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Abstract

With the brain, the spinal cord forms the central nervous system. Initially considered a passive relay between the brain
and the periphery, the spinal cord is now recognized as being active and plastic. Yet, it remains largely overlooked by
the human neuroscience community, in stark contrast with the wealth of research investigating the brain. In this review,
we argue that fMRI, traditionally used to image cerebral function, can be extended beyond the brain to help unravel
spinal mechanisms involved in human behaviors. To this end, we first outline strategies that have been proposed to
tackle the challenges inherent to spinal cord fMRI. Then, we discuss how they have been utilized to provide insights
into the functional organization of spinal sensorimotor circuits, highlighting their potential to address fundamental and
clinical questions. By summarizing guidelines and applications of spinal cord fMRI, we hope to stimulate and support
further research into this promising yet underexplored field.
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The spinal cord is a part of the central nervous system. An
important one to be precise. Yet, it has long been off the
spotlights in neuroscience, merely considered a relay
transmitting information between the brain and the body.
Nonetheless, over the years, evidence challenging this
view has accumulated. The spinal cord is more sophisti-
cated than initially granted, actively participating in sen-
sorimotor processes, affected in various neurological
conditions, and capable of neural plasticity. It now
appears clear that a thorough characterization of the cen-
tral nervous system cannot be achieved without insights
into the spinal cord functional organization. Accordingly,
there is a pressing need for tools enabling noninvasive
assessments of spinal activity in humans. In this regard,
fMRI, a technique routinely used to measure brain activ-
ity, represents a promising approach. However, extending
fMRI to the spinal cord is not straightforward and has
long remained challenging. Fortunately, technological
and methodological advances have emerged to address
these hurdles. Today, spinal cord fMRI appears to be an
accessible tool allowing neuroscientists and clinicians to
delve into the functional organization of the entire central
nervous system.

In this review, we first introduce the limitations
that have hindered the advancement of the field, along
with solutions that have been engineered to tackle them.

In doing so, we outline what we consider to be promising
acquisition and processing approaches for spinal cord
fMRI. We then survey how the use of these strategies has
enabled the study of healthy and impaired human spinal
cord under a variety of experimental conditions, demon-
strating their potential. Finally, we touch upon future
avenues for the field.
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From Brain to Spinal Cord fMRI:
Challenges and Opportunities

Since its advent in the early 1990s (see Bandettini 2012
for review), fMRI has revolutionized noninvasive imag-
ing of human brain function. Interestingly, spinal cord
fMRI also emerged around the same period. As early as
1996, researchers sought to image spinal activity during
unilateral hand closing (Yoshizawa and others 1996).
Despite this early investigation, spinal cord fMRI has not
encountered the same success as its brain counterpart.
The numbers speak for themselves: to date, the field of
spinal cord fMRI has totaled only ~100 publications in
humans (Landelle and others 2021). This scarcity stems
largely from the additional challenges associated with
spinal cord imaging, which have limited interest and
progress in the field.

Dimensions: The spinal cord is a long but tiny struc-
ture (Box 1). The first implication is that an extended
field of view (FOV) would be required to cover its
entire rostrocaudal extent, which is technologically
burdensome. Second, its small diameter demands high
spatial resolution to avoid partial volume effects, with
a negative impact on the signal-to-noise ratio (SNR),
the latter being proportional to voxel size.

Field inhomogeneities: MRI relies on the application
of a homogeneous magnetic field. In the spinal cord,
however, the presence of tissue types with disparate
magnetic susceptibilities (e.g., bone, fluid) leads to
field inhomogeneities resulting in image artifacts, such
as distortions or signal dropouts (Finsterbusch 2014).
Physiological noise: The proximity of the lungs, heart,
and other visceral organs is a significant source of
noise, both from the motion of the cord and from pul-
satile flow in the cerebrospinal fluid (CSF) (Piché and
others 2009).

Over the years, various solutions have been employed
to circumvent these limitations. Essentially, the field has
been divided into two lines of research leveraging dis-
tinct acquisition methods based on different combina-
tions of radiofrequency pulses, namely gradient echo
and spin echo sequences. On one hand, spin echo
sequences initially attracted a lot of interest, as they are
less affected by field inhomogeneities and can thus
improve image quality. On the other, most recent studies
have opted for gradient echo sequences, primarily using
echo planar imaging (i.e., GE-EPI): the standard in brain
fMRI. This approach is more sensitive to variations in
magnetic susceptibility but offers the benefits of rapid
imaging, high signal sensitivity, and reproducibility.
While spin echo and gradient echo have both contributed
to the development of spinal cord fMRI (for reviews, see

Powers and others 2018; Stroman and others 2014), their
concurrent deployment led to substantial heterogeneity
in the methodological pipelines employed across studies,
limiting generalizability.

For consistency, this review focuses on spinal cord
fMRI protocols that rely on gradient echo sequences to
image the blood oxygenation level-dependent (BOLD)
signal (Box 2). Indeed, besides being routinely used in
brain fMRI, these protocols have proven to be adaptable
to the spinal cord (see Methodological Considerations
section). Furthermore, their potential to reliably image
spinal activity has been demonstrated by several research
groups, using various paradigms (see Investigating the
Healthy Spinal Cord and Clinical Potential sections).
Although we restrict our discussion to findings derived
from gradient echo imaging, we refer to detailed reviews
of the existing literature where appropriate.

Methodological Considerations

Here we discuss steps that can be taken to address the
aforementioned challenges and tailor the fMRI work-
flow to the spinal cord (Fig. 2). We strongly encourage
researchers to follow these best practices in their studies
to optimize data quality and obtain reliable signals.
While this review focuses on functional imaging, readers
can refer to the recently published spine generic protocol
for structural scans (e.g., T2-weighted anatomical image)
(Cohen-Adad and others 2021).

Protocol Specifications

First and foremost: the hardware. Nowadays, most studies
are performed using 3-T scanners, for which equipment
provided by manufacturers can typically be employed.
For instance, fMRI of the upper cord is feasible using a
head and neck coil, similar to brain fMRI. In contrast, a
spine coil is required for lower regions. Conversely, the
lack of specialized hardware has hindered the use of
higher field strengths, with only a handful of studies con-
ducted at 7 T (see Barry and others 2018 for review).

The importance of subjects’ positioning should not be
overlooked. Minimal curvature of the spine helps align
slices perpendicularly to the spinal cord, which mini-
mizes partial volume effects. The use of a collar filled
with nonprotonated liquid (e.g., SatPad) can further stabi-
lize the neck, reduce field inhomogeneity, and improve
image quality (De Leener and others 2020).

The choice of coverage and resolution is contingent on
the research question and technical constraints. Coverage
of the entire spinal cord is not easily achievable with cur-
rent fMRI techniques, and most studies have focused on
the larger cervical section. It is possible to take advantage
of the tubular structure of the spinal cord by using axial
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Box I. Spinal Cord Neuroanatomy.

The human spinal cord is a long, curved structure extending from the top of the neck to the lower back (Purves and others
2018). The spinal cord gives rise to 3| pairs of nerves, exiting superior or inferior to the corresponding vertebra and
organized in the rostrocaudal direction in four parts: cervical, thoracic, lumbar, and sacral (Fig. | A, B). The dimensions of

the spinal cord vary among these segments, with a transverse diameter (left-right) ranging from 4.7 = 3.5 mm (population
estimate * 2 SD) at the lowest sacral level (S5) to 13.3 = 2.2 mm at level C5 in the cervical enlargement (Frostell and others
2016). There is a somatotopic organization along the superior-inferior axis, for motor nerves (myotomes) and sensory nerves
(dermatomes), which are linked to different parts of the body (e.g., cervical to upper limbs, lumbar to lower limbs; Box 3).
Importantly, the rostrocaudal organization of the spinal cord can be described using two distinct nomenclatures, according
to vertebral (bones) and spinal (nerve roots) levels (Fig. |C). It should be emphasized that spinal levels are not necessarily
aligned with the corresponding vertebral bodies, as nerves can exit relatively far from the associated vertebra, with significant
variability among individuals (Cadotte and others 2015). Given the purpose of spinal cord fMRI (i.e., to probe neural-related
activity), spinal levels should be used to describe fMRI findings.

The spinal cord is encircled by vertebrae and intervertebral discs and is surrounded by a cavity called the subarachnoid

space, containing the cerebrospinal fluid (CSF) (Fig. IB). As opposed to the brain, the white matter composed of myelinated
axons is found around the gray matter. The gray matter structure, which has a typical butterfly shape, can be divided into
different horns (Fig. I D). The dorsal horns contain neurons processing sensory information, whereas ventral horns contain
motor neurons linked to skeletal muscles (Box 3). Interneurons, making connections within or between spinal levels, are

also present. Of note, the gray matter can also be divided more finely, for instance according to its laminar organization.
Specifically, it can be described using Rexed laminae (10 for each side), which are defined by their cellular structure and
function. For the sake of clarity and because the resolution of spinal cord fMRI implies that results are mostly described using
gray matter horns, the laminae are not shown in Figure 1.
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Figure I. (A) Anatomical scans of the human spinal cord. The top image shows a sagittal view (T2 imaging), extending from

the brain to the lower part of the back. Spinal levels (nerve roots) are divided into four sections, indicated on the left. The
bottom image depicts an axial view (T2* imaging) at the cervical level. (B) Schematic representation of the cervical spinal cord.
As seen in the sagittal view (top), the spinal cord extends down from the brain. Nerves branch out from the spinal cord and exit
superior or inferior to the vertebra. Importantly, nerve roots and vertebrae are not necessarily aligned and can be described
using two nomenclatures (see panel C). The thick black line indicates the approximate position of the axial view (bottom) on
which the main structures of the spinal cord and its environment are indicated. GM = gray matter; WM = white matter, CSF

= cerebrospinal fluid. (C) Correspondence between spinal (nerve roots) and vertebral (bones) levels in the cervical region. For
spinal levels, probabilistic maps are shown to highlight the variability over subjects (Cadotte and others 2015). (D) Subdivisions of
the gray matter.
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Box 2. On the Nature of Spinal Signals.

Traditionally, fMRI relies on the blood oxygenation level-dependent (BOLD) signal, a slow proxy for neural activity based
on neurovascular coupling. Importantly, studies in animals have investigated the link between spinal neuronal activity

and hemodynamic changes. First, spinal neurovascular coupling was confirmed in rats subjected to noxious electrical
stimulation (Piché and others 2017). Specifically, spinal hemodynamic changes (i.e., spinal cord blood flow) were found

to reflect the underlying neuronal activity, measured by means of local field potentials. More recently, the validity

of the BOLD signal in the spinal cord has been underlined in nonhuman primates (Wu and others 2019). BOLD and
electrophysiological signals (local field potentials and multiunit spiking) co-localized and exhibited co-varying temporal
profiles. Altogether, these findings allude to the genuine nature of the spinal BOLD signal, suggesting that robust spinal
cord fMRI is achievable provided that technological hurdles can be overcome.

While all the research presented in this review uses BOLD imaging, it should be noted that an alternative contrast
mechanism may be encountered in other studies. Specifically, early spinal cord fMRI works suggested that spin echo
sequences could be used to image a non-BOLD contrast mechanism, termed SEEP (signal enhancement by extravascular
water protons). Whereas the BOLD signal relies on blood flow, the SEEP contrast has been attributed to changes in tissue
water content in regions of neuronal activity based on cellular swelling. Nevertheless, these findings remain controversial, as
several groups unsuccessfully attempted to detect reliable activity using this approach (Bouwman and others 2008; Jochimsen

and others 2005). Nowadays, even spin echo studies tend to optimize their acquisition parameters for BOLD imaging.

slices with anisotropic voxels (typically using an in-plane
resolution of 1 X 1 mm and a slice thickness of 3 to 5
mm). Although this limits the level of detail in the rostro-
caudal direction, increasing slice thickness improves the
SNR. Moreover, high in-plane resolution best captures
anatomical structures such as gray matter horns.

Given its dimensions, reduced FOV acquisition is a
compelling strategy to image the spinal cord (see Saritas
and others 2014 for review). Briefly, the idea is to limit
the extent of the FOV in the anterior-posterior direction.
This limits the inclusion of nonspine tissues and thus
mitigates the impact of external signals. A straightfor-
ward approach, yet with limited suppression efficiency, is
to perform outer-volume suppression using saturation
pulses applied anterior and posterior to the spinal cord.
Alternatively, inner FOV sequences (e.g., ZOOMit for
Siemens, FOCUS for GE, iZOOM for Philips) can selec-
tively excite the FOV using dynamic pulses. Both
approaches have strengths and weaknesses but can pro-
vide similar performances in detecting task and rest activ-
ity (Kinany and others 2022).

Finally, a key step of any spinal cord fMRI protocol is
to shim the magnetic field (i.e., make it more homoge-
neous) (see Finsterbusch 2014 for review). The recom-
mended practice is to manually set the shim volume to
focus on the spinal cord, an option available on most
scanners. However, this cannot fully account for all inho-
mogeneities, notably at the intervertebral disks, and cus-
tom slice-specific z-shimming can be leveraged if
available (Finsterbusch and others 2012).

Simultaneous brain and spinal cord fMRI is also fea-
sible, albeit increasingly challenging owing to the differ-
ences in ideal MRI protocols for these two regions (see
Tinnermann and others 2021a for review). Tailored
sequences with distinct brain and spine parameters have
shown promising results (Finsterbusch and others 2013;

Islam and others 2019) but are not readily available. A
more accessible alternative is to enlarge the FOV to
include brain regions, although this warrants particular
care in selecting appropriate parameters. Again, signals
can be improved using a collar filled with nonprotonated
liquid (De Leener and others 2020) and/or slice-specific
z-shimming (Finsterbusch and others 2012).

Processing and Analysis

In addition to tailored acquisition schemes, spinal cord
fMRI calls for dedicated analysis pipelines. Indeed,
brain-related routines implemented in standard neuroim-
aging tools—for example, Statistical Parametric Mapping
(SPM) (Ashburner 2012) or the FMRIB Software Library
(FSL) (Jenkinson and others 2012)—cannot be fully
extended to the spinal cord. Here, we focus on key adjust-
ments that can be made to improve data quality in spinal
cord fMRI. These developments have been largely facili-
tated by the emergence of specialized processing tools,
such as the Spinal Cord Toolbox (SCT) (https://spinal-
cordtoolbox.com; De Leener and others 2017).

After visual inspection of the images, processing typi-
cally begins with motion correction. Whereas conventional
methods assume that movements can be described using
rigid body transformations, this does not hold in the spinal
cord. Instead, its articulated structure allows for move-
ments that vary across spinal segments, owing to breath-
ing, swallowing, and so forth. To account for this, motion
correction can be done slice-wise, as proposed in the Spinal
Cord Toolbox, while excluding regions outside the verte-
bral column to avoid biases (De Leener and others 2017).

In addition to motion correction, physiological denois-
ing is critical to improve the temporal SNR (see Eippert
and others 2017a for review). Briefly, physiological noise
can be handled in two ways. On one hand, data-driven
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Figure 2. Spinal cord fMRI pipeline. Schematic representation of the workflow outlined in this review. Strategies at three stages

are considered: preparation, acquisition, and processing. Quality control

is essential and should be conducted at each stage. Visual

assessments (e.g., signal losses, distortions) can be complemented by signal-to-noise ratio computations. Quality control options
are also available in the Spinal Cord Toolbox (e.g., motion correction, registration accuracy) (De Leener and others 2017).
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approaches such as CompCor (Behzadi and others 2007)
directly derive noise components (then regressed out
from the data) from fMRI recordings. On the other,
model-based approaches rely on the acquisition of physi-
ological recordings during fMRI experiments. These
techniques are based on the RETROICOR procedure (ret-
rospective image correction; Glover and others 2000) and
have been adapted to the spinal cord (Brooks and others
2008; Kong and others 2012). They use physiological
signals to model noise with a Fourier expansion of car-
diac and respiratory phases. In practice, this can be con-
ducted using FMRIB Software Library (PNM Toolbox)
or statistical parametric mapping (PhysIO Toolbox). A
nuisance regressor corresponding to the CSF signal is
usually included (Kong and others 2012).

To enable group-level inferences and comparison
across studies, images must undergo normalization to a
standard space. To this end, the PAMS50 template (De
Leener and others 2018) was introduced in the Spinal
Cord Toolbox, alongside a tailored registration frame-
work. Based on 50 healthy subjects, it covers the entire
spinal cord and is available in multiple modalities (T1-,
T2-, and T2*-weighted MRI contrasts). Moreover, it uses
the same coordinate system as the MNI-ICBM 152 brain
template, facilitating combined brain and spinal cord
fMRI analyses. Associated assets include probabilistic
maps of spinal levels and gray and white matter atlas
regions, valuable for activation mapping.

Spatial smoothing can be used to enhance SNR,
although a tradeoff should be found to limit the reduction
in effective resolution. To preserve in-plane resolution and
anatomical consistency, an anisotropic smoothing kernel
is often used (i.e., small in-plane full-width half maximum
and larger rostrocaudal full-width half maximum), applied
along the cord to avoid partial volume effect (i.e., in the
PAMS50 space or using the dedicated Spinal Cord
Toolbox’s function). Alternatively, nonlinear smoothing
that accounts for tissue type (e.g., using FMRIB Software
Library’s SUSAN tool) has been employed to preserve the
underlying structure (Weber and others 2020).

Investigating the Healthy Spinal
Cord

As noted in the introduction, the field of spinal cord fMRI
remains relatively small. Still, over the years, the advances
outlined in the previous section have been deployed to
image spinal cord activity using a variety of paradigms,
hence providing new insights into spinal circuits.

Spinal Cord in Action

Sensory paradigms have, so far, received the most inter-
est, with a considerable amount of research investigating

the spinal correlates of pain (see Kolesar and others 2015;
Paquette and others 2018; Tinnermann and others 2021a
for reviews). Given the anatomical location of peripheral
afferent fibers carrying sensory information (Box 3), acti-
vations associated with noxious stimuli are primarily
expected in the dorsal horn ipsilateral to the side of stimu-
lation, with a segmental distribution of evoked activity
mirroring the stimulated dermatome (i.e., somatotopic
organization).

Using thermal stimulation and cervical fMRI, most
studies have indeed observed spinal responses localized
in the ipsilateral dorsal horn (Eippert and others 2009;
Geuter and Biichel 2013; Oliva and others 2022; Sprenger
and others 2012; Sprenger and others 2015; Sprenger and
others 2018a; Sprenger and others 2018b; Tinnermann
and others 2017; Tinnermann and others 2021b; Weber
and others 2016a) (Fig. 4A). In addition, all but one study
(Weber and others 2016a) captured the somatotopic orga-
nization of afferent fibers. Surprisingly, a few studies
have reported activations in contralateral and ventral
horns (Geuter and Biichel 2013; Sprenger and others
2018b; Weber and others 2016a). These unexpected find-
ings may be due to technical and methodological limita-
tions (e.g., sequence sensitivity, processing and analysis
pipeline, intersubject variability). Alternatively, they may
reflect genuine activations, possibly related to the engage-
ment of a complex spinal circuitry during nociceptive
processing, involving withdrawal reflex arcs, commis-
sural connections, and descending modulation (Box 3).
This would echo high-resolution fMRI findings in nonhu-
man primates, showing that pain-evoked activations
extended contralaterally and ventrally (Chen and others
2015; Yang and others 2015).

Capitalizing on the ability of spinal cord fMRI to image
pain-evoked responses, researchers set out to explore noci-
ceptive processing using pain modulation studies. In this
context, hyperalgesia (i.e., increased sensitivity to pain) has
been found to enhance nociceptive spinal activity, whether
provoked by a nocebo effect (Geuter and Biichel 2013;
Tinnermann and others 2017) or by opioid withdrawal
(Sprenger and others 2018a). Conversely, spinal activity
turned out to be reduced during analgesia (i.e., decreased
sensitivity to pain), which was either induced by placebo
(Eippert and others 2009), offset (Sprenger and others
2018b), or cognitive load (Oliva and others 2022; Sprenger
and others 2012). In addition to firsthand pain experiences,
one study examined spinal responses linked to the observa-
tion of others’ pain (Tinnermann and others 2021b). The
authors found that observed pain elicited spinal activity at
the same spinal level as experienced pain but in a more
medial region, suggesting distinct neural processes.

Nociception is also the first application for which
simultaneous brain—spinal cord fMRI was tested (see
Tinnermann and others 2021a for review). Using a tailored
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Box 3. Spinal Cord Sensorimotor Pathways: Active and Plastic.

The central nervous system consists of the brain and the spinal cord. At first glance, the latter has the appearance of a
long tube (Box 1). In spite of this ostensible simplicity—which has certainly cultivated the view of a passive spinal cord—it
actually contains neural structures forming a sophisticated circuitry. In our daily lives, these circuits interact dynamically
with supraspinal regions to ensure the vast repertoire of human behaviors.

Let’s imagine a simple motor action: grabbing a glass. What happens at the different levels of the central nervous system
to achieve this? Motor commands, originating in the brain, travel down through corticospinal neurons that project to
different levels of the spinal cord, depending on which muscles need to be activated (i.e., somatotopic organization)
(Box I, Fig. 3A). Corticospinal neurons can connect to motoneurons in the ventral horns of the spinal cord through
direct monosynaptic connections or through indirect connections via interneurons (Nielsen 2016) (Fig. 3B). Spinal
motoneurons exit the cord via ventral roots to innervate muscle fibers, sending efferent signals that contract the required
skeletal muscles. Yet, this is only one part of the story. At the same time, the spinal cord is continuously processing
inputs from the periphery. It integrates the stream of motor commands with afferent sensory feedback, notably through
interneuronal circuits, to produce goal-directed behaviors adapted to the specificities of the environment. Interestingly,
these interneuronal circuits may also rely on commissural connections, as certain neurons send their axons across the
midline to terminate in the contralateral spinal cord, either within the same segment or between spinal levels (Maxwell
and Soteropoulos 2020).

Of course, the spinal cord is not solely engaged in motor control. It also plays a pivotal role in sensory functions
(Fig. 3A), including the processing of tactile, pressure, or temperature stimuli (Koch and others 2018). Notably, it
acts as the earliest level in the nociceptive transmission pathway, as noxious information from the periphery (e.g.,
skin) is transmitted to the dorsal horns of the spinal cord (Fig. 3B) before ascending to subcortical and cortical
regions, where it may be interpreted as pain. In this context, the spinal cord is also involved in the modulation of
nociceptive—and, to a larger extent, sensory—signals, as excitatory and inhibitory interneurons can influence the
output of sensory neurons.
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Figure 3. (A) Schematic representation of spinal cord sensorimotor pathways. Descending circuits connect the
brain to the periphery and are indicated in green. They are involved in voluntary muscle contraction. Ascending
circuits connect the periphery to the brain and are indicated in yellow. They are responsible for transmitting sensory
information (e.g., touch, pressure, temperature, nociception, proprioception). Sensory fibers can also evoke reflexes
by activating motoneurons directly or through interneurons (see panel B). (B) Schematic representation of spinal
sensorimotor circuits (cervical level) displayed on an axial view of the cord. Colors correspond to the different types
of neurons (green for motor, yellow for sensory, and red for interneurons). Interneurons crossing the midline are
called commissural. Of note, this figure focuses on the sensorimotor circuits of the cervical spinal cord, in which the
majority of spinal cord fMRI studies have been performed. As a result, spinal circuits linked to the autonomic system
are not shown.

(continued)
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Box 3. (continued)

hard-wired organ (Wolpaw and Tennissen 2001).

spinal cord but are primarily found in the thoracic region.

Importantly, spinal neuronal circuits support reflexes, in which predetermined patterns of muscle contractions are
generated in response to a particular sensory stimulus (Guertin 2013). The simplest form of reflex, mediated by only

two neurons, is termed stretch reflex and refers to the involuntary contraction of a muscle in response to its stretching.
Specifically, stretch receptors located in the muscle transmit signals to the spinal cord via afferent neurons, which form
monosynaptic connections with spinal motoneurons innervating the same muscle. Examples of more complex polysynaptic
reflexes include the flexor reflex, occurring to withdraw a limb from a painful stimulus. This reflex arc relies on afferent
fibers from nociceptors that synapse with interneurons, which in turn excite motoneurons innervating flexor muscles.

It may be accompanied by a crossed-extensor reflex, where the same interneurons excite motoneurons innervating the
contralateral extensor muscles, to compensate for the withdrawal of the limb and preserve balance.

In addition to these reflex arcs, observations hint at the ability of the spinal cord to generate more sophisticated
semiautonomous behavior. Decades ago, studies demonstrated that spinalized animals (i.e., with a transection of the cord
interrupting supraspinal inputs) can produce behaviorally relevant movements such as walking or swimming (Guertin
2013). These behaviors have been shown to rely on networks of spinal neurons called central pattern generators, which

are capable of self-generating stereotyped and rhythmic movements. Even more surprising, spinalized cats trained on a
treadmill were able to learn to improve their walking patterns (Shurrager and Dykman 1951). In humans as well, the spinal
cord is a major site of activity-dependent plasticity in health and disease, challenging the long-standing view of a passive

Note that, besides these sensorimotor pathways, the spinal cord contains visceral motoneurons responsible for the
involuntary control of smooth muscles (e.g., related to respiration or heart rate). These neurons are located in the
intermediate horn (between ventral and dorsal horns) and connect to ganglionic neurons in the peripheral nervous system,
which in turn project to the target tissue. Importantly, intermediate horns are not present in the entire extent of the

cervical and brain imaging protocol during painful stimu-
lation, Sprenger and colleagues (2015) revealed neural
couplings between the spinal cord and brain structures
involved in the descending pain modulatory system, such
as the periaqueductal gray (PAG) (Fig. 4B). The functional
relevance of these interactions was also underscored, as the
strength of the fMRI-derived spinal-periaqueductal gray
coupling correlated with behavioral pain ratings (Sprenger
and others 2015) and was later shown to be modulated by
nocebo effects (Tinnermann and others 2017). Simultaneous
brain and spinal cord fMRI has been recently comple-
mented by drug-induced neuromodulation (Oliva and others
2022), providing unprecedented insights into an opioidergic
descending pathway supporting pain modulation, some-
thing that previously had to rely on animal studies.

Aside from nociception, a body of research has been
concerned with other facets of somatosensory stimulation
(see Landelle and others 2021 for review). Weber and
colleagues (2020) attempted to map the spinal correlates
of touch using unilateral tactile stimulation of two dis-
tinct dermatomes, showing an elicited activation primar-
ily localized in the ipsilateral hemicord. Unexpectedly,
however, activity was found in the dorsal and ventral
regions and spanned multiple spinal levels, regardless of
the stimulated dermatome. While this warrants further
investigation, as these results may indicate unwanted
reflexive or voluntary muscle contraction during stimula-
tion, the authors suggest that these patterns could presum-
ably arise because of interneuronal processing and the

distributed projections of afferent fibers. Of note, tactile
stimulation in nonhuman primates elicited activity in the
ipsilateral dorsal horn but also in the ipsilateral and con-
tralateral ventral horns, though to a limited extent across
slices (Yang and others 2015).

Motor paradigms have also been employed (see
Landelle and others 2021 for review), with a variety of
upper limb movements, such as fist clenching (Islam and
others 2019), finger tapping (Vahdat and others 2015),
finger flexion and extension (Barry and others 2021), fin-
ger abduction (Kinany and others 2019), wrist flexion
(Weber and others 2016b), wrist extension (Kinany and
others 2019), and wrist adduction (Kinany and others
2019; Kinany and others 2022). As in sensory studies,
imaging was conducted using cervical fMRI, given the
innervation of the muscles involved.

Apart from a few studies evaluating acquisition pipe-
lines (Barry and others 2021; Islam and others 2019;
Kinany and others 2022), the primary goal of these
works was to shed light on properties of motor-evoked
spinal responses. In contrast to sensory paradigms, spi-
nal motor activity is principally expected in the ventral
horn ipsilateral to the task (Box 3), at a level dependent
on the activated muscles (i.e., myotomes). It should
however be noted that movements, especially dynamic
ones, may elicit a mixture of motor and sensory (tactile
and proprioceptive) processes, possibly resulting in a
spread of the activity to dorsal regions. Several studies
have reported activity in the ipsilateral hemicord during
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Figure 4. Examples of spinal cord fMRI studies using sensory paradigms. (A) The first study (adapted with permission from
Sprenger and others 2012) used fMRI to look into the spinal cord response to painful thermal stimulation (applied on the left
forearm in dermatome C6). Activation maps correspond to group-level (n = 17) pain-related responses. Panels | and 2 show
these spinal activations overlaid on the mean structural image of all participants (sagittal views). Panel 3 presents an axial view,
displayed on top of the mean functional image. The peak of the BOLD response is seen in the ipsilateral dorsal horn of the Cé
spinal level, in line with anatomical expectations. The color bar corresponds to t values, with a visualization threshold set at P <
.005 (uncorrected). (B) In the second study (adapted with permission from Sprenger and others 2015), a simultaneous spinal-
brain fMRI sequence was deployed during low- and high-intensity painful stimulation of the Cé dermatome of the left forearm
(n = 17). A spinal-brain functional connectivity analysis was performed (panel |) using a seed corresponding to the contrast

in the spinal cord (i.e., high intensity > low intensity). The seed was located in the left dorsal horn of the Cé spinal level.
Couplings were observed with several brain regions, such as the periaqueductal gray matter (PAG). Moreover, the strength of
this spinal-PAG coupling was positively correlated (R = 0.73, panel 2) with the individual mean pain ratings, as illustrated in the

scatter plot. D = dorsal; PE = parameter estimates; V = ventral; VAS = visual analog scale (for level of pain).

a unilateral task (Barry and others 2021; Vahdat and oth-
ers 2015; Weber and others 2016b). In particular, Weber
and colleagues (2016b) (Fig. 5A) used a task minimizing
complexity (i.e., isometric wrist flexion) and confirmed
lateralization at the group and subject levels. Regarding
the dorsoventral organization, findings have instead been
more equivocal, though a reported tendency for stronger
ventral activity suggests greater motoneuron activity
relative to sensory input (Barry and others 2021; Kinany
and others 2019; Kinany and others 2022; Weber and
others 2016b). Finally, along the rostrocaudal direction,
activations were in agreement with muscle innervation
patterns (Barry and others 2021; Kinany and others
2019; Kinany and others 2022; Vahdat and others 2015;

Weber and others 2016b) (Fig. 5B), as confirmed using
electromyography-based estimations of spinal activity
(Kinany and others 2019).

Importantly, spinal activity is more than a mere reflec-
tion of motor output. Notably, Vahdat and colleagues
(2015) identified stronger activations during the perfor-
mance of a complex finger-tapping task as compared with
a simple one, even for comparable muscle demands.
Furthermore, they leveraged a FOV including the brain
and demonstrated that learning-related modulation of spi-
nal activity occurred independently of supraspinal struc-
tures. This points to an active contribution of the spinal
cord during motor skill acquisition and suggests that it is
capable of local plasticity.
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Figure 5. Examples of spinal cord fMRI studies using motor paradigms. (A) The first study (adapted with permission from Weber
and others 2016b) looked into spinal activations elicited by left and right isometric wrist flexion. Panels | (coronal and sagittal
views) and 2 (axial views) show group-level activation maps (n = | 1) for the left (in red) and right (in blue) contrasts (overlap

in green). Maps are thresholded at a Z score >1.65 (cluster-defining threshold of P < .05 to correct for multiple comparisons)
and overlaid to the MNI-Poly-AMU template. Overall, a clear lateralization of the activity can be observed, in agreement with
anatomical knowledge. Panel 3 shows a sagittal and axial view of the template, with labels of vertebral bodies. Relevant spinal
levels are indicated (probabilistic maps). The positions of the slices presented in panels | and 2 are also shown (green lines).

(B) In the second study (adapted with permission from Kinany and others 2019), the rostrocaudal distribution of spinal activity
linked to three upper limb movements is assessed. Group-level activation maps (n = 17) are displayed (coronal and axial views in
panel | and 2, respectively). Maps are thresholded at a Z score >2 (cluster-defining threshold of P < .0l to correct for multiple
comparisons), overlaid to the PAM50 template. Distinct patterns of activations are observed for the three conditions, in line with
the myotomes in use (i.e., different muscles are innervated by different spinal levels). Panel 3 shows a coronal view of the template
with relevant spinal levels (probabilistic maps). The positions of the two axial slices are indicated (red and orange lines, respectively
for the lower and upper slices). D = dorsal; V = ventral.
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Taken together, these studies underscore the potential
of fMRI to image sensorimotor pathways in the spinal
cord. First, they confirmed basic features of spinal activ-
ity. Then, they provided opportunities to delve into the
complexity of spinal functional circuits to address funda-
mental questions about sensorimotor processing.

Restless Spinal Cord

Although task-based paradigms carry a lot of potential to
better understand the functioning of the central nervous
system, they are only one side of the coin. More than two
decades ago, the brain was shown to exhibit meaningful
and organized activity, even in the absence of overt task
or stimulation (see van den Heuvel and Hulshoff Pol
2010 for review). This laid the foundation for the field of
resting state studies. Over the years, the neuroimaging
community has shown tremendous interest in investigat-
ing the intrinsic brain activity, using functional connec-
tivity analyses to delineate patterns of synchronous
activity. This has revealed functionally relevant resting
state networks (e.g., auditory, sensorimotor) and pro-
vided unique insights into brain organization. These suc-
cesses led researchers to wonder: are these organized
fluctuations a general trait of the central nervous system?
Studies extending beyond the cortex are still relatively
scarce, but the answer seems to be yes. Indeed, patterns
of functional connectivity have now been revealed in
various structures of the neural axis, from the brainstem
to the cervical spinal cord (see Harrison and others 2021
for review).

From a physiological viewpoint, several mechanisms,
likely occurring simultaneously, may indeed generate
organized resting state fluctuations in the spinal cord.
Activity in the sensory and motor horns may stem from
the ongoing descending and ascending communication
with the brain or reflect continuous processing of sen-
sory inputs from the periphery (Box 3). Furthermore,
local interneuronal circuits may give rise to coherent pat-
terns of activations between horns, within or between
hemicords.

The first conclusive characterization of spinal resting
state networks dates from 2014 (Fig. 6A). In this pioneer-
ing study, Barry and colleagues (2014) used ultrahigh-
field fMRI (7 T) and revealed strong correlations between
sensory horns (dorsal-dorsal) and between motor horns
(ventral-ventral) using a seed-based approach. These
results were corroborated by Kong and colleagues (2014),
who extracted sensory and motor networks using an inde-
pendent component analysis (ICA) at 3 T (Fig. 6B). In
this study, however, sensory networks were found to seg-
regate into lateralized components, a discrepancy that
may parallel the weaker connectivity strength measured
between sensory horns at 7 T (Barry and others 2014).

Interestingly, ICA—derived networks exhibited a limited
rostrocaudal extent (Kong and others 2014), mirroring
the segmental organization of the spinal cord. Following
the discovery of spinal resting state networks, active
efforts have been made to ascertain their reliability, high-
lighting their within-subject reproducibility (Barry and
others 2016) and their robustness to variations in the pro-
cessing pipeline (Eippert and others 2017b). Altogether,
these findings provided compelling evidence that sponta-
neous fluctuations are organized in agreement with the
structural and functional organization of the spinal cord.

Several studies have built on these encouraging
results, some capturing ipsilateral dorsoventral func-
tional connectivity in addition to the bilateral sensory
and motor networks previously reported (Conrad and
others 2018; Liu and others 2016b; San Emeterio Nateras
and others 2016; Weber and others 2018). While these
couplings may be related to anatomical connections
between these regions (Box 3), they have been suspected
to reflect the proximity of dorsal and ventral horns, par-
ticularly in light of their lower robustness (Eippert and
others 2017b). Nonetheless, within-hemicord connectiv-
ity has been reported in nonhuman primates at 9.4 T
(Chen and others 2015).

Besides confirming the presence of organized intrinsic
networks in the cervical cord, later research deepened
their characterization. Borrowing from graph theory, spi-
nal networks were shown to present small-world proper-
ties (Liu and others 2016b), similar to the organization of
cortical networks (Bassett and Bullmore 2017).
Subsequent work emphasized the functional relevance of
these topological features, found to be altered by thermal
stimulation (Weber and others 2018).

Importantly, the aforementioned studies relied on
static functional connectivity—that is, an average over
the scanning session. In contrast, dynamic approaches
probe time-varying connectivity patterns. To date, only
one study has utilized a dynamic framework (SpiCiCAP)
in the spinal cord (Kinany and others 2020), which disen-
tangled spontanecous signals into fine-grained compo-
nents in gray and white matter, organized along the major
ascending and descending spinal pathways (Fig. 6C).
Although the white matter has long been ignored in func-
tional neuroimaging, increasing evidence in brain studies
supports the existence of reliable BOLD signals in this
region (Grajauskas and others 2019). Furthermore, in the
spinal cord, the large volume of white matter (Box 1) may
have facilitated their detection.

Finally, functional connectivity analyses have recently
begun to elucidate networks simultaneously spanning the
spinal cord and the brain. In particular, Vahdat and col-
leagues (2020) have exposed meaningful couplings between
the spinal cord and cortical and subcortical regions, in line
with anatomical and functional expectations (lateralization
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Figure 6. Examples of spinal cord fMRI studies using resting state paradigms. (A) The first study (adapted with permission from
Barry and others 2014) is the first conclusive report of spinal cord resting state networks, which was achieved using a seed-based
approach in a 7-T fMRI data set. The figure shows examples of subject-level within-slice resting state connectivity. Correlations
(thresholded at P < .001) are overlaid on the corresponding anatomical image. The green crosshair corresponds to the seed’s
location. Correlations between ventral (motor) horns can be seen in panels | to 6. Correlations between dorsal (sensory) horns
are reported in panels 7 to 10. Panels | | and 12 present other types of less common connectivity patterns. (B) The second study
(adapted with permission from Kong and others 2014) retrieved resting state networks using a different approach, namely a group
independent component analysis (ICA) in 20 subjects. Dorsal (sensory) networks are presented here, overlaid on an anatomical
image. While networks were identified on a region spanning vertebral levels extending from C4 to T|, only levels C5 and Cé6 are
displayed in this figure, for illustration purposes. Each component covers a limited rostrocaudal extent and exhibits lateralized
patterns. Maps are thresholding at a false discovery rate of P << 0.05 and arranged by their rostrocaudal position, with each column
corresponding to one independent component (number indicated at the top). (C) This third work (adapted with permission from
Kinany and others 2020) shows resting state networks that were obtained using a dynamic functional connectivity approach, the
SpiCiCAP framework, in a group of 19 participants. In total, 40 fine-grained resting state components, termed iCAPs, were extracted.
Six representative iCAPs are presented here (in red), overlaid on the PAM50 template. iCAPs are in agreement with the underlying
anatomy, as illustrated by the matching atlas regions (in blue). They correspond to various white matter (WM) regions (e.g., lateral
corticospinal tract and fasciculus cuneatus) and gray matter (GM) regions (e.g., ventral horns). D = dorsal; V = ventral.

and sensory vs. motor segregation). This demonstrates a uni-
fied organization of sensorimotor networks across the cen-
tral nervous system.

In summary, these resting state studies confirmed that
the rich content of intrinsic spinal activity can be captured
by means of fMRI. They highlighted, with remarkable
agreement, that the spinal cord exhibits an organized

functional architecture mirroring neuroanatomical and
physiological principles, even in the absence of a task.

Clinical Potential

As evidence advocating for the functional relevance of
spinal cord fMRI signals accumulated, so did the interest
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in their clinical usage, for instance to assess spinal resid-
ual neuronal function (see Wheeler-Kingshott and others
2014 for review).

Traumatic spinal cord injury (SCI) was, unsurpris-
ingly, the first condition to attract attention, already
20 years ago. Spin echo sequences were deployed in
patients with SCI during movements and sensory stimu-
lation, showing that activity could be detected below the
site of injury (see Cadotte and others 2018 for review).
To the best of our knowledge, only one study to date has
deployed a gradient echo sequence to image spinal
activity in patients with SCI (Rowald and others 2022).
Specifically, fMRI was used in three patients during
passive limb mobilization or tendon vibration to map
proprioceptive neurons innervating muscles supporting
walking and thereby inform preoperative planning for a
spinal implant. While resting state studies have not yet
been harnessed to study SCI in humans, results in non-
human primates alluded to their clinical potential (Chen
and others 2015), as functional connectivity reflected
the functional integrity of the spinal cord over the course
of the recovery.

In humans, the clinical potential of functional connec-
tivity has actually been demonstrated in patients with
multiple sclerosis, another population with spinal cord
abnormalities. Specifically, Conrad and colleagues
(2018) examined changes in resting state fluctuations at 7
T. Although they did not detect a difference in average
connectivity in patients versus controls, they could show
that lesions had a local effect on intrinsic connectivity.
This may reflect compensatory changes attributed to
white matter damage and/or disrupted interneuronal cir-
cuits. See Wheeler-Kingshott and colleagues (2014) for a
review of spin echo studies using task-based paradigms
in patients with multiple sclerosis.

Besides functional connectivity, regional neural activ-
ity can also be assessed, for instance using the resting
state amplitude of low-frequency fluctuation (ALFF;
from 0.01 Hz to 0.1-0.2 Hz). First, this was done in the
context of cervical spondylotic myelopathy (Liu and oth-
ers 2016a), showing that ALFF values were higher in
patients than controls and even more so in severely
affected patients. Then, low-frequency fluctuations were
investigated in patients with fibromyalgia, one of the
most common causes of chronic widespread pain.
Martucci and colleagues (2019) initially identified an
alteration of the ALFF but not of the average connectivity
or the related graph metrics. In a later study, the authors
used ALFF to capture the spinal correlates of pain medi-
cation (Martucci and others 2021), highlighting that
patients taking opioids exhibited ALFF patterns that were
more similar to the control group.

Discussion
A “New” Tool

Considerable progress has been made since the emer-
gence of spinal cord fMRI in 1996 (Yoshizawa and others
1996), and converging evidence suggests its potential to
image spinal signals. While the field has long lagged
behind brain neuroimaging standards, recent years have
witnessed a transition toward more systematic and quan-
titative analyses. In this context, advances on the acquisi-
tion side have been paralleled by the development of
dedicated processing tools, all of which have been instru-
mental to establish accessible spinal cord fMRI routines
that can be readily deployed in different environments.

From a more general perspective, the broader field of
spinal cord imaging has encountered rising interest, with
a growing and supportive community. This is notably
exemplified by a recent initiative proposing a generic
protocol for quantitative spinal cord MRI (i.e., structural
imaging), available across vendors and centers (Cohen-
Adad and others 2021). Driven by the same intent, it is
hoped that the current state of spinal cord fMRI will
encourage researchers, even nonexperts, to join forces.
Collective efforts will foster the establishment of robust
and generalized protocols and further support the devel-
opment of this burgeoning research stream.

Bringing the Field Forward

It stands to reason that progress and improvements are
still to come. As a matter of fact, spinal cord fMRI
remains more prone to artifacts than brain fMRI. Efforts
could entail new pulse sequences or shimming protocols
focused on improving signal strength and homogeneity in
the spinal cord. To this end, collaborations with scanner
manufacturers could be highly beneficial in promoting
the availability and deployment of these novel methods.
In addition to efforts aiming to improve gradient echo
sequences, a systematic comparison with state-of-the-art
spin echo protocols could be fruitful. Indeed, this would
help assess their relative strengths and weaknesses, as
well as estimate the generalizability of spinal cord fMRI
results across acquisition schemes.

It cannot go unnoticed that most spinal cord fMRI
research has, so far, been cervical cord fMRI research. In
light of this, acquisition schemes extending to thoracic
and lumbosacral regions need to be established to achieve
an extensive characterization of spinal mechanisms.
However, this endeavor entails additional challenges.
First, these regions have smaller cross-sectional dimen-
sions (Frostell and others 2016), and acquisition proto-
cols must be validated in these conditions. Then, the
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environment surrounding the spinal cord varies along the
rostrocaudal axis, implying that the impact of different
physiological noise sources (e.g., lungs, bowels) should
also be assessed. Finally, a concern arises from the rela-
tive distances between spinal levels and vertebral bodies,
which become more pronounced in caudal regions
(Frostell and others 2016). Given this, normalization pro-
cedures may need to be adjusted to ensure the accuracy of
group-level estimates.

Disentangling Spinal Circuits

While the works presented in this review uncovered the
richness of spinal signals during tasks and at rest, they
also hinted at their complexity. Indeed, signals were
found to reflect sensory, motor, and interneuronal pro-
cesses. This intricacy may be expected, as most experi-
mental conditions fall short of isolating specific spinal
processes. To address this, one potential direction is to
better characterize the task itself so that its properties can
be directly related to the imaged spinal signals. In other
words, we need to obtain objective and quantitative mea-
sures of what the subject is actually doing, rather than
using predefined and discrete categories. To this end,
future work could conduct multimodal experiments in
which functional images are acquired with peripheral
measurements of task-related parameters (e.g., electro-
myography or kinematics). Using these concurrent
recordings will help build informed task models that bet-
ter disentangle the different components of the captured
activity (e.g. motor vs. proprioceptive signals during
dynamic movements; sensory vs. reflexive motor activity
during nociception).

An alternative method to delineate spinal circuits is to
aim for more controlled experimental paradigms. For
instance, the use of brain stimulation can be envisioned to
systematically activate descending pathways to the spinal
cord. Likewise, functional electrical stimulation and ten-
don vibration can be deployed to modulate motor and
proprioceptive circuits. Furthermore, combining these
controlled sensorimotor paradigms with resting state
scans could help explain how the functional architecture
of the spinal cord is modulated to meet task demands and
provide new insights into the origin of spinal intrinsic
fluctuations. Simultaneous brain and spinal cord fMRI
could also be deployed to achieve a multilevel view of
neural processes and discriminate local spinal activity
from supraspinal inputs.

Finally, it is worth mentioning that much remains to be
learned about the organization and functional role of spinal
interneuronal circuits beyond those involved in reflexes
and central pattern generators. These circuits likely partici-
pate in generating complex spinal cord activity, which can-
not be readily deciphered with the level of detail available

with current acquisitions and analyses. Indeed, while
dividing the cord into ventral, dorsal, and intermediate
zones offers a meaningful and straightforward way to
describe and interpret spinal cord fMRI results, this does
not fully capture the complexity of spinal cord processing.
This line of research could be stimulated by technological
advances, notably in ultrahigh-field imaging.

Clinical Applications: Perspectives

Clinical studies stand out as an important avenue for
investigation. In this review, we present studies under-
scoring the clinical relevance of spinal cord fMRI in a
number of neurological conditions. To enrich these inves-
tigations, longitudinal assessments could be carried out to
gain insights into disease progression and recovery,
thereby improving our capacity for diagnosis and progno-
sis. One topic that is particularly relevant in this context
is that of spinal neuroplasticity, which can occur follow-
ing damages to sensorimotor pathways (Wolpaw and
Tennissen 2001). Joint analyses of spinal activity and
clinical indicators could shed new light on the mecha-
nisms mediating adaptive and maladaptive plasticity,
possibly highlighting targets for treatment or rehabilita-
tion. In parallel, quantitative MRI could be deployed to
relate functional measures to the underlying structure.
Given the importance of personalized assessments in the
clinical context, it would also be of interest to go beyond
group studies. For that purpose, future studies could build
on the pipeline introduced in this review to explore the
potential of spinal cord fMRI for individual subjects. In
doing so, preliminary research in healthy participants
should assess the parameters (paradigms, amount of data,
etc.) needed to achieve sufficient sensitivity, as well as
quantify intra- and intersubject variability. Ultimately,
this could pave the way for noninvasive biomarkers of
disease progression or treatment response, complemen-
tary to those derived using quantitative MRI.

Conclusion

Overall, the findings reported in this review emphasize
how fMRI can serve as a powerful tool to peek into the
spinal cord’s functional architecture. Despite the numer-
ous challenges encountered along the way, the use of spi-
nal cord fMRI can now provide accessible opportunities
to study the healthy and impaired human central nervous
system, beyond and in addition to classical brain
neuroimaging.
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