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Mapping the structural and functional connectivity of the central nervous system has become a key area within
neuroimaging research. While detailed network structures across the entire brain have been probed using animal
models, non-invasive neuroimaging in humans has thus far been dominated by cortical investigations. Beyond
the cortex, subcortical nuclei have traditionally been less accessible due to their smaller size and greater distance
from radio frequency coils. However, major neuroimaging developments now provide improved signal and the

resolution required to study these structures. Here, we present an overview of the connectivity between the
amygdala, brainstem, cerebellum, spinal cord and the rest of the brain. While limitations to their imaging and
analyses remain, we also provide some recommendations and considerations for mapping brain connectivity

beyond the cortex.

1. Introduction

The advent of neuroimaging techniques has allowed us to move
beyond animal models to examine the structure and function of net-
works within the human brain. However, brain connectivity research
has thus far been dominated by investigations in cortical regions, with
fewer studies focusing on the role of (often less accessible) subcorti-
cal structures. Herein we present a brief overview of brain connectiv-
ity beyond the cortex, with a specific focus on the amygdala, brain-
stem, cerebellum, and spinal cord. Each section covers the major neu-
roimaging developments that have advanced our knowledge regarding
the structural and resting state functional connectivity of these respec-
tive non-cortical structures. While functional coupling within the brain
is routinely measured using non-invasive techniques such as electroen-
cephalography (EEG), magnetoencephalography (MEG) and functional
near-infrared spectroscopy (fNIRS), these all suffer from poor sensitiv-
ity towards signals from deep within the brain. Hence, our discussion of
resting state functional connectivity will be centered around functional
magnetic resonance imaging (fMRI) as a method of choice for investigat-
ing these subcortical structures. We conclude with some recommenda-

tions for imaging and analysis practices that should be considered when
analyzing connectivity beyond the cortex.

2. Forebrain subcortical regions: focusing on the amygdala as an
example

2.1. Overview

During brain development, forebrain subcortical structures develop
from the embryonic prosencephalon, which divides into the dien-
cephalon and telencephalon. The diencephalon consists of exclusively
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subcortical structures located on either side of the third ventricle: tha-
lamus, epithalamus, subthalamus and hypothalamus. By contrast, the
telencephalon develops into both cortical and subcortical regions. Sub-
cortically, it comprises the amygdala, hippocampus, basal ganglia (puta-
men, caudate nucleus), globus pallidus, subthalamic nucleus, claustrum
and basal forebrain.

Forebrain subcortical structures monitor and adjust, among other
processes, sleep, homeostasis, alertness, emotion, motivation, endocrine
responses and memory functions. Each subcortical region has a unique
set of connections, yet the majority of neuroimaging work has fo-
cused on the connectivity between cortical regions (Biswal et al., 1995;
Glasser et al., 2016; Horn et al., 2014; Mars et al., 2013; Neubert et al.,
2014; Sallet et al., 2013). However, with advances in neuroimaging and
suitable adjustments to standard methods, it is now possible to inves-
tigate the structural and functional connectivity of subcortical regions
located deep inside the brain. In this first section, we will focus on the
connectivity of the amygdala, a region that has been studied in-depth
across mammalian species and which plays a central role in psychiatric
disorders (Drevets, 2003; Murray et al., 2011). Some of the neuroimag-
ing challenges and advances discussed in this section similarly apply to
other forebrain subcortical structures. Covering the connectivity of all
forebrain subcortical structures is outside the scope of this review.

The amygdala is located anterior to the hippocampus in the medial
temporal lobe and is part of the limbic system. It is a phylogenetically old
structure and critical for emotion regulation, fear conditioning and cog-
nitive functions such as value-based decision-making (Adolphs, 2013;
Aggleton, 1993; Chang et al., 2015; Grabenhorst et al., 2012; Klein-
Fliigge et al.,, 2019; Monte et al., 2015; Murray and Wise, 2010;
Phelps and LeDoux, 2005). Several detailed atlases exist for subcortical
regions more generally and the amygdala in particular (Ding et al., 2017;
Keuken et al., 2014; Mai et al., 2015; Saygin et al., 2017; Tian et al.,
2020). However, as is the case for all structures located deep within
the brain, neuroimaging signals in the amygdala are hampered by
its distance from the head coils (g-factor; (Pruessmann et al., 1999;
Robson et al., 2008)). In addition, the medial temporal lobe is prone to
distortions and signal loss induced by air/tissue boundaries, which cause
non-uniformities in the magnetic field. Physiological artefacts arising
from respiration and cardiac activity further distort the signal. Finally,
the amygdala is not a homogenous structure, but a collection of multiple
small dissociable — yet interconnected — nuclei, which further compli-
cates the interpretation of signals recorded from this area.

Recent improvements in neuroimaging approaches for subcortical
structures such as the amygdala include parallel imaging with multi-
channel head-coils, reduced and/or multiple echo times, reversing of
the phase-encoding direction to control for the direction of distor-
tions, and smaller voxel resolution and slice thickness achieved through
higher magnetic field strengths (Barch et al., 2013; Kundu et al., 2017;
Robinson et al., 2004; Smith et al., 2013; Ugurbil et al., 2013). These
measures help to overcome some of the challenges in acquiring data
from subcortical structures highlighted above: they help reduce drop-
out, and the improved resolution reduces partial volume effects and al-
lows distinguishing different amygdala nuclei. In the amygdala in par-
ticular, however, care should be taken not to confound fMRI signals with
activation in nearby veins (Boubela et al., 2015). In general, the trade-
off between voxel size and signal-to-noise ratio (SNR) remains: Whilst
smaller voxels have a penalty in terms of SNR, the resulting images may
suffer less from partial volume effects (where a strong signal in part of
a large voxel is less detectable than if it filled a small voxel) and from
signal dropout (where local distortions in the magnetic field cause total
loss of signal in a large voxel, but less across a small voxel).

2.2. Structural connectivity
The majority of studies investigating the structural connectivity of

the amygdala and other forebrain subcortical structures have relied on
invasive experimental methods in animal models. Early descriptive ac-
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counts from the late 19th and early 20th century (e.g. Edinger 1896 and
Johnston 1923) laid out a framework for the morphology and evolu-
tion of the amygdala and advocated to study its fiber systems. This
was first implemented using lesion and axon degeneration studies (e.g.
Fox 1943) and gained precision with the advent of anterograde and ret-
rograde tracer methods in the late 1960s and 1970s (Cowan et al., 1972;
Kristensson and Olsson, 1971).

Tracer studies showed that the amygdala exhibits direct path-
ways to various midbrain and lower brainstem nuclei including the
reticular formation and periaqueductal gray (PAG). These pathways
originate predominantly from the central nucleus of the amygdala
(Aggleton, 2000,1980; Hopkins, 1975; Hopkins and Holstege, 1978;
Krettek and Price, 1978; Price, 2003; Price and Amaral, 1981). The
amygdala also projects to the hypothalamus and again, these fibers
most strongly originate from the central nucleus (Hopkins and Hol-
stege, 1978; Price, 2003), which is the amygdala’s main nucleus for
modulating autonomic and endocrine responses. Other major forebrain
subcortical connections of the amygdala are with the ventral striatum
(nucleus accumbens and ventral putamen), the basal forebrain includ-
ing the bed nucleus of the stria terminals (BNST), the thalamus, and the
hippocampus (Aggleton, 2000, 1980; Cho et al., 2013; Friedman et al.,
2002; Fudge et al., 2002; Krettek and Price, 1978; Price and Ama-
ral, 1981). Many of these are reciprocal connections, but the connection
patterns vary between different amygdala nuclei (Fig. 1A).

Direct cortical connections of the amygdala are most pronounced
with posterior agranular medial and orbital frontal cortex (MFC, OFC),
anterior temporal regions (perirhinal, temporal pole, inferotemporal)
and agranular insula (Aggleton et al., 1980; Amaral and Price, 1984;
Carmichael and Price, 1995; Cho et al., 2013; Freedman et al.,
2000; Ghashghaei et al., 2007). Amygdala connections become weaker
in more anterior dysgranular and granular OFC and MFC regions
(Aggleton et al., 2015; Amaral et al., 1992; Ghashghaei et al., 2007;
Price and Drevets, 2010). Cortical connections are largely bidirectional.
Inputs from sensory association cortices (vision, audition, somatosensa-
tion) most strongly project to the lateral nucleus of the amygdala, the
main sensory input nucleus of the amygdala, while frontal cortical pro-
jections are most pronounced with the basal and auxiliary basal nucleus
(Fig. 1A) (Aggleton, 2000; Carmichael and Price, 1995; Cho et al., 2013;
Freedman et al., 2000; Stefanacci and Amaral, 2002).

Amygdala connections identified in animal models are preserved
across mammalian species, including humans. Directly assessing amyg-
dala connectivity in vivo in humans using non-invasive neuroimaging
methods poses significant challenges as the white matter around the
amygdala is not homogenous. The presence of major fibers of passage
(e.g. internal capsule) and the cross-over of several fiber pathways (e.g.
around the basal forebrain) means that diffusion tensor imaging (DTI)
tractography can miss smaller fiber pathways such as the stria terminalis
and amygdalofugal pathway using standard protocols. Furthermore, DTI
cannot differentiate monosynaptic from polysynaptic connections.

Nevertheless, using strong priors from animal work and refined
methodological approaches, the key amygdala tracts have now been
reconstructed using diffusion-based methods and shown to follow the
same architectural principles as in non-human primate species. By plac-
ing seeds in the core of the white matter bundles of interest and us-
ing the full probability distribution of the fiber directions, it was possi-
ble to accurately reconstruct amygdala-prefrontal connections including
the amygdalofugal and uncinate pathways, and these were found to be
preserved across humans and monkeys (Fig. 1C) (Folloni et al., 2019).
The stria terminalis, the fiber pathway connecting the central amygdala
to BNST, has been reconstructed using more constrained deterministic
tractography approaches; the obtained tract also matched the same tract
described in animal work and its microstructure was predictive of threat
responses (Kamali et al., 2015; Koller et al., 2019; Oler et al., 2017). The
uncinate and anterior commissure, both prominent white matter bun-
dles connecting the amygdala with inferior frontal regions and with its
counterpart in the other hemisphere, have also been traced using DTI
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Fig. 1. A, Schematic summary of some
of the major pathways to and from the
amygdala discovered through invasive tracer
techniques in animal models (adapted from
Price (2003); Ce=central; CoN=cortical nu-
clei; L=lateral; B=basal; AB=auxiliary basal;
PAG=periaqueductal gray; RF=reticular
formation); in medial and orbital pre-
frontal cortex, there is a gradient (shown
from red=strong to yellow=weak) with the
strongest amygdala connections in posterior
agranular regions and less dense projec-
tions to and from the amygdala in more
anterior dysgranular and granular regions
(Gashghaei and Barbas, 2007). B, Resting

state neuroimaging data was used to parcellate the amygdala based on each voxel’s connectivity pattern to the rest of the brain. This replicates the nuclei of
the amygdala identified post-mortem at a fine spatial scale in vivo (LaD, Lal, LaV=dorsal, intermediate, and ventral divisions of lateral nucleus; adapted with
permission from Klein-Fliigge et al. (2019)), C, Probabilistic diffusion tractography can identify small tracts such as the amygdalofugal (AmF) and uncinate fasciculus
(UF) (A=amygdala) and these are preserved across species (left=macaque; right=human; adapted with permission from Folloni et al. (2019), CC BY 4.0) (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

tractography (Catani et al., 2002). Moreover, fiber density in a pathway
between thalamus (pulvinar) and amygdala was shown to predict fear
recognition (McFadyen et al., 2019).

DTI and tractography have also been used to identify subdivisions
of the amygdala that differ in their connectivity profile. This has reli-
ably identified two or three subdivisions such as the deep vs superfi-
cial nuclei, or the laterobasal, superficial and centromedial subdivisions
(Bach et al., 2011; Balderston et al., 2015; Solano-Castiella et al., 2010).

2.3. Functional connectivity

Some of earliest work looking at functional coupling between the
amygdala and other brain regions combined neural stimulation with
direct recording techniques. This demonstrated, for example, that stim-
ulating the basolateral amygdala elicited responses in the hypothala-
mus (Gloor, 1955). In humans, the functional coupling between two
regions is typically measured non-invasively using functional magnetic
resonance imaging (fMRI). Here, the temporal correlation between the
blood oxygenation level dependent (BOLD) signal fluctuations of two
regions (either at rest or during a task) is used as a measure of their func-
tional connectivity. Resting state functional connectivity is a good proxy
for anatomical connectivity (O’Reilly et al., 2013), and unlike diffusion
tractography, it is not affected by crossing fibers or spatial distance.
However, just like diffusion-based methods, it does not allow distin-
guishing mono-synaptic from poly-synaptic connections, nor is there in-
herently greater interpretability from the temporal correlations assessed
in resting state analyses.

Hundreds of studies have investigated resting state functional con-
nectivity in circuits involving the amygdala. The majority have fo-
cused on changes associated with different diseases, but some have
focused on the basic properties of the amygdala’s functional network.
This has revealed distinct functional networks for the laterobasal, cen-
tromedial and superficial subdivisions of the amygdala, broadly re-
sembling the circuits described in animal work (Bickart et al., 2012;
Gorka et al., 2018; Grayson et al., 2016; Klein-Fliigge et al., 2020;
Oler et al., 2012; Roy et al., 2009; Weis et al., 2019). In addition, work
examining functional connectivity has helped detect co-fluctuations be-
tween polysynaptically connected regions that are not typically reported
in tracer studies. This has highlighted, for example, strong negative
coupling between amygdala and dorso-lateral prefrontal cortex (dIPFC)
(Dohamayor et al., 2017; Klein-Fliigge et al., 2020), a target region for
neurostimulation in depression.

Differences in the whole brain pattern of functional resting state cou-
pling between voxels in the amygdala have also been used to identify

amygdala subdivisions. While earlier work focused on two or three sub-
divisions (Bielski et al., 2021; Bzdok et al., 2013; Kerestes et al., 2017;
Tian et al., 2020), a recent study identified seven nuclei per hemisphere
based on in vivo resting state connectivity in the Human Connectome
Project (HCP; Fig. 1B) (Klein-Fliigge et al., 2020), and these closely re-
semble nuclei identified post-mortem (Saygin et al., 2017). In terms
of the larger network architecture, the amygdala has generally been
thought to be related to the default mode network (DMN) because of
its strong connections with ventro-medial PFC (vmPFC). However, it
diffusely integrates with several large-scale networks (Kerestes et al.,
2017), not just the DMN, and this depends on the precise nucleus con-
sidered.

By far, the largest proportion of studies investigating amygdala func-
tional connectivity has focused on changes in functional coupling as
a function of stress and psychiatric illness. Importantly, connectivity
markers are reliable across repeat-sessions, supporting its suitability as
a potential biomarker (Nord et al., 2019). The most frequently reported
coupling change is between amygdala and vmPFC/subgenual anterior
cingulate cortex (sgACC), but the direction of change has not been en-
tirely consistent across studies. Reduced coupling in this pathway has
been observed after watching emotional compared to neutral movies
(Eryilmaz et al., 2011), as a function of adverse life experiences in
childhood (Park et al., 2018), cortisol levels (Veer et al., 2012), social
anxiety (Hahn et al., 2011), state anxiety (Kim et al., 2011), and ma-
jor depression (Cheng et al., 2018; Veer et al., 2010; Workman et al.,
2016). By contrast, other studies have found increased coupling in the
same pathway following a stress induction (Veer et al., 2011), in PTSD
(Brown et al., 2014), and in major depression (Bijsterbosch et al., 2018;
Connolly et al., 2013). SgACC is a site for deep brain stimulation (DBS) in
treatment-resistant depression (Holtzheimer et al., 2017; Mayberg et al.,
2005), and DBS works particularly well when the connections to subcor-
tical regions are targeted (Johansen-Berg et al., 2007). Another circuit
that has frequently been identified to be changed is between the amyg-
dala and insula. Here, functional coupling relates to anxiety (Baur et al.,
2013; Bijsterbosch et al., 2014) and acute stress (van Marle et al., 2010).
However, thus far the majority of studies examining the functional con-
nectivity of the amygdala do not consider the fine spatial scale of amyg-
dala subdivisions, do not adequately correct BOLD data for physiological
noise, do not have sufficient sample sizes, and the psychiatric illnesses
under study are defined based on clinical criteria rather than specific
pathophysiological mechanisms. These are all important aspects that
future work will need to consider and which might aid identifying re-
lationships between amygdala brain networks and changes in behavior
(Klein-Fliigge et al., 2020).
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3. Brainstem

3.1. Overview

The brainstem is located deep and inferior within the brain, and com-
prised of three main areas: the midbrain, pons and medulla oblongata.
Not only is the brainstem critical for the regulation of vital cardiac and
respiratory functions, it is the main communication highway between
the cortex/subcortex, cerebellum and spinal cord, and is intricately in-
volved in the control of the central and peripheral nervous systems. Ten
of the twelve pairs of cranial nerves either originate from or target brain-
stem nuclei, and the brainstem contains components of multiple motor
and sensory systems such as the circuitry required for autonomic re-
flexes and the somatic nervous system. Furthermore, the reticular for-
mation within the brainstem also contains nuclei associated with key
modulatory and neurotransmitter systems, such as those involved in
arousal, sleep and attention (cholinergic, serotonergic, noradrenergic
and dopaminergic systems; see (Steward 2000) for a full overview and
a description of the specific nuclei involved).

While some major brainstem structures have been visible in vivo us-
ing fMRI even at 0.35 tesla (Flannigan et al., 1985), accurately imag-
ing the brainstem presents many significant neuroimaging challenges
(Sclocco et al., 2018). These include (but are not limited to): an inher-
ent reduction in SNR due to its depth and distance from the head coils;
small nuclei with often poor image contrast; a large number of promi-
nent surrounding white matter tracts; significant signal dropout in some
susceptible MR images (such as those with T2* weighting) due to the
often closely positioned facial sinuses, particularly in the pons region;
and substantial artefacts in functional imaging induced by physiological
noise from sources such as pulsatile vessels, respiratory-related move-
ment, and bulk-susceptibility changes due to the close proximity of the
brainstem to the lungs (Beissner, 2015; Brooks et al., 2013; Sclocco et al.,
2018). As many of these challenges (with a particular emphasis on the
influence of physiological noise) apply to all subcortical structures dis-
cussed in this review, we refer the reader to the “Issues and best prac-
tice” section for a summary and recommendations regarding the tech-
niques available to minimize these effects.

To overcome the difficulty of anatomical discrimination of brain-
stem structures in early MRI, ex vivo histological slices were used for
localization purposes (Flannigan et al., 1985). While the advent of
high field 3 tesla imaging and head coil developments improved brain-
stem signal, the trade-off between improving spatial resolution and
reducing SNR with decreasing voxel size remained prominent. How-
ever, the production of brainstem atlases such as those by Duvernoy
(Naidich et al., 2009) and Paxinos (Paxinos and Huang, 2013) provided
improved brainstem references, with unprecedented detail from both
histological and post-mortem MR images. These atlases have been used
in conjunction with techniques such as quantitative MRI and differ-
ent scanning sequences that enable improved delineation of subcortical
brainstem structures (e.g. quantitative MR and/or T2-weighted scans
(Dunckley et al., 2005)). Finally, the use of both multi-slice imaging
and ultra-high field (UHF) MRI at 7 tesla has now allowed drastic im-
provements in spatial resolution while maintaining required SNR, and
the implications of this for brainstem imaging have been reviewed in
detail elsewhere (Sclocco et al., 2018).
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3.2. Structural connectivity

Animal models have permitted detailed neuronal mapping of the ma-
jor descending motor and ascending somatosensory pathways through
the brainstem. These include the descending pyramidal tracts (corti-
cospinal and corticobulbar, originating in the cortex for voluntary mo-
tor control) and extrapyramidal tracts (vestibulospinal, reticulospinal,
rubrospinal and tectospinal, originating in the brainstem for involun-
tary motor control), as well as the ascending somatosensory tracts (dor-
sal column medial lemniscal and the anteriolateral pathways, carry-
ing sensory information for conscious perception) and spinocerebellar
tracts (posterior spinocerebellar, cuneocerebellar, anterior spinocere-
bellar and rostral spinocerebellar, carrying sensory information for
unconscious perception). Beyond passing fibers and relay stations,
the brainstem also houses the nuclei and fascicles of 10 of the 12
cranial nerves, as well as countless other important nuclei, allow-
ing for the control and integration of functions from numerous vital
systems.

Despite the challenges of human brainstem imaging, large white
matter pathways in the brainstem were mapped as early as 2001 us-
ing 1.5 T (Stieltjes et al., 2001). Here, brainstem DTI was undertaken
in vivo to localize the major axonal pathways in the brainstem, includ-
ing the corticospinal tract, medial lemniscus and cerebellar peduncles
(Stieltjes et al., 2001). Following this work, in vivo atlases in stereo-
taxic space have been produced at 1.5 T (Mori et al., 2008, 2009),
along with more recent and highly detailed ex vivo brainstem atlases
(Aggarwal et al., 2013). These atlases allow us to visualize and quantify
the structural connectivity both within the brainstem (Aggarwal et al.,
2013) and between brainstem and cortex (Mori et al., 2008, 2009).

Beyond the measurement of white matter tracts that pass through
and across the brainstem, structural connectivity analyses have also
been undertaken to target and better understand key brainstem nu-
clei. The use of multi-contrast imaging (diffusion fractional anisotropy
and T2-weighted) have aided the creation of probabilistic maps of key
brainstem nuclei and systems, such as the ascending arousal, autonomic
and motor systems (Bianciardi et al., 2015). Once specific anatomical
targets have been identified, connectivity maps that utilize seed-based
and hypothesis-driven approaches can be used to investigate brain-
stem nuclei and networks (Zhang et al., 2020) (Fig. 2). This technique
has been used to consider the connectivity between the wider cortex
and brainstem nuclei such as those within the ventral tegmental area
and the cuneiform/subcuneiform nuclei and pedunculopontine nucleus
(Englot et al., 2018). In clinical applications, a reduction in the ascend-
ing reticular activating system connectivity has been demonstrated in
patients with epilepsy (Englot et al., 2018), and reductions in fractional
anisotropy measurements in the dorsal and medial longitudinal fasciculi
shown with increasing levels of chronic pain (Zhang et al., 2020). Fur-
thermore, circuitry that encompasses both the brainstem and subcortex
(such as the basal ganglia) has also been investigated in this manner
using high-resolution ex vivo scanning (Plantinga et al., 2016). These
targeted analyses allow us to answer specific questions about structural
connectivity in the human brain and brainstem, and create comparisons
to non-human models.

The structural connectivity profile between the brainstem and the
rest of the brain has also been harnessed to aid even finer resolution and
parcellate brainstem nuclei. For example, it was possible to delineate the
subdivisions of the substantia nigra/ventral tegmental area (SN/VTA)
based on their connectivity profiles to the striatum (Chowdhury et al.,
2013), while the PAG subdivisions were elucidated by their connectiv-
ity to the rest of the brain (Ezra et al., 2015). In both instances, this
technique generated parcellations that are anatomically plausible and
consistent with animal models, and in the case of the SN/VTA, the sub-
division connectivity pattern correlated with a reward-dependent per-
sonality trait (Chowdhury et al., 2013). This data-driven technique al-
lows us to move beyond localization of anatomical structures within
the brainstem, where (despite a lack of contrast) we can parcellate nu-
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clei based upon their structural connectivity profiles by leveraging rich
brain-wide information.

3.3. Functional connectivity

Functional connectivity techniques have also been widely employed
to investigate brainstem nuclei. As with structural connectivity, both
seed-based and data-driven approaches have been utilized for brainstem
functional connectivity analyses. When carefully performed, functional
connectivity techniques can provide an alternative and nuanced under-
standing of the brainstem; the strong influence of the many passing
white matter tracts no longer dominate as they do in structural con-
nectivity analyses, and we may thus be more sensitive to the indirect
connections between remote areas of the brain and the brainstem.

Seed-based functional connectivity analyses on resting state data
have been used to map and compare connectivity profiles of the ascend-
ing brainstem arousal, autonomic and motor systems (Bianciardi et al.,
2016). Additionally, targeted analyses of the monoamine-producing nu-
clei within the brainstem (Bér et al., 2016) have revealed connectivity
differences resulting from the use of different antidepressants, employ-
ing drugs to target either noradrenergic and serotonergic neurotransmis-
sion or serotonergic neurotransmission only (Wagner et al., 2017). These
results demonstrate the potential sensitivity of hypothesis-driven anal-
yses within the brainstem. Finally, seed-based analyses at rest have also
revealed differential functional connectivity between PAG subdivisions
and the cortex, where seed location was determined by the functional
activity during conditioned breathing tasks within the PAG (Faull and
Pattinson, 2017). Using seeds derived from task-based analyses can
lend themselves to more directed questions regarding functionally-
active nuclei, as an alternative to anatomically-defined seeds. Beyond
resting state, functional connectivity analyses that are performed dur-
ing tasks (see Faull and Pattinson 2017, Sprenger et al. 2015 and
Tinnermann et al. 2017 for specific examples of task-based functional
connectivity of the PAG) can then assess how the brainstem may be func-
tionally connected to the rest of the brain under specific conditions, or
when performing certain functions. Further details regarding task-based
functional connectivity are beyond the scope of this review.

Neurolmage 240 (2021) 118379

Fig. 2. Six brainstem fiber tracts (right)
mapped using manual DTI, and the placement
of the “Seed” and “Target” ROI-pairs (left) for
each tract. Abbreviations: MLF=medial lon-
gitudinal fasciculus (yellow, A); DLF=dorsal
longitudinal fasciculus (red, A); SCP=superior
cerebellar peduncle (blue, A); MFT=medial
forebrain tract (green, B); NST=nigrostriatal
tract (magenta, B); FPT=frontopontine
tract (pink, C); CST=corticospinal tract
(blue, C); STT=spinothalamic tract (orange,
C); POTPT=parieto-, occipito-, and tem-
poropontine tract (purple, C). Figure from
Zhang et al. (2020), reproduced under Creative
Commons license (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.).

Data-driven approaches have also been used to understand brain-
stem connectivity. Due to the reduced SNR and size of the brainstem
in comparison to the cortex, standard techniques such as whole brain
independent component analysis (ICA) are often dominated by cor-
tical signal. To mitigate this effect, Beissner et al. (2014) proposed
a two-stage technique of masked ICA within the brainstem, followed
by backward regression of the identified components onto the wider
cortex to identify their functional connectivity across the brain. This
technique has revealed dissociable functional components within the
brainstem that do not rely on anatomical localization procedures. The
resulting cortical connectome maps were able to determine the re-
lationship of these brainstem components to cortical structures, as
well as identifying which components were likely driven by noise (via
connectivity to cerebral spinal fluid compartments within the brain).
These results demonstrate how functional connectivity techniques such
as ICA can be applied to the brainstem, with special consideration
taken for the challenges associated with brainstem and non-cortical
analyses.

4. Cerebellum

4.1. Overview

The cerebellum is located posterior to the pons and medulla sepa-
rated by the fourth ventricle, and inferior to the cerebrum separated
by the tentorium cerebelli. Despite its relatively small size, the cere-
bellum contains half of the total number of neurons in the brain. At a
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gross anatomical level, the cerebellum is divided into two hemispheres,
a midline structure named the vermis, and regions located immediately
adjacent to the vermis named the paravermis (Felten et al., 2016). The
interior of the cerebellum contains a mass of white matter and cere-
bellar nuclei, including the dentate, emboliform, globose, and fasti-
gial nuclei. The exterior of the cerebellum, named the cerebellar cor-
tex, is divided into three lobes and further subdivided into ten lob-
ules. Lobules I-V form the anterior lobe, lobules VI-IX form the pos-
terior lobe, and lobule X forms the flocculonodular lobe. Lobule VII is
divided into VIIA and VIIB; Crus I and Crus II are subdivisions of lobule
VIIA.

An extensive body of literature based on animal tract-tracing studies
has defined the intricate pathways of connectivity between the cerebel-
lum and the rest of the brain. Neuroimaging analyses in humans have
replicated most major tracts of cerebellar structural connectivity, and
further revealed that functional connections exist between the cerebel-
lum and large-scale networks that involve all broad domains of human
behavior.

4.2. Structural connectivity

Three cerebellar peduncles link the cerebellum to the spinal cord,
brainstem, and cerebral hemispheres; these are the inferior, middle,
and superior cerebellar peduncles (ICP, MCP, SCP). The cerebellar pe-
duncles include many anatomical tracts; here we will highlight only a
few notable connections. ICP includes afferent (input) fibers from the
spinal cord that project to the cerebellar cortex. MCP carries afferent
fibers into the cerebellar cortex from the pontine nuclei, which in turn
receive afferents from the basal ganglia (Bostan et al., 2010) and the
cerebral cortex. Connections between the cerebral cortex and the pons
are of special interest, as they demonstrate the broad range of networks
that are linked to the cerebellum. Sensorimotor cortical areas project
to nuclei in the caudal pons (Brodal, 1979; Schmahmann et al., 2004).
Beyond sensorimotor connections, there is also a wide spectrum of as-
sociation areas in prefrontal, parietal, temporal, and cingulate cerebral
cortical areas that target the rostral pontine nuclei (Schmahmann and
Pandya, 1989, 1991, 1993, 1997). SCP carries output (efferent) fibers
that link the cerebellum to the basal ganglia (Hoshi et al., 2005) and
the thalamus. The thalamus then sends efferent projections to the cere-
bral cortex (Middleton and Strick, 1994). The dentate nuclei are es-
pecially relevant in these efferent connections, as they receive pro-
jections from all regions of the cerebellar cortex except from the ver-
mis and paravermis, and serve as a relay station for these fibers be-
fore they reach the basal ganglia and thalamus via the SCP. In this
way, the dentate nuclei connect the cerebellum to all major streams
of information processing in the cerebral hemispheres. In contrast,
the fastigial nuclei receive projections from the vermis and project
mainly to vestibular and reticular nuclei, connecting cerebellar cor-
tex to the reticulospinal and vestibulospinal tracts. Globose and embo-
liform nuclei receive projections from the paravermis and project mainly
to the red nucleus, connecting cerebellar cortex to the rubrospinal
tract.

Many connections of the cerebellum form closed-loop circuits. First,
neurons in cerebellar nuclei project back to cerebellar cortical areas
from which they receive input (Dietrichs, 1981). Second, each infe-
rior olivary nucleus projects directly to a specific territory of cere-
bellar cortex, and includes afferent and efferent connections from the
deep cerebellar nucleus that receives projections from the same ter-
ritory of the cerebellar cortex (Zeeuw et al., 1998). Third, thalamic
nuclei that are targeted predominantly by cerebellar cortical outputs
will both send and receive projections to specific cerebral cortical
areas (Guillery, 1995), which send projections to a pontine nucleus
(Schmahmann and Pandya, 1997) that will then project back to the
cerebellar cortical territory that is connected with that specific cerebral
cortical area (Kelly and Strick, 2003).
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Tract tracing investigations in rodents and primates are the basis
of the overview of cerebellar connectivity provided above. Human neu-
roimaging studies of structural connections are inherently limited due to
the dense packing of fibers in the cerebellar peduncles. This high degree
of white matter density makes it challenging to determine the origin and
destination of anatomical connections to and from the cerebellar cor-
tex using MRI. Despite these limitations, human neuroimaging studies
have provided a valuable opportunity to validate animal observations
in the human brain, including connectivity analyzed between cerebel-
lar cortex and cerebral cortex (Kamali et al., 2010; Karavasilis et al.,
2019), cerebellar cortex and basal ganglia (Pelzer et al., 2013), or be-
tween sub-sections of these circuits such as between cerebellar cortex
and deep nuclei, between deep nuclei and cerebral cortex, or between
cerebellar peduncles and cerebral cortex (Granziera et al., 2009; Ji et al.,
2019; Leitner et al., 2015; Steele et al., 2016; Takahashi et al., 2013;
Toescu et al., 2020).

The fact that distinct parts of the cerebellar cortex are linked to
distinct parts of the cerebral hemispheres has important implications
for our understanding of cerebellar systems, computational and clin-
ical neuroscience. These structural connections make it possible for
distinct aspects of the cerebellar cortex to send and receive projec-
tions that belong to distinct motor, cognitive, and affective networks.
Importantly, cerebellar cortical microstructure is essentially uniform
(Ito, 1993; Voogd and Glickstein, 1998); while anatomical, physio-
logical, and genetic regional differences exist between different re-
gions of the cerebellar cortex (Cerminara et al., 2015; Zeeuw et al.,
2020), these variations are minor compared to the degree of unifor-
mity, and in sharp contrast with the notable variations in anatomy
that are observed at a cellular level in the cerebral cortex (Guell et al.,
2015, 2018a; Ramnani, 2006; Schmahmann, 1996, 2000, 2001, 2004;
Schmahmann et al., 2007; Schmahmann and Pandya, 1991). These two
contrasting anatomical realities — the heterogeneity in the targets of
structural connections in the cerebellum, and the relative homogeneity
of microstructural organization in the cerebellar cortex — indicates that
there might be a similar neurological process that underlies the contri-
bution of the cerebellum to multiple domains of behavior, and that there
might be a similar direction of abnormality in the motor, cognitive, and
affective symptoms that result from injury to the cerebellum (Universal
Cerebellar Transform and Dysmetria of Thought theories) (Guell et al.,
2015, 2018a; Schmahmann, 1996, 2001, 2004; Schmahmann et al.,
2007; Schmahmann & Pandya, 1991). The specific nature of the Uni-
versal Cerebellar Transform as hypothesized in these studies is that the
cerebellum performs its function by acting as an oscillation dampener,
rapidly and automatically optimizing performance according to context.
This singular neurological process emerges from an essentially uniform
cerebellar cellular organization, and performs its computation on dif-
ferent channels of information processing subserved by anatomical con-
nections that link focal cerebellar regions to different cerebral networks.
The clinical consequence of this theory is that all motor, cognitive and
affective symptoms that result from injury to the cerebellum are the
manifestation of a disrupted Universal Cerebellar Transform, account-
ing for the similarities in the motor, cognitive, and emotional deficits
that follow cerebellar injury.

Taken together, the structural connectivity of the cerebellum is
highly complex, involves many neurological systems including extra-
cerebellar territories of motor, cognitive and affective control, and is
characterized by a high degree of reverberating (i.e., closed-loop) con-
nections. The anatomical and functional connections that link the cere-
bellum to all major large-scale networks of the brain are the scien-
tific basis of our modern understanding of the cerebellum as a modu-
lator of movement, thought, and emotion — an organ that is relevant
for disorders of motor control as well as for neurological and psychi-
atric diseases that degrade cognition and affect (Anteraper et al., 2019;
Brady et al., 2019; D’Mello and Stoodley, 2015; Dong et al., 2020;
Guell et al., 2020a,2020b; Guell et al., 2015, 2016; Hoche et al., 2016,
2018; Lee et al., 2020; Schmahmann and Sherman, 1998).
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Fig. 3. Summary of cerebellar functional orga-
nization based on human fMRI evidence. (A)
Three functional divisions of cerebellar cortex,
based on Guell and Schmahmann et al. (2018).
(B, C) Multiple representations of motor and
non-motor function in the cerebellum and
anatomical distribution of these representa-
tions, based on Buckner et al. (2011) and
Guell et al. (2018b) (flat map of the cerebel-
lum used as an anatomical Ref. Diedrichsen and
Zotow (2015)). (D) The principal axis of
macroscale functional organization in cerebel-
lar cortex, including in functional connectivity
from cerebellum to cerebellum and from cere-
bellum to cerebral cortex, progresses from mo-

Principal functional gradient

Secondary functional gradient

Functional order (based on
functional gradients analysis)

tor, to attentional/executive, to default mode processing; a secondary gradient isolates attentional processing; based on Guell et al. (2018). All images in this figure

are adapted from and further described in Guell and Schmahmann (2020).

4.3. Functional connectivity

Animal studies dominate the literature of structural connectivity in
the cerebellum; neuroimaging analyses have served to confirm that cere-
bellar structural circuitry in the human brain is likely to follow similar
general principles of organization as observed in the primate brain. In
contrast, functional connectivity investigations have provided a com-
pletely novel dimension of knowledge that defines the complex relation-
ships between brain and cerebellum, and situate the cerebellar cortex
and cerebellar nuclei as central players in the organization of large-scale
brain networks in all broad domains of human behavior (Buckner et al.,
2011; Guell, Gabrieli, et al., 2018b, 2018; Habas et al., 2009).

Research using BOLD fMRI has shown that motor, atten-
tional/executive (task-positive) and default mode (task-negative or inat-
tentive) processing are the three fundamental poles of cerebellar cor-
tical functional neuroanatomy (Fig. 3A). This principle holds true for
analyses of intra-cerebellar functional connectivity, as well as for anal-
yses of functional connectivity from cerebellar cortex to cerebral cortex
(Guell et al., 2018). Motor, attentional/executive and default mode net-
works are organized anatomically in the cerebellar cortex obeying four
principles, as follows (Guell and Schmahmann, 2020): (i) Motor func-
tion is represented twice in each cerebellar hemisphere, specifically in
lobules I-VI and VIII. Non-motor function is represented three times,
specifically in lobules VI-Crus I, Crus II-VIIB, and IX-X. In this way, there
is a double motor and triple non-motor representation in the functional
anatomy of the cerebellar cortex, including in its functional connectiv-
ity to the cerebral cortex (Buckner et al., 2011; Guell et al., 2018b)
(Fig. 3B,C); (ii) A specific order from motor, to attentional/executive,
to default mode territories is present throughout the cerebellar cortex;
this order holds true for intra-cerebellar as well as for cerebellar-cerebral
functional connectivity (Guell et al., 2018) (Fig. 3D); (iii) The first two
principles result in the propagation of a specific ordering of functional
connectivity (motor, attentional/executive, default mode) from first mo-
tor towards first non-motor representation (i.e., from lobules I-VI to Crus
D), from second motor towards second non-motor representation (i.e.,
from lobule VIII to Crus II), and from second motor towards third non-
motor representation (i.e., from lobule VIII to IX/X) (Fig. 3B,C); (iv) An
anatomical peculiarity that results from these principles is that the in-
tersection between Crus I and Crus II is the intersection of first default
mode representation and second default mode representation. For this
reason, first and second non-motor representations can be contiguous
(as is the case for default mode processing) or separate (as is the case
for attentional/executive processing) (Fig. 3B,C).

The evidence linking cerebellar functional connectivity to all ma-
jor categories of neurological processing extends beyond the cerebel-
lar cortex, and also includes the dentate nuclei (Bernard et al., 2014;
Guell et al., 2019). Observing such a rich spectrum of functional diver-
sity in the dentate nuclei is consistent with the anatomical reality that

most territories of the cerebellar cortex project to them, and with the
fact that cerebellar cortex contains representations of default mode, at-
tentional, and motor connectivity. The same logic predicts a hypothesis
that is yet untested — analogous brain compartments with connectivity
to large portions of the human cerebellar cortex, such as pontine nu-
clei and inferior olivary nuclei, are likely possess a similar degree of
functional diversity and complexity of organization.

5. Spinal cord

5.1. Overview

The spinal cord is a long, flexible structure that connects to the base
of the brainstem and relays signals between the brain and body. It is the
first point where sensory information is processed and is responsible
for the conduction of electrical potentials involved in ascending sensory
and pain stimuli and descending motor control between the brain and
extremities. The spinal cord is composed of a butterfly-shaped densely
packed gray matter column surrounded by white matter and meninges,
and is suspended in a canal of cerebrospinal fluid and protected by a
complex vertebral structure. Each side (left and right) of the gray matter
column is divided into ventral (anterior) and dorsal (posterior) horns.
The dorsal horn contains sensory neurons that receive information from
the body’s surface. Upper motor neurons synapse onto lower motor neu-
rons in the ventral horn, which exit the spinal cord and innervate skele-
tal muscle (Kandel et al., 2000). A recent review details the rich com-
plexity of spinal nerves and their projections throughout the peripheral
nervous system (Irimia and Horn, 2021).

The three segments of the spinal cord are cervical, thoracic, and lum-
bar, although the thoracic and lumbar segments are often referred to
contiguously as “thoracolumbar”. Vertebral levels are clearly visible and
map to spinal levels probabilistically (Cadotte et al., 2015; De Leener
et al., 2017). Two defining features of the spinal cord are significant en-
largements in cross-sectional area in the cervical cord at approximately
C4/C5 and at the end of the thoracolumbar cord at T11/T12; at these
locations, motor and sensory nerves innervating the arms and legs, re-
spectively, make their synapses. The cross-sectional area of the cervical
cord is ~50% larger than the thoracic cord (De Leener et al., 2018).
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At approximately L1/L2, the spinal cord quickly vanishes at the conus
medullaris, and a bundle of nerves known as the cauda equina continues
through the lumbar and sacral levels of the vertebral column.

The primary challenges of spinal cord fMRI are the small size of the
spinal cord (~1 cm diameter) and gray matter regions of interest (~2-
4 mm? in-plane, especially after eroding voxels along the gray/white
matter boundary), reliable main field (BO) shimming, and high levels
of physiological noise. The latter two challenges are additionally exac-
erbated at ultra-high fields (Barry et al., 2018). Unwanted signal vari-
ance attributable to physiological noise is particularly troublesome in
the ‘resting state’ activity of the spinal cord as it is in close proxim-
ity to the throat, heart, lungs, and other internal organs. A secondary
challenge was that, until recently, there was no “MNI-like” template or
widely used open-source code for the spinal cord, thus making it almost
impossible to compare or combine results across sites. The MNI-Poly-
AMU and PAM50 templates (Fonov et al., 2014; De Leener et al., 2018)
implemented within the Spinal Cord Toolbox (De Leener et al., 2017)
now exist, thus forming a solid foundation upon which the field of rest-
ing state (and task-based) spinal cord fMRI may grow and thrive. Fig. 4
illustrates some of the templates and atlases available in the Spinal Cord
Toolbox. Due to the disproportionate length of the cord relative to its
cross-sectional diameter, the limited availability of MR scan time, and
other considerations related to subject compliance and/or comfort, it is
common for in vivo fMRI studies to image part of the cord (often the
cervical region or a segment thereof) at high spatial resolution and use
those results as an implicit proxy for the entire spinal cord. While MRI
has played a role in spinal cord research for decades, the significant and
unique challenges of imaging the cord compared to the cerebrum largely
explain why developments in brain MRI have outpaced similar develop-
ments in spinal cord MRI. Nevertheless, recent advancements in MRI
hardware and the development of the Spinal Cord Toolbox have mit-
igated some of the aforementioned challenges, thus fostering renewed
interest in imaging and the recent surge of de novo spinal cord research.

5.2. Structural connectivity

The shape of the spinal cord reflects its evident structural connec-
tivity along the rostral-caudal axis. Descending spinal cord tracts in-
clude ventral and lateral corticospinal, rubrospinal, tectospinal, vestibu-
lospinal, ventral and lateral reticulospinal, and olivospinal. Ascending
tracts include gracile fasciculus, cuneate fasciculus, ventral and dorsal
spinocerebellar, ventral and lateral spinothalamic, spinoreticular, spino-
tectal, and spino-olivary. Descending pathways originating primarily in
motor cortex are responsible for voluntary motor control. Projections
along the lateral corticospinal tract decussate in the brainstem at the
medulla oblongata while those in the ventral corticospinal tract decus-
sate at the level of the corresponding segment in the cord. Corticospinal
tract axons synapse onto neurons in ventral gray matter, from which
efferent fibers exit the ventral roots of the cord and innervate specific

muscle groups (Kandel et al., 2000; Purves et al., 2011). Mechanore-
ceptors and proprioceptors project onto the dorsal column medial lem-
niscus pathway (gracile and cuneate fasciculi) and encode information
about fine touch, vibration, pressure, and position. A murine study has
demonstrated the rich and complex modality segregation of ascending
mechanoreceptors and proprioceptors in the dorsal white matter column
(Niu et al., 2013). These receptors send first-order projections from ip-
silateral dorsal root ganglia to the cord, where the axons travel along
ipsilateral dorsal column tracts and synapse onto gray matter neurons
in the medulla. For spinothalamic afferents, first-order axons from ipsi-
lateral dorsal root ganglia enter the cord and synapse onto gray matter
neurons in the ipsilateral dorsal horn (Kandel et al., 2000; Purves et al.,
2011). The spinothalamic tract transmits fine touch, pain, and temper-
ature, and spinothalamic fibers decussate at the level of the spinal cord
and ascend contralaterally.

DTI investigations have not been as widespread in the spinal cord as
in the brain, but studies have identified major white matter anatomies
in vivo such as the corticospinal tracts, spinothalamic tracts, and dor-
sal column-medial lemniscus pathway (Ciccarelli et al., 2007). Within
an axial slice, gray and white matter microstructures have been char-
acterized using fractional anisotropy (FA), mean diffusivity, axial diffu-
sivity, and radial diffusivity (By et al., 2016). Sequence optimizations
have suggested no benefit in acquiring more than 15 diffusion gradi-
ent directions when measuring FA at 1.5T (Santarelli et al., 2010), and
that measurement errors for these four diffusion metrics are minimal
at 3T when 15 directions are used in a clinically feasible 9 min scan
(By et al., 2016). A recent study investigated the impact of distortion
corrections on spinal cord DTI (Dauleac et al., 2021). Another 3T study
characterized the spinal cord’s microstructure in vivo using the unique
capabilities of the “Connectom” gradients (operating at 300 mT/m) and
the Spinal Cord Toolbox’s white matter atlas (De Leener et al., 2017): in
spinal cord white matter, the average axon diameter was 4.5 + 1.1 um
and ranged from 3.0 um in the gracilis to 5.9 um in the spinocerebellar
tracts (Duval et al., 2015). High-resolution spinal cord DTI was also per-
formed at an UHF of 7T with 0.8 x 0.8 x 3 mm?3 voxels (Massire et al.,
2016, 2018) that was pushed to 0.4 x 0.4 x 10 mm?3 in one subject
(Massire et al., 2018).

The potential clinical relevance for spinal cord DTI metrics has also
been summarized in a recent review (Dauleac et al., 2021). For example,
patients with multiple sclerosis exhibited lower connectivity and FA in
the lateral corticospinal tracts and posterior tracts in C1-C3 compared
to controls, suggesting that these metrics may be sensitive to disease-
related tissue damage (Ciccarelli et al., 2007). In patients with amy-
otrophic lateral sclerosis, FA was lower in lateral and dorsal white mat-
ter columns in C2-T2, radial diffusivity was higher in lateral and dor-
sal white matter columns, and FA correlated with a composite clinical
metric of functional impairment (ALSFRS-R) (Cohen-Adad et al., 2012).
The aforementioned review (Dauleac et al., 2021) highlights the range
of acquisition parameters and analysis methods for spinal cord DTI and
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provides recommendations for improving diffusion data quality and in-
terpretability. Finally, multi-modal investigations have also been con-
ducted to validate microstructural measurements, thus bridging the gaps
between clinical observations, in vivo DTI, and high-resolution histology
and microscopy techniques (Cohen-Adad, 2018).

5.3. Functional connectivity

While resting state fMRI was first investigated in the brain a quarter-
century ago (Biswal et al., 1995), similar investigations in the human
spinal cord are much more recent but quickly growing in number. Com-
pared to the enormous body of research examining resting or task-free
conditions in the cerebral cortex, we have, as of December 2020 (when
the initial draft of this manuscript was completed), identified 23 jour-
nal articles on resting state spinal cord fMRI (Barry et al., 2014, 2016;
Barry et al., 2018; Chen et al., 2015; Conrad et al., 2018; Eippert et al.,
2017; Harita et al., 2019; Harita and Stroman, 2017; Hu et al., 2018;
Ioachim et al., 2019; Tinnermann et al., 2020; Kinany et al., 2020;
Kong et al., 2014; Liu et al., 2016; Liu et al., 2016; Martucci et al., 2019;
San Emeterio Nateras et al., 2015; Vahdat et al., 2020; Weber et al.,
2018; Wei et al., 2009; Wu et al., 2018, 2019, 2020). These publications
are briefly summarized in Supplementary Table S1. Of these articles, 19
report findings in humans, two in squirrel monkeys, and two in Sprague
Dawley rats. Of the two non-human primate reports, the first character-
ized spinal cord connectivity before and after a unilateral injury at C5
(Chen et al., 2015), and the second performed multimodal spinal cord
fMRI and electrophysiology (Wu et al., 2019). Of the two rodent studies,
the first characterized the healthy spinal cord (Wu et al., 2018) and the
second investigated the impact of a contusion injury (Wu et al., 2020).
All non-human studies thus far have been performed at an ultra-high
field of 9.4T.

In humans, the first attempt at resting state spinal cord fMRI reported
a dominating signal associated with the expected frequency range of the
respiratory cycle (Wei et al., 2009); as such, these results are equivocal
and underscore the importance of properly mitigating sources of physi-
ological noise in spinal cord fMRI (Eippert et al., 2017). The next study
was performed at an UHF of 7T and reported robust temporal correla-
tions between ventral horns and between dorsal horns within an axial
slice, thus providing the first evidence of bilateral ventral (motor) and
dorsal (sensory) resting state networks (Barry et al., 2014). A follow-
up 7T study quantified the reproducibility of these networks within the
same scanning session (Barry et al., 2016). The first 3T study using inde-
pendent component analysis provided strong evidence for a ventral net-
work (Kong et al., 2014); these data were re-analyzed with a seed-based
approach and subsequently reported evidence for a dorsal network as
well (Eippert et al., 2017). There is also evidence of ipsilateral ventral-
dorsal (motor—sensory) connectivity in primates (Chen et al., 2015) and,
to a lesser extent, humans (Weber et al., 2018); however, it is not yet
clear if observed ventral-dorsal correlations are due to the close prox-
imity of ipsilateral ventral and dorsal seed regions, or if they represent a
tertiary network that might reflect quadrupedal vs. bipedal tendencies
or possibly subserve reflexes. Connectivity between ipsilateral ventral
and dorsal horns is certainly plausible and should continue to be in-
vestigated. Furthermore, some studies have considered the impact of
methodological choices in the fMRI preprocessing pipeline (Barry et al.,
2018; Barry et al., 2014; Eippert et al., 2017; Hu et al., 2018), thus
contextualizing observed correlations as a function of preceding pre-
processing steps and providing evidence on whether or not results may
be artifactual due to suboptimal preprocessing decisions.

The first investigation of dynamic functional connectivity along the
spinal cord has also been published (Kinany et al., 2020), opening the
door to the application of more advanced neuroimaging techniques.
Connectivity along the cord has been considered to characterize ascend-
ing sensory and descending motor pathways, and one group has em-
ployed a sagittal acquisition scheme to investigate networks and connec-
tivity within and between the cervical cord and brainstem (Harita et al.,
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2019; Harita & Stroman, 2017; Ioachim et al., 2019, 2020). Connections
have been reported between ventral/dorsal horns and the corticospinal
tracts (Harita and Stroman, 2017), and while widespread connectivity
between cervical levels has been reported (loachim et al., 2019), more
evidence across species suggests that connectivity along the cord drops
off significantly past one vertebral level (Chen et al., 2015; Harita et al.,
2019; Kinany et al., 2020; Kong et al., 2014; Liu et al., 2016; San Eme-
terio Nateras et al., 2015; Weber et al., 2018; Wu et al., 2018, 2019).

It is, of course, crucial to translate new methods to clinical popula-
tions to investigate whether these functional methods are sensitive to
spinal cord injury or disease. At 7T, functional connectivity was shown
to be locally altered near visible lesions in patients with relapsing-
remitting multiple sclerosis (Conrad et al., 2018). While most studies
have investigated functional connectivity via seed regions and/or in-
dependent component analysis, two used the ‘ALFF’ (amplitude of low
frequency fluctuation) (Zang et al., 2007) technique and reported dif-
ferences in spinal cord ALFF between healthy controls and patients
with cervical spondylotic myelopathy (Liu et al., 2016) or fibromyalgia
(Martucci et al., 2019). Reports of differences in spinal cord connectivity
before and after animal models of spinal cord injury (Chen et al., 2015;
Wu et al., 2020) suggest that these techniques may also be applicable in
characterizing spinal cord injury and functional recovery in humans.

In summary, while resting state spinal cord fMRI is a relatively young
field, there is remarkable agreement in findings across human and non-
human studies, field strengths, and acquisition, preprocessing and analy-
sis methodologies. One question that has persisted, however, is whether
spinal cord networks are separate and operate independently from rest-
ing state brain networks, or whether they manifest from the same pro-
cesses that give rise to networks in the brain? While easy to pose, di-
rectly addressing this question has been challenging due to several fac-
tors including, but not limited to, an order of magnitude difference in
size between these anatomies, disparate BO shimming between the brain
and cord, and a specialized protocol capable of acquiring functional im-
ages of the brain and cervical cord simultaneously (Finsterbusch et al.,
2013; Tinnermann et al., 2020). Importantly, the first study to over-
come these challenges and bridge this gap was recently published and
provides compelling evidence in support of unified central nervous sys-
tem resting state networks (Vahdat et al., 2020).

6. Issues and best practice

To help mitigate some of the challenges associated with non-cortical
imaging and connectivity analyses, the following measures could be con-
sidered (see also Beissner 2015 and Sclocco et al. 2018):

e Piloting and comparing sequence options is critical to finding the
compromise that best suits to answer the scientific question posed.
Consider using MR techniques that will improve SNR, such as in-
creased field strength, multi-slice and/or multi-echo imaging, and
longer acquisition times (in some circumstances). However, be
aware of the possible reduction in the relative SNR in the deep brain
and brainstem that may be caused by techniques such as multiband
acceleration, sensitivity to motion artefacts with multi-slice imag-
ing (Vu et al., 2017), and potentially greater signal distortions with
higher field strengths (Brooks et al., 2013; Vu et al., 2017).

e Choose a voxel resolution, slice thickness and echo time appropri-
ate/optimal for the target nuclei or regions. Note that smaller voxel
sizes need to be balanced against reductions at SNR and are therefore
particularly appropriate at higher field strengths. Moreover, func-
tional connectivity of regions or nuclei that contain several subdivi-
sions (e.g. amygdala, see Fig. 1) can be difficult to interpret, espe-
cially for voxels at the boundary.

e For reducing drop-out and distortions, carefully consider choices
such as the slice angulation which can have beneficial or detrimen-
tal effects on particular regions; also consider acquiring images with
reverse phase-encoding directions to correct for distortions.
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¢ Always measure and account for the effects of physiological noise
using either prospective techniques such as sequence gating, or ret-
rospective techniques such as RETROICOR (Glover et al., 2000) and
independent component analysis (Griffanti et al., 2017; Kelly et al.,
2010; Kundu et al., 2012; Thomas et al., 2002), possibly in associ-
ation with noise classification algorithms such as ICA-FIX or ICA-
AROMA (Pruim et al., 2015; Salimi-Khorshidi et al., 2014). The lo-
cation of surrounding major vessels and pulsatile fluid-filled spaces,
as well as the closer proximity to the lungs mean that non-cortical
structures are more susceptible to the effects of physiological noise
(Brooks et al., 2013). Furthermore, the effect of physiological noise
can be particularly prominent in resting state fMRI, in the absence
of task-based fluctuations in the BOLD signal.

e It may be appropriate to utilize scans with different contrasts (such
as diffusion fractional anisotropy and T2-weighted images) to better
visualize and differentiate the important nuclei that are being tar-
geted, particularly such that accurate alignment and normalization
can be performed.

e Use caution when applying spatial smoothing, considering the size
of the structure being investigated. For example, cerebellar folia and
subfolia are much smaller than cerebral cortical gyri; in contrast with
flat maps of the cerebral cortex (Essen et al., 1998), flat maps of the
cerebellum obtained within current limitations of most neuroimag-
ing studies do not represent a true flat representation of all cerebellar
cortical surface (Diedrichsen and Zotow, 2015). Additionally, mask-
ing and signal extraction of specific regions prior to smoothing may
be beneficial, to avoid incorporating signals from structures such as
ventricles, vessels, or neighboring nuclei into the data.

e Interpretation of non-cortical imaging findings based on anatomical
boundaries may not always provide meaningful functional insights;
for instance in the cerebellum, researchers should consider using
available atlases based on functional connectivity (Buckner et al.,
2011), task activation (King et al., 2019), or functional gradients
(Guell et al., 2019; Guell, Schmahmann, et al., 2018).

¢ Functional localizers from task activity can be used to target and
analyze the connectivity of subsections of nuclei that are active un-
der specific conditions. However, the physiological meaning of fMRI
signal is an ongoing topic of debate; since subcortical, brainstem,
cerebellar and spinal cord cellular and vascular organization is dif-
ferent from the cerebral cortex, it is possible that fMRI signal in these
areas cannot be interpreted in the exact same way (Logothetis and
Wandell, 2004).

e Be aware that SNR is reduced subcortically compared to the cortex,
and this will have implications for brain-wide models (such as ICA)
that will likely be driven by more dominant cortical signal.

e Strong signals within the cortex can be harnessed as an advantage,
such as using backward projection of diffusion tractography to either
localize or parcellate subcortical regions.

¢ Finally, adjustments may need to be made in the statistical tech-
niques employed when analyzing smaller subcortical structures;
techniques such as cluster-wise inference may favor large clusters
and reduce the ability to detect functional activity and/or connec-
tivity within smaller nuclei.
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