and vIPAG
and are somatotopically organized: trigeminal projections terminate in the rostral PAG, and
cervical and lumbar spinal projections at progressively more caudal levels (Yezierski 1988;
Benarroch 2012). This complex cytoarchitecture is paralleled by an equally complex
chemoarchitecture. The PAG contains neurons utilizing glutamate, GABA, endogenous
opioids (particularly enkephalin), substance P, neurotensin, as well as other
neurotransmitters (Benarroch 2012). The vIPAG is suggested to regulate passive defensive
behaviors and opioid analgesia, and has a hypotensive effect when stimulated. Furthermore,
IPAG and dIPAG stimulation gives rise to “active coping” strategies such as fight/flight
behaviors, hypertension, tachycardia and non-opioid mediated analgesia. Stimulation of the
VIPAG, on the other hand, evokes “passive coping” behaviors such as quiescence,
hypotension, bradycardia, and opioid mediated analgesia (Bandler et al. 2000; Benarroch
2012). A recent 3T fMRI study using resting-state fMRI to investigate functional
connectivity in PAG revealed connections between the VIPAG and brain regions associated
with descending pain modulation (anterior cingulate cortex, upper pons/medulla), whereas
IPAG and dIPAG were connected with brain regions implicated in executive functions
(prefrontal cortex, striatum, hippocampus) (Coulombe et al. 2016).
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UHF imaging of the PAG, using high spatial resolution methods, holds great promise due to
this complex architecture. A recent review bemoaned the great heterogeneity in PAG
localization reported in prior neuroimaging publications (Linnman et al. 2012). In fact, this
same study also highlighted the lack of specificity of activations reflecting the known
columnar organization of the PAG. Specifically, Linnman et al. found no clear separation of
average peak activation locations for different stimuli and attributed this lack of
differentiation to the limited spatial resolution found for most low field fMRI studies.
Indeed, the anatomical and functional characteristics of the PAG — reduced dimension of its
highly specified subdivisions, close proximity to the cerebral aqueduct — make this nucleus a
perfect candidate for improved imaging at UHF. Satpute and coauthors used UHF fMRI to
image the PAG with a 0.75 mm isotropic spatial resolution (Satpute et al. 2013), while
exposing participants to emotionally aversive images. Activation was localized to IPAG and
dmPAG rostrally, and to VIPAG caudally, consistent with observations from animal studies
(Moss and Basbaum 1983; Moss et al. 1983). Analyses on a voxel-by-voxel basis showed
peak activations in caudal VIPAG and rostral IPAG, indicating the feasibility of exploring the
functional architecture of small, difficult to image nuclei with UHF. More recently, Faull et
al. explored the role of PAG in respiratory control using UHF fMRI with 1 mm isotropic
voxel size (Faull et al. 2015). Their results show deactivation in IPAG and dmPAG columns
during short (around 10 s) breath hold blocks, suggesting the involvement of these PAG
subdivisions for conscious respiratory control. In a subsequent study, the same group found
evidence of IPAG involvement in resistive respiratory loading, whereas vIPAG was
associated to anticipation of breathlessness (Faull et al. 2016).

3.6 Magnetic Resonance Spectroscopy for neurotransmitter assessment

In the brain, y-aminobutyric acid (GABA) is the major inhibitory transmitter, whereas
glutamate (Glu) is the major excitatory transmitter. In contrast to acetylcholine and amines
(such as dopamine, noradrenaline, serotonin), which are synthesized only in certain neurons,
GABA and Glu play a key role in the regulation of multiple circuitries (see e.g. (Meldrum
2000; Petroff 2002)). Some examples of GABAergic and glutamaternic neurotransmission
include the genesis of paradoxical sleep (Luppi et al. 2012) and the signaling from nucleus
tractus solitarii (NTS) to Ncl. ambiguus (NAmb), mediating cardiorespiratory reflexes, and
to dorsal motor nucleus of the vagus (DMNX) mediating gastric function (Travagli et al.
2006).

The main tool for assessment of GABA and Glu concentration /n vivois proton MR
spectroscopy (H-MRS). UHF provides significantly improved SNR for MRS techniques and
reduces chemical shift dispersion (i.e., multiplets) of single proton peaks, thus allowing for
better spectral resolution. However, UHF requires some care in data acquisition for MRS
due to limitations in available B;* magnitude and the necessity of using short TEs (see
(Tkac and Gruetter 2005)). Due to typical voxel size (in the order of 1cm isotropic) most /in
vivo MRS studies have focused on cortical and subcortical (e.g. thalamus, striatum) regions
(Tkac et al. 2009; Terpstra et al. 2010). However, a recent 7 tesla MRS study used a single-
voxel approach to assess metabolites in substantia nigra and pons (Emir, Auerbach, et al.
2012). Results showed relatively high GABA levels in the substantia nigra, as well as high
choline in the pons, consistent with the known biochemistry of these regions, supporting the
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feasibility of MRS investigation in the brainstem. The same group applied UHF MRS to
assess brainstem metabolite concentration for Parkinson’s disease (PD) (Emir, Tuite, et al.
2012), known to be characterized by degeneration of nigrostriatal dopaminergic neurons. A
preliminary comparison revealed GABA elevation in the pons relative to putamen in PD
patients, consistent with earlier pathological involvement of the brainstem, and suggesting a
potential biomarker for disease staging (Emir, Tuite, et al. 2012).

4. Assessing specific brainstem neural circuitries with UHF MRI: pain

processing and autonomic control

4.1 Neuroimaging brainstem nociceptive circuitry

Nociception is defined as the sensory nervous system’s response to potentially harmful
stimuli. The central processing of such response is responsible for the perception of pain.
Descending control of spinal nociceptive afference involves multiple brain regions and plays
a major role in determining the experience of both acute and chronic pain. Earlier studies
identified the inhibitory influence of a brainstem network involving the midbrain
periaqueductal gray (PAG), as well as a functionally defined rostral ventromedial medulla
(RVM) region, which includes the nucleus raphe magnus and adjacent reticular regions
(Basbaum and Fields 1978; Fields and Basbaum 1978; Basbaum and Fields 1984). This
PAG-RVM axis has been regarded as the source of descending inhibitory control of pain,
contributing to anti-nociceptive mechanisms under extreme stress (Terman et al. 1984), or
selectively inhibiting ascending non-nociceptive information in presence of nociceptive
information, to enhance the signaling of pain (Le Bars 2002). Subsequent studies also
described a pain facilitatory circuitry including the same brain regions (Zhuo and Gebhart
1997). The opioid antagonist naloxone has been used to investigate the opioidergic
mechanisms underlying placebo analgesia. Combining naloxone with fMRI at 3 tesla,
Eippert and colleagues observed reduced placebo-induced responses in key structures of the
descending pain control system, including PAG and RVM (Eippert et al. 2009).

The different PAG columns (see section 3.5) receive functionally segregated inputs from
nociceptive pathways. Afferents from superficial nociceptors are conveyed to the IPAG and
dIPAG columns (mainly via A8-fibers). The VIPAG receives inputs from visceral, muscle
and C-fiber skin nociceptors, as well as visceral inputs from the nucleus tractus solitarii and
the sacral spinal cord (Parry et al. 2008; Benarroch 2012).

Decades of investigation on the neuronal populations of RVM have led to the classification
of so-called ON, OFF, and NEUTRAL classes of neurons. The OFF-cells are silent during
nociceptive withdrawal (Fields, Bry, et al. 1983), and were found to be responsible for anti-
nociceptive output from the RVM (Heinricher and Ingram 2008). Subsequently, growing
evidence on the pain facilitatory role of RVM stemmed from the observation that behavioral
hyperalgesia was correlated with increased activity of ON-cells (Fields, Vanegas, et al.
1983). Importantly, these cells were defined in animals and are anatomically intermingled;
thus, activity cannot be separated with conventional MRI imaging approaches in humans.
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In addition to the PAG-RVM system, other medullary regions, namely the dorsal reticular
nucleus (DRt) and the caudal lateral ventrolateral medulla (VLM), have also been implicated
in descending pain control (Lima and Almeida 2002; Foong and Duggan 1986; Gebhart and
Ossipov 1986). However, the presence of documented ON- and OFF-cells in the VLM
points to a dual inhibitory/facilitatory role, similar to RVM (Pertovaara and Almeida 2006).
A recent study linked conditioned pain modulation analgesia to a reduced fMRI signal in the
caudal spinal trigeminal nucleus (Sp5), DRt and dorsolateral pons (Youssef et al. 2014).
Other midbrain nuclei also participate in descending inhibition/facilitation. The nucleus
cuneiformis (NCF) is involved in both ascending transmission and modulation of
nociceptive afference. It also contains ON/OFF cells (Haws et al. 1989) and like the PAG
projects to the RVM. Previous neuroimaging studies at 3 tesla have shown that NCF and
RVM fMRI responses to pain are correlated (Dunckley et al. 2005), and that NCF is
involved in modulating pain intensity by expectancy effects (Keltner et al. 2006).

In fact, pain-related PAG fMRI activity has been consistently reported at lower field
strengths (Linnman et al. 2012), although with the limitations discussed above. Recently,
Hahn et al. compared fMRI responses to painful versus innocuous electrical stimulation at 3
and 7 tesla (Hahn et al. 2013), adopting similar in-plane resolutions for both field strengths
(1.48 x 1.48 mm? at 3 tesla, 1.5 x 1.5 mm? at 7 tesla), and found that PAG activation for
painful versus innocuous stimulation was found only with UHF fMRI. These results support
a potentially important role of UHF fMRI in evaluating brainstem nociceptive circuitries.
Future studies should combine UHF fMRI with optimized imaging and processing
approaches, to take advantage of high spatial resolution and disambiguate the function of
NCF and PAG, and target the medullary components (RVM, DRt, VLM) of descending pain
modulation.

4.2 The central autonomic network (CAN)

The autonomic nervous system (ANS) is involved in virtually every aspect of daily life. The
motor arm of the ANS regulates physiology within a variety of systems including
respiratory, cardiac, vasomotor, digestive, and endocrine. This ANS outflow calibrates
bodily reactions with contextually adaptive behavior to meet the metabolic demands of
motor, emotional, and cognitive challenges (see for example (Thayer and Lane 2000;
Critchley 2005). In order to maintain homeostasis, the activity of spinal (preganglionic)
neurons is continuously regulated by higher levels in the brain. The CNS regions involved in
this control system are known as the central autonomic network (CAN), including mid-
cingulate, insula, and ventromedial prefrontal cortices, thalamus, hypothalamus, and
amygdala (Beissner et al. 2013).

In the brainstem, the nucleus tractus solitarii (NTS) receives afference via vagal,
glossopharyngeal, and facial nerves. The NTS extends rostrally to the lower border of the
pons, while caudally it merges with the contralateral column below the obex. It receives
afference from the vagus nerve, and extends glutamatergic influence to premotor cardiovagal
neurons in the nucleus ambiguus (NAmb) and, to a lesser extent, in the dorsal motor nucleus
of the vagus (DMNX) (Neff et al. 1998). This interaction has been demonstrated only in
animal models and should be explored in humans with the aid of UHF fMRI. The NTS/
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NAmb link is also influenced by tonic inhibitory influence from arcuate and paraventricular
(PVN) hypothalamic nuclei onto NAmb (Ciriello et al. 2003; Chitravanshi et al. 2015),
forming the core central control circuitry for cardiovagal modulation. Furthermore, NTS and
NAmb, as well as surrounding portions of the medullary reticular formation, have been
physiologically defined as the dorsal medullary respiratory center (Kalia 1977), in addition
to the Kolliker-Fuse nucleus in the pons and portions of the PAG in the midbrain (see section
3.5). It is well-known that breathing introduces rhythmic oscillations in cardiovascular
physiology for optimal oxygen diffusion (Wehrwein and Joyner 2013). This respiratory
sinus arrhythmia (RSA) occurs by modulation of premotor cardiovagal neurons (e.g. NAmb)
by diverse mechanisms, including afference (via NTS) from the lungs and thoracic
baroreceptors, as well as direct input from medullary respiratory neurons (Dergacheva et al.
2010; Wehrwein and Joyner 2013; Zoccal et al. 2014). NTS neurons play an essential role in
coordinating RSA by modulating premotor cardiovagal sympathetic outflow from NAmb
and the rostral ventrolateral medulla (r'VLM) (Spyer 1981; Schreihofer and Guyenet 2003).

The /n vivo MRI localization of the aforementioned autonomic nuclei has been very
challenging with standard structural T1 or T2-weighted scans due to the lack of contrasts
between these cell columns and the surrounding tissues. However, recent functional MRI
approaches (at 3 tesla with 2.5mm in-plane resolution) have reported activation of dorsal and
lateral medulla in response to CO, stimulation (Pattinson et al. 2009). Given the available
spatial resolution, a medullary cluster encompassing several nuclei was identified, leaving
the exact localization of specific cell groups uncertain. UHF fMRI could substantially
improve localization for such applications. An alternative approach to functional localization
is adopting stimulation paradigms known to modulate the autonomic nervous system, and
using peripheral autonomic signals to guide analysis of fMRI data. Recent studies have used
an instantaneous estimation of parasympathetic outflow (Barbieri et al. 2005) as an
independent variable in general linear model analysis of fMRI data during hand grip
(Napadow et al. 2008), visually-induced nausea (Sclocco et al. 2014), and, using 7 tesla
fMRI, continuous pain (Sclocco et al. 2016). Similarly, Macefield and Henderson recently
evaluated brainstem activity by recording fMRI signals (at 3 tesla with 1.5mm in-plane
resolution, TR=8s) concurrently with spontaneous fluctuations in muscle sympathetic nerve
activity (MSNA), collected using microneurography in awake humans at rest (Macefield and
Henderson 2010). Results suggested that small increases in MSNA were associated with
fMRI signal increases in the rVLM, whereas decreases occurred in the central VLM
(cVLM), as well as NTS. Future applications should take advantage of multi-band
techniques at UHF to couple fMRI data collected with both small voxel size and short TR
for better assessment of central autonomic network control circuitry.

5. Clinical applications

Noninvasive clinical testing of the integrity of relevant brainstem centers would be a highly
desirable diagnostic tool for a myriad of disorders, such as those characterized by autonomic
failure, Parkinson’s disease, affective disorders, sleep disorders, and chronic pain.
Furthermore, a better understanding of brainstem function is a prerequisite for developing
novel therapeutic strategies for the treatment of such disorders (Beissner 2015). Lesions or
pathological variations affecting the brainstem often produce numerous and severe clinical
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deficits owing to the fundamental role played by the brainstem in CNS physiology. The past
few years have seen a number of important advances that bring us closer to routine
application of this method in the clinical setting.

5.1 Invasive and non-invasive neuromodulation for chronic pain

The involvement of the brainstem in pain and nociceptive processing makes this structure a
major target for the treatment of chronic pain. In particular, invasive clinical approaches such
as deep brain stimulation (DBS) of the sensory thalamus have been used for the treatment of
pain and co-morbid depression for more than fifty years (Duncan et al. 1991), and DBS of
the PAG and periventricular gray (PVG) is still adopted in refractory syndromes, such as
phantom limb pain (Bittar et al. 2005). Despite its clinical usage, detailed with a significant
body of literature, the neurophysiological and neurochemical basis of the beneficial effects
of PAG/PVG DBS is still controversial. The initial hypothesis of an opioid-mediated
analgesia (Hosobuchi et al. 1977) was challenged by subsequent studies showing that
PAG/PVG electro-analgesia is not fully blocked with the opioid antagonist naloxone
(Duncan et al. 1991). Interestingly, a recent study addressed this open issue with
[1C]diprenorphine (DPN, an opioid radioligand) PET in a small cohort of patients with
implanted PAG/PVG DBS systems. The results showed a significant decrease in [11C]DPN
binding in the caudal, dorsal PAG following DBS from effective electrodes located in rostral
dIPAG, thus suggesting a focal release of opioid peptides (Sims-Williams et al. 2016).
However, as PET ligands assess only a single neuromodulatory system, whether this
endogenous opioid release is playing the most significant role in analgesia still needs to be
determined. Due to the existence of both inhibitory and facilitatory projections from PAG,
the effects of DBS are different depending on the target area. An important contribution of
UHF fMRI in this context could be improved spatial resolution for a better mapping of
different PAG subdivisions, in order to better determine the desired response. Additionally,
as target brainstem nuclei have very small cross-sectional area, UHF MRI may play an
important role in pre-surgical planning and MR-guided surgery for precise lead placement
(Chansakul et al. 2016), though clinical benefits of 7 tesla MRI have yet to be seen for DBS
of the brainstem (van Laar et al. 2016).

Non-invasive neuromodulatory approaches for pain have also targeted brainstem nuclei by
electrically stimulating cranial nerves. One promising approach is the targeting of NTS with
transcutaneous vagus nerve stimulation (tVNS). Vagus Nerve Stimulation (VNS), which
involves surgical placement of electrodes coiled around the cervical vagus nerve within the
carotid sheath, has demonstrated efficacy for multiple disorders (e.g. epilepsy, depression),
and recently, migraine (Hord et al. 2003; Mosqueira et al. 2013; Yuan and Silberstein 2015).
Despite the therapeutic potential of VNS, adverse events and complications associated with
surgery and chronic stimulation limit broad applicability (Fahy 2010). Importantly, the NTS
and Sp5 also receive somatosensory afference via the auricular branch of the vagus nerve
(ABVN) (Nomura and Mizuno 1984; Kiyokawa et al. 2014). Non-invasive (transcutaneous)
methods of ABVN stimulation (tVNS) have been proposed (Ventureyra 2000), and
preliminary 3T neuroimaging studies have found that tVNS modulates brainstem and
cortical areas similar to classical VNS (Frangos et al. 2015; Dietrich et al. 2008; Kraus et al.
2013), while a clinical trial suggested that tVNS may also reduce the frequency of migraine
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episodes (Straube et al. 2015). Interestingly, the dorsal medullary vagal system operates in
tune with respiration (see above) and ABVN stimulation gated to exhalation may optimize
tVNS outcomes (Napadow et al. 2012). Importantly, while the challenges of brainstem fMRI
have limited the number of studies in migraine and other chronic pain patients, existing
imaging studies have shown interictal abnormalities in migraneurs in subcortical and
brainstem regions responsible for somatosensory processing (Harriott and Schwedt 2014;
Akerman et al. 2011; Mainero et al. 2011; Moulton et al. 2008; Moulton et al. 2014). For
instance, a recent 3 tesla fMRI study found that Sp5 response to tactile stimuli in migraine
was amplified in higher cortical regions and sensitive to interictal phase (Lee et al. 2016).
Neuromodulatory interventions, such as tVNS, may target specific brainstem nuclei such as
NTS and the trigeminal sensory pathway, as also suggested in a recent tVNS fMRI study
(Garcia et al. 2016), to ameliorate migraine pathophysiology. In fact, NTS response to
ABVN electrical stimulation may be more focally identified with UHF fMRI, and future
neuroimaging studies could use cranial nerve stimulation techniques such as tVNS (known
to target distinct medullary nuclei), with a goal to optimize UHF fMRI brainstem-focused
pulse sequence development.

5.2 UHF applications for Parkinson’s disease

The diagnosis of Parkinson’s disease (PD) is by far the most explored clinical application of
UHF MRI. Parkinson’s disease is characterized by rhythmic tremor at rest, increased muscle
tone or rigidity, and slowness in the initiation and execution of movements. It is estimated
that the percentage loss of dopaminergic neurons in the substantia nigra (SN) exceeds 60%
before a patient shows any clinical symptoms (Hornykiewicz and Kish 1987; Riederer and
Wuketich 1976), therefore the possibility of examining the midbrain SN /7 vivoin the
human has been one of the most sought-after goals in Parkinson’s research (Lang and
Lozano 1998; Hughes et al. 1992; Meara et al. 1999). Given the melanin content of the SNc
and the higher levels of iron of the SNr (Morris et al. 1992), the increased CNR and spatial
resolution offered by UHF MRI has significantly advanced the capabilities of detecting
pathological changes in SN morphology (for a recent review, see (Lehericy et al. 2014)). The
first successful UHF studies of SN degeneration in PD detected pockets of high signal
intensity in the dorsolateral part of the SN (Cho et al. 2011; Kwon et al. 2012; Cosottini et
al. 2014), that were subsequently identified as nigrosome-1 (Blazejewska et al. 2013). This
same study also confirmed that the SNr and SNc can be distinguished on the basis of MRI
signal (SNr is hypointense in To-weighted images, and hyperintense in T1-weighted images)
(Blazejewska et al. 2013). More recently, a 7 tesla study found this T1 hyperintensity to be
lost in PD, multiple system atrophy, and progressive supranuclear palsy (Blazejewska et al.
2015). Such promising applications can hopefully lead to clinical incorporation to diagnose
and track neurodegeneration in PD patients.

6. Future directions

An in vivo structural delineation of most human brainstem nuclei (similar to existing
probabilistic atlases for the cortex and higher subcortical regions) has been in great need but
elusive because of limited sensitivity and contrast for detecting these small regions using
standard neuroimaging methods (see also Section 2.5). 7 tesla brainstem nuclei atlases
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(generated in MNI space) could be used similarly to other brain neuroimaging atlases in
MNI space (e.g. AAL, Harvard Oxford (Desikan et al. 2006; Tzourio-Mazoyer et al. 2002)),
i.e. by co-registering the MNI space (and therefore the 7 tesla brainstem nuclei atlas) to
single-subject 3 tesla images (or vice-versa).

Another future application for UHF brainstem MRI will be to incorporate such methods with
non-human primate research, as recently demonstrated (Zitella et al. 2015), allowing for
more precise neurophysiological experimentation to better understand the systems detailed
in our review above.

Finally, development of better neurovascular coupling hemodynamic response models is
likely to play an important role in UHF brainstem fMRI. The assumption of a spatially
homogeneous hemodynamic response function (HRF) has been repeatedly challenged in the
literature (Handwerker et al. 2004; Aguirre et al. 1998), and more complex basis sets have
been introduced in order to account for such variability (see for example (Lindquist et al.
2009)). However, the performance of the most widely adopted methods, such as derivative
and related models, has been shown to be biased for temporal shifts greater than a few
seconds from the canonical response (Lindquist et al. 2009). In addition, the high spatial
resolution afforded by UHF has been recently highlighted as a potential cause of bias for
current BOLD models. In fact, collecting signals from different vascular compartments, or
cortical layers and columns, in separate voxels, translates into the necessity of modeling
different processes that were previously merged into a single voxel (Goense et al. 2016).
Furthermore, recent accounts from optical imaging and two-photon microscopy suggest that
blood flow regulation may be much tighter and more specific to neuronal activity than
previously believed. Indeed, several groups now are observing functional activation
differences within subcortical nuclei and even between the feeding arterioles and the
distribution of the control structures on the vessels — which, given recent investigations of
vessel diameter regulation via pericytes, could be present on the capillaries themselves
(O’Herron et al. 2016). This increased specificity, however, should be considered alongside
our evolving understanding of the spatial inhomogeneity in the BOLD point-spread function,
which appears to vary with cortical depth (Polimeni et al. 2010).

In conclusion, the brainstem is a rich and maddeningly complex structure at the base of the
brain whose neuroanatomy and neurophysiology may be best assessed with the aid of recent
developments in UHF MR, as discussed in this review. With wider access to UHF MRI, we
anticipate even more advances in our understanding of the role the brainstem plays in
directing and facilitating central nervous system function.
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Highlights

The human brainstem plays a central role in the central nervous system,
though it has been difficult to investigate due to physiological and anatomical
characteristics.

The broader adoption of ultrahigh-field (UHF) MRI scanning significantly
advanced brainstem imaging.

We discuss the advantages and the challenges of using UHF MRI for
brainstem data acquisition and analysis.

We illustrate how UHF MRI can shed new light on different brainstem-based
circuitries, discuss existing and foreseeable clinical applications, and explore
promising future directions.
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Cholinergic system Autonomic regulation Descending pain modulation Special innervation

Figure 1.
Anatomical subdivisions and important functions of the brainstem. B1 to B8 denote the

following serotonergic centers: Ncl. raphe pallidus (B1), Ncl. raphe obscurus (B2), Ncl.
raphe magnus (B3), Ncl. raphe pontis (B5), Ncl. centralis superior (B6+B8), and Ncl. raphe
dorsalis (B7). Al to A7 denote nuclei of the noradrenergic system, and are located in the
ventrolateral medulla (A1, VLM), the nucleus of the solitary tract (A2, NTS), near the
superior olivary nucleus (A5), in the Locus coeruleus (A6, LC), and in the medial
parabrachial and Kolliker-Fuse nuclei (A7, PBN/KF). The dopaminergic system in the
midbrain consists of the centers A8 (unclear location), A9 (located in the in the substantia
nigra, SN), and A10 (located in the ventral tegmental area, VTA). Cholinergic centers in the
brainstem comprise the pedunculopontine reticular nucleus (CH5), and the dorsolateral
pontine tegmentum (CH6). In addition to some of the previous nuclei, centers of autonomic
control comprise Edinger-Westfal nucleus (EW), periaqueductal grey (PAG), Ncl.
cuneiformis (NCF), Ncl. ambiguus (NAmb), Area postrema (AP), and Dorsal motor nucleus
of the vagal nerve (DMV), whereas the descending pain modulatory system adds the Nct.
reticularis gigantocellularis (NGC), which together with A5 forms the rostral ventromedial
medulla (RVM), and the Dorsal reticular nucleus (DRt). Finally, there are nuclei with special
motor functions including eye movement (Ncl. oculomotorius, 111, Ncl. trochlearis, IV, and
Ncl. abducens, VI), jaw movement (Ncl. motorius n. trigemini, V), facial expression (Ncl.
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facialis, VII), tongue movement (Ncl. hypoglossus, XII), shoulder movement (Ncl. spinalis
n. accessorii, XI), respiration (Ncl. ambiguus), and vomiting (Area postrema, AP).
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Sagittal Coronal Axial

Figure 2. Sensitivity of structural MRI to visualize brainstem nuclei at 7 tesla and 3 tesla
We show for a healthy human subject the 1.1mme-isotropic-resolution diffusion fractional

anisotropy map computed from diffusion tensor imaging acquired at 7 tesla (32 channel
head coil, maximum achievable gradient amplitude = 70 mT/m) with echo time (TE) = 60.8
ms, TR = 5.6 s, total acquisition time about 25 minutes; and 3 tesla (32 channel head coil,
maximum achievable gradient amplitude = 40 mT/m) with TE =78.8 ms, TR = 8.5 s, total
acquisition time about 37 minutes. Common 7 tesla and 3 tesla parameters were spin-echo
EPI, b = 1000 s/mm?, 60 directions/repetition, 7 “b0” (b = 0 s/mm?) images/repetition, 4
repetitions. Note that the TE and TR were minimized in both scanners and that the same
number of repetitions was employed. Our results suggest that an increased sensitivity and
speed for brainstem nuclei delineation was achieved by using higher scanner magnetic field
and gradient strength compared to conventional 3 tesla scanners. Arrows indicate inferior
olivary nuclei (red), the median raphe (green), tegmental nuclei (yellow, such as the
cuneiform nuclei).
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Figure 3. Chest motion effects are stronger in the brainstem and spinal cord than in brain
regions more distal from the lungs

Upper row: phase changes (rad/ppb) in the brain due to respiration (one respiratory cycle
shown) measured by phase gradient-echo EPI at 7 tesla (acquisition parameters: TR = 0.8 s;
echo time = 25 ms; 160 repetitions, 2.5 x 2.5 x 2.5 mm3, 15 coronal slices covering the
brainstem, one slice shown; band-pass temporal filtering between 0.1 and 0.6 Hz applied to
the phase EPI time-courses). Lower row: respiratory trace (downsampled at the MRI
acquisition time, i.e. at each TR), recorded simultaneously with the phase MRI from a
respiratory bellow positioned around the subject chest. Note that phase signal fluctuations
induced by chest motion are about twice as high as in cortical areas.
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Figure 4. Regions of high signal variance in the brainstem as evidenced by independent
component analysis (ICA) of brainstem-fMRI data

The figure shows selected components from a 16-dimensional ICA of the brainstem region
(50 subjects, 10min resting-state fMRI, standard preprocessing). Results are clearly driven
by physiological noise and reflect the strongest sources of pulsatile noise, namely the
aqueduct, circle of Willis, fourth ventricle, as well as basilar and vertebral arteries (structures
denoted with asterisks in the sagittal slices). The observation that these sources are mostly
located outside the brainstem led to the development of masked ICA. Modified after
(Beissner et al. 2014).
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Figure 5.
Coronal (left) and sagittal (right) example frames from the movies depicting the brainstem

during the cardiac cycle (links to the Supporting Movies S1 and S2 are available in the
online version). The imaging data were retrospectively gated and the image was
reconstructed at 25 evenly-spaced phases of the cardiac cycle.
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