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a b s t r a c t 

Functional magnetic resonance imaging of the brain has helped to reveal mechanisms of pain perception in health 
and disease. Recently, imaging approaches have been developed that allow recording neural activity simultane- 
ously in the brain and in the spinal cord. These approaches offer the possibility to examine pain perception in 
the entire central pain system and in addition, to investigate cortico-spinal interactions during pain processing. 
Although cortico-spinal imaging is a promising technique, it bears challenges concerning data acquisition and 
data analysis strategies. In this review, we discuss studies that applied simultaneous imaging of the brain and 
spinal cord to explore central pain processing. Furthermore, we describe different MR-related acquisition tech- 
niques, summarize advantages and disadvantages of approaches that have been implemented so far and present 
software that has been specifically developed for the analysis of spinal fMRI data to address challenges of spinal 
data analysis. 
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. Introduction 

.1. Overview 

A common and non-invasive method to study the neurobiological
echanisms of pain processing in humans is functional imaging of the

rain. However, pain processing comprises the entire central nervous
ystem including the spinal cord. Therefore, more and more studies also
pply functional imaging of the spinal cord to investigate pain process-
ng. Furthermore, several approaches have been developed that allow
he simultaneous measurement of neural responses in the brainstem and
pinal cord ( Stroman et al., 2008 ) and even in the whole brain and spinal
ord ( Cohen-Adad et al., 2010 ; Finsterbusch et al., 2013 ; Islam et al.,
019 ). The latter possibility is particularly interesting for pain research
ecause it allows investigating the entire central pain system in humans
on-invasively. One important advantage of simultaneous cortico-spinal
maging compared to imaging the brain and spinal cord separately is the
ption to study interactions between the spinal cord and the brain dur-
ng pain processing. In this review, we will highlight studies in the field
f pain research that applied simultaneous cortico-spinal imaging and
elated approaches to elucidate how cortico-spinal imaging can help to
nravel new aspects of pain processing. Furthermore, we will highlight
he existing acquisition techniques of cortico-spinal imaging with their
dvantages and disadvantages, and discuss data analysis strategies. 
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.2. The human pain system 

The human pain system consists of interconnected ascending and de-
cending pathways ( Fields, 2004 ) ( Fig. 1 ). The ascending pathway con-
eys nociceptive information from the periphery (skin, viscera) to the
pinal cord through specialized fibers. These nociceptors synapse in the
psilateral dorsal horn of the spinal cord from where the ascending path-
ay continues predominantly via the spinothalamic tract. The spinotha-

amic tract crosses to the contralateral side of the spinal cord and then
scends to the thalamus. Subsequently, the ascending pathway diverges
o different brain regions such as the somatosensory cortex, insula and
ingulate cortex ( Fields, 2004 ). It is thought that the ascending path-
ay conveys information about the intensity, quality and location of the
ain ( Apkarian et al., 2013 ). The spinal cord is divided into segments
hat innervate different skin areas or dermatomes ( Lee et al., 2008 ). This
omatotopic relationship between dermatomes and their corresponding
pinal cord segments has been shown to be partially preserved in the so-
atosensory cortex and insula ( Bingel et al., 2004 ; Brooks et al., 2005 ;
ancini et al., 2012 ; Mazzola et al., 2009 ). 

In contrast to the ascending pain pathway, the descending pain path-
ay is considered a modulatory pathway that can modify nociceptive

nformation at various levels of the central pain system ( Fields, 2004 ;
einricher et al., 2009 ). The descending pathway has been extensively

tudied in animals and comprises brainstem structures such as the peri-
ical Center Hamburg-Eppendorf, Hamburg, Germany. 
Cohen-Adad). 
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Fig. 1. Schematic overview of the ascending (red) and descending (blue) pain 
pathways overlaid on a combined anatomical template of the brain (T1 MNI152 
template) and spinal cord (PAM50 template). pgACC: pregenual anterior cin- 
gulate cortex; MCC: middle cingulate cortex; Thal: thalamus; SI/SII: primary 
and secondary somatosensory cortex; PAG: periaqueductal gray; RVM: rostral 
ventromedial medulla. 
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queductal gray (PAG) and the rostral ventromedial medulla (RVM).
he PAG has been found to exert a top-down control via the RVM
nto the spinal cord through inhibition and facilitation of the incom-
ng peripheral nociceptive information ( Melzack and Wall, 1965 ) and
an thus regulate the amount of nociceptive information that is con-
eyed to the brain via the ascending pain pathway. Results from studies
n humans ( Bingel et al., 2006 ; Eippert et al., 2009a ; Kong et al., 2010 ;
etrovic et al., 2002 ) and animals ( Chen et al., 2018 ; Senapati et al.,
005 ) suggest that in addition to brainstem and spinal structures, the
regenual anterior cingulate cortex (pgACC), sometimes also referred
o as rostral ACC, is a key cortical structure in pain modulation that ex-
rts top-down influences on the PAG and spinal cord. As a result, the
gACC has been included in more recent definitions of the descending
ain system ( Apkarian et al., 2013 ; Bushnell et al., 2013 ; Geuter et al.,
017 ). For a more detailed description of the human pain system and
pecific contributions of individual brain regions in pain processing, the
eader is referred to ( Apkarian et al., 2013 ; Dostrovsky and Craig, 2013 ;
einricher and Fields, 2013 ). 

Based on the anatomy of ascending and descending pathways, the
entral pain system is a distributed network that comprises cortical, sub-
ortical and spinal regions. Investigating this system as a whole in hu-
ans can help to shed light on important aspects of pain processing in
ealth and disease. 

.3. Representation of pain in the central nervous system 

The question where pain is processed in the brain has interested
esearchers for decades ( Melzack and Casey, 1968 ; Penfield and Bol-
rey, 1937 ). However, only with the advent of neuroimaging techniques
id it become possible to show that pain is processed within a dis-
ributed network across the brain. Imaging studies consistently showed
hat brain regions activated by noxious stimulation comprise the tha-
amus, primary and secondary somatosensory cortex, insula and mid-
le cingulate cortex (MCC, which is often referred to as dorsal ante-
ior cingulate cortex (dACC) ( Heilbronner and Hayden, 2016 )), among
ther regions ( Apkarian et al., 2005 ; Duerden and Albanese, 2013 ).
his activation pattern resulted in the concept of the ‘pain neuroma-
rix’ (later ‘pain matrix’), a pain processing related network, that was
ivided into a sensory-discriminative and a cognitive-affective com-
onent ( Melzack, 1999 ). Although stimulation of the secondary so-
atosensory and posterior insula has been shown to elicit noxious sen-

ations in awake humans ( Mazzola et al., 2006 ), none of the brain re-
ions involved in pain processing has been shown to be pain-specific
 Davis et al., 2015 ; Wager et al., 2016 ). Therefore, the co-activation
f regions within the ‘pain matrix’ has been considered as being pain-
pecific but this concept has been challenged and criticized alike in
he scientific literature ( Iannetti and Mouraux, 2010 ; Legrain et al.,
011 ; Liang et al., 2011 ; Mouraux et al., 2011 ; Salomons et al., 2016 ).
onetheless, activation within this pain-related network including re-
ions such as secondary somatosensory cortex, insula and MCC (dACC)
as been shown to be related to individual pain perception in healthy
articipants ( Brodersen et al., 2012 ; Favilla et al., 2014 ; Lindquist et al.,
017 ; Wager et al., 2013 ). Moreover, approaches that combined activ-
ty from common pain-processing brain regions performed better in ex-
laining pain ratings compared to considering activity in single brain
egions ( Brodersen et al., 2012 ). In line with this observation, the Neu-
ological Pain Signature that weighs voxels based on their contribution
o predict pain perception identified high predictive weights in sensory
egions and the MCC (dACC) ( Wager et al., 2013 ). 

Although technically challenging, the next step was to apply func-
ional neuroimaging to spinal cord structures. Animal studies have
hown that spinal BOLD activity reflects electrical activity ( Piché et al.,
017 ) and that hemodynamic responses to noxious stimulation show
imilar time courses in the somatosensory cortex and the spinal cord
 Yang et al., 2015 ). Nevertheless, spinal imaging is more susceptible
o distortions and signal loss mainly due to cerebrospinal fluid fluc-
uations and magnetic field inhomogeneities in the neck ( Bosma and
troman, 2014 ; Brooks et al., 2012 ; Eippert et al., 2017a ; Kong et al.,
012 ; Piché et al., 2009 ). Because of these challenges, one goal in spinal
MRI was to investigate the plausibility of spinal activity based on the
natomy of the ascending pain pathway. In line with the anatomical lo-
ation of peripheral nerve endings, several studies reported pain-related
pinal activation in the dorsal horn ipsilateral to the stimulation site
 Bosma and Stroman, 2015 ; Brooks et al., 2012 ; Eippert et al., 2009b ;
ash et al., 2013 ; Sprenger et al., 2018 , 2012 ). Furthermore, noxious

timulation within dermatomes of different body parts elicited activity
n corresponding spinal segments, i.e. followed a somatotopic organiza-
ion ( Nash et al., 2013 ; Stroman et al., 2012 ). A spinal fMRI study in
onkeys further demonstrated through tracer histology that the spinal

egment showing stimulation-related BOLD responses received afferent
erve input from the stimulated skin area ( Yang et al., 2015 ). After
pinal fMRI was successfully developed, researchers began to develop
echniques that allow simultaneous recording of BOLD responses in both
rain and spinal cord, as this allows to investigate pain processing along
he entire central nervous system. 

. Application of cortico-spinal imaging in pain research 

.1. Nonsimultaneous cortico-spinal imaging 

Due to technical limitations, first studies that investigated cortico-
pinal responses to noxious stimulation recorded neural activity sepa-
ately in the brain and spinal cord in either successive sessions, or in
wo groups of participants. One study that implemented this approach
ecorded neural responses in the brain and spinal cord to investigate
ow listening to one’s favorite music modulates pain perception and
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ain processing in comparison to not listening to music ( Dobek et al.,
014 ). In this study BOLD responses in the brain and spinal cord were
ecorded separately in two successive sessions. In a similar experimental
etup, participants received a series of short, oscillating heat stimuli and
rain and spinal regions were identified that correlated with perceived
ain intensity ( Khan and Stroman, 2015 ). Another study investigated
pioid-induced hyperalgesia separately within the brain and spinal cord
n two groups of participants ( Sprenger et al., 2018 ). Importantly, both
roups underwent the same experimental procedure. Results show that
ain sensitivity as well as BOLD responses in the insula, thalamus, amyg-
ala and RVM were increased after remifentanil treatment. This indi-
ates that opioid-induced hyperalgesia, which manifests upon opioid
ithdrawal ( Angst et al., 2003 ) is represented in pain-related brain re-
ions. At the spinal level, activity within the dorsal horn was able to dis-
ociate whether participants received saline or remifentanil, indicating
hat opioids modulate spinal nociceptive processing after drug cessation.

.2. Brainstem-spinal imaging 

The first approach that measured neural responses simultaneously
n the brain and spinal cord, extended the field of view from the spinal
ord to the brainstem. Studies using this approach have shown that
echanical and thermal pain increase activity in the spinal cord dor-

al horn and brainstem regions such as the PAG or RVM ( Cahill and
troman, 2011 ; Ghazni et al., 2010 ). Furthermore, physiological mod-
lation of pain responses such as temporal summation, sensitization or
econdary hyperalgesia were associated with increased activity in the
pinal cord and altered processing within the descending pain path-
ay ( Bosma et al., 2015 ; Rempe et al., 2015 , 2014 ). Similar to spinal

MRI studies, brainstem-spinal fMRI studies have shown that emotion-
nd attention-related pain modulation do not only affect neural re-
ponses in the spinal cord but also in the brainstem ( McIver et al., 2018 ;
troman et al., 2011 ). Other studies have investigated connectivity be-
ween the brainstem and spinal cord in different conditions in relation
o noxious stimulation ( Stroman et al., 2016a , 2018 ) and how this con-
ectivity is altered in patients with spinal cord injury ( Stroman et al.,
016b ). 

.3. Proof-of-concept cortico-spinal imaging in pain perception 

Subsequently an approach was presented that allowed fMRI in the
rain and spinal cord using different fields of view, slice orientation and
n-plane resolution ( Finsterbusch et al., 2013 ). The first study to use
his approach investigated BOLD activity in the brain and spinal cord in
esponse to two different heat pain intensities ( Sprenger et al., 2015 ).
he low intensity (46°C) was mildly painful while the high intensity
47°C) was moderately painful. Heat pain stimuli were applied on the
eft radial forearm that corresponds to dermatome C6 ( Lee et al., 2008 ).
rain regions such as the thalamus, primary and secondary somatosen-
ory cortices, insula and dorsal ACC showed increasing activity levels
n response to increasing intensities. In addition, the left dorsal horn of
he spinal cord within spinal segment C6 showed similar responses with
espect to the two pain intensities, which corroborates findings from a
tudy that compared spinal activation patterns to painful and innocu-
us stimuli ( Summers et al., 2010 ). The location of the spinal cluster
as further compared to peak voxel activity in two other pain related

pinal fMRI studies ( Eippert et al., 2009b ; Sprenger et al., 2012 ). The
verlay shows that the peaks of pain-related activation were located at
he upper part of the fifth vertebra. In line with this finding, anatomical
tudies in humans have shown that spinal segment C6, which receives
nput from peripheral nerves within dermatome C6, corresponds mostly
o the spinal cord segment within the upper part of the fifth cervical
ertebrae ( Cadotte et al., 2015 ; Kim et al., 2012 ). 

In a next step, the authors investigated functional connectivity be-
ween the brain and the spinal cord and extracted the time course of the
OLD response at the peak voxel in the spinal cord and correlated that
ime course with time courses in the brain. Neural coupling between
he dorsal horn activity and brain regions such as the thalamus, pri-
ary somatosensory cortex, insula, striatum, amygdala, hypothalamus

nd midbrain was observed. In addition, the coupling strength between
he spinal cord and the PAG correlated with behavioral pain ratings sug-
esting that increased pain levels are associated with increased coupling
etween the spinal cord and the brainstem. This result expands on find-
ngs from previous studies that investigated pain-related connectivity in
he brain ( Ploner et al., 2010 ; Zaki et al., 2007 ). The results of this first
ortico-spinal fMRI study show that besides its feasibility to detect pain-
elated activation patterns in the brain and spinal cord, it can add novel
nsights concerning functional connectivity between the spinal cord and
ifferent brain and brainstem regions. 

.4. Investigating descending modulation with cortico-spinal imaging 

The second cortico-spinal imaging study in the field of pain inves-
igated the influence of expectation-induced pain modulation on the
nteraction between the spinal cord and the brain ( Tinnermann et al.,
017 ). In this study, nocebo hyperalgesia was induced in two groups
f participants using a (supposedly) pain-intensifying cream. In addi-
ion, the value of the cream was manipulated between the two groups
o investigate whether cognitive factors such as value further modulate
ocebo hyperalgesia. The value of a medication (e.g. price information)
as been previously shown to modulate placebo analgesia: branding of
n inert painkiller lead to stronger placebo effects than administering
 non-branded or generic painkiller ( Branthwaite and Cooper, 1981 ;
ehse et al., 2015 ). Moreover, providing explicit price information was
ccompanied by weaker placebo effects if participants received a price-
educed compared to a regular-priced drug ( Waber, 2008 ). Based on
hese studies, the question arose whether a medication’s value not only
nfluences the perceived effectiveness but also the perceived harm (e.g.
ide effects) that medical treatments can cause. To implement the value
spect in a nocebo paradigm, participants were randomly assigned to
est either a cheap or expensive version of the cream. The cover story
or this pain-intensifying medical cream made participants believe that
t was used in atopic dermatitis patients to treat itch and that one
ommon side effect was increased heat sensitivity. Importantly and
nknown to the participants, both creams did not contain any active
gent. Instead, to let participants experience the supposedly side-effect
nduced pain increase, temperatures on the cream-treated skin were
urreptitiously increased compared to a control skin patch. After this
xperience-induction, participants were scanned using cortico-spinal
maging while temperatures were identical on the control and cream-
reated skin patches. Pain ratings showed that participants who received
he expensive cream reported increased pain levels compared to those
ho received the cheap cream indicating that expensive medication can

nhance expectancies about possible side effects. To ascertain the valid-
ty of the cortico-spinal imaging approach, neural responses during nox-
ous stimulation irrespective of nocebo expectations and value were an-
lyzed and similar pain-related activity in the brain and spinal cord was
etected as in the previous cortico-spinal fMRI study by Sprenger and
olleagues (2018) ( Fig. 2 ). Nocebo-related activity was observed in the
pinal cord at the height of spinal segment C6 similar to the results of a
revious nocebo-related spinal fMRI study ( Geuter and Büchel, 2013 ).
ithin the brain, two regions of the descending pain pathway showed

oth nocebo- and value-related activity: activity in the pgACC correlated
egatively with the magnitude of behavioral nocebo effects irrespective
f value, and the PAG showed increased activity in the expensive no-
ebo group compared to the cheap group, therefore reflecting the value-
elated modulation of nocebo hyperalgesia. These findings are in line
ith previous studies that reported placebo-related activity in the PAG
nd/or pgACC ( Eippert et al., 2009a ; Peciña et al., 2012 ; Petrovic et al.,
002 ; Scott et al., 2008 ; Wager et al., 2007 ). Similarly, expectancies
bout placebo treatments have been shown to be encoded in the pgACC
 Geuter et al., 2013 ; Kong et al., 2009 ). Based on these findings, time
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Fig. 2. Main effect of pain in the brain and spinal cord from a cortico-spinal imaging study ( Tinnermann et al., 2017 ) in 49 participants overlaid on a combined 
anatomical template of the brain (T1 MNI152 template) and spinal cord (PAM50 template). Noxious heat was applied on the left volar forearm on dermatome C6. The 
ipsilateral spinal cord at the height of segment C6 showed pain-related activation in the dorsal horn and motor-related activation in the ventral horn. Similarly, pain 
related regions in the brain such as the brainstem, thalamus, somatosensory cortex, insula and MCC (dACC) displayed activity in response to noxious stimulation. 
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ourses of the spinal and prefrontal clusters were extracted for connec-
ivity analyses. Both regions showed coupling with the PAG that cor-
elated with the magnitude of individual nocebo effects. The value of
he medical cream further influenced the coupling between pgACC and
AG and between spinal cord and PAG in opposite directions suggest-
ng that the PAG might integrate signals from ascending and descend-
ng pain pathways. The results of this study show that expectation and
alue-induced pain modulation are represented along the descending
ain pathway and that cortico-spinal imaging is an adequate technique
o investigate modulatory changes in connectivity along the descending
ain pathway. 

. Technical considerations 

Spinal cord fMRI remains methodologically very challenging. Com-
ined cortico-spinal fMRI poses even more methodological challenges.
easons include a poor static signal-to-noise ratio (SNR) related to

he poor physical coverage of the receive coil ( Cohen-Adad and
ald, 2014 ), a poor temporal SNR related to high signal fluctuations

rom the non-desired baseline physiology (cardiac pulsation, breathing)
 Piché et al., 2009 ) and susceptibility artifacts, which produce signal
ropout and image distortion when using EPI readout ( Saritas et al.,
014 ). Moreover, there exist differences in the neurovascular coupling
nd vasculature structure between the spinal cord and the brain, con-
ributing to potential differences in sensitivity to the BOLD effect be-
ween those two structures ( Cohen-Adad, 2017 ). Beyond challenges re-
ated to acquiring images covering the brain and spinal cord, there are
dditional difficulties related to the analysis of these data, because stan-
ard neuroimaging software was mainly developed to process brain
ata. In this section, we will first focus on fMRI acquisition strategies
or the brain-spine axis, and then we will cover strategies related to data
nalysis. For additional reviews on this topic see ( Cohen-Adad, 2017 ;
avid et al., 2019 ; Seif et al., 2019 ; Stroman et al., 2014 ; Summers et al.,
014 ). 

.1. Acquisition techniques 

.1.1. Field strength 

The higher susceptibility effect at higher field strength is both a bless-
ng and a curse. While sensitivity to the BOLD effect increases, there
re also more challenges related to image acquisition. The biggest one
eing the increase in susceptibility artifacts, yielding image distortions
hen using fast readout (e.g., EPI) as traditionally done with fMRI pro-

ocols, as well as signal dropout caused by intravoxel dephasing. The
atter effect is particularly prominent in axial spinal cord scans, where
lice thickness is typically several mm thick in order to maximize SNR
 Summers et al., 2014 ). 

That being said, as will be described in the subsequent subsections,
here are various ways to compensate for susceptibility artifacts and
enefit from a higher magnetic field strength. The study by Barry and
olleagues (2016) in which resting-state fMRI in the spinal cord at 7T
as assessed is a good example of what is currently possible at 7T. 

.1.2. RF coils 

Radiofrequency (RF) coils are key to providing sufficient image qual-
ty for brain-spine fMRI protocols. A 7T MRI with a sub-optimal coil can
ometimes yield poorer results than a 3T MRI with a highly performant
rray coil. The rule of thumb when designing and using coils is that
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F transmission should be as homogeneous as possible (assessed by the
o-called B1 + or flip angle mapping), while RF reception should be as
ensitive as possible (image SNR is directly related to the reception). At
T, RF transmission is typically done by the body coil (integrated in the
R system bore), which has excellent homogeneity. For RF reception,
ost manufacturers now provide array coils, which are composed of
ultiple loops (up to 32, 64 or 128 depending on the coil and number

f receive channels of the MR system) laid out on the plastic cover of the
oil as to image a specific region. For head-neck protocols, it is advis-
ble to choose coils that cover this region as best as possible. A consensus
ead-neck acquisition multi-vendor protocol ( Cohen-Adad, 2020 ) sug-
ested the following coils: 

• Siemens (Skyra/Prisma/Vida): 64ch head/neck (preferred) or
16 + 4ch. 

• Siemens (Trio/Verio): 12ch brain + 4ch neck array. If thoraco-
lumbar, use spine array. 

• Philips: 16ch neurovascular 
• GE: 16ch Head Neck Spine (HNS) Array (on MR750 systems). If not

available, use 8ch Cervical Thoracic Lumbar (CTL) Array combined
with a head coil. 

For more details on RF coils the reader is referred to ( Cohen-
dad and Wald, 2014 ). 

.1.3. Active shimming 

Shimming consists in homogenizing the static magnetic field (B 0 )
hile doing MRI experiments. This is a necessary step to record reliable

mages, especially in regions that are prone to large B 0 inhomogeneities
uch as the orbitofrontal cortex, lower brain, brainstem and spinal cord.
n addition, without proper shimming, fat saturation would not work
ffectively, slice excitation profiles would not be accurate and EPI data
ould show distortions and signal drop out. 

The very first “active ” attempt to mitigate susceptibility artifacts is
sually performed just before starting an fMRI scan via a procedure
alled active shimming. This procedure consists in estimating a field
ap and then computing a set of “shim coefficients ” that describe the

mount of current going into each gradient and shim coil necessary for
inimizing the static magnetic field inhomogeneity in the specified re-

ion (typically, the field of view of the image to be acquired). Fig. 3 A
hows the effect of using single order (only gradients) versus 2nd order
himming (gradients + shim coils) for homogenizing the magnetic field
uring an acquisition. 

However, the default shim coils that are integrated in the MR system
re usually not sufficient to compensate for the high spatial variations
f the magnetic field across the brain-spine axis, which motivated the
evelopment of custom high-order shim coils ( Hetherington et al., 2006 ;
opfer et al., 2016 ). A recent technology consists in using the MRI RF
oils both for receiving the MR signal and for injecting a DC current
n order to spatially-modulate the static magnetic field in the desired
egion ( Stockmann et al., 2016 ). Because of their low inductance, these
o-called “AC-DC ” coils can also be used to perform dynamic shimming
hile producing minimum Eddy-currents (when compared to the large

him coils integrated in the MR system). 
Dynamic shimming consists in rapidly changing the shim coefficients

or each slice independently. Hence, instead of trying to find a fixed set
f coefficients that minimizes inhomogeneity in an entire volume, with
ynamic shimming this estimation is done on a per-slice basis. Dynamic
himming is particularly interesting for acquisitions with a large number
f slices covering a large region hampered by susceptibility variations:
he brain-spine axis is a perfect example. However, it can be difficult to
nd the right combination of XYZ shim currents in a small region such
s the spinal cord. Typically, spinal cord fMRI acquisition is done axially
ith thick (3-5mm) slices. In this case, the strongest effect of gradient

nhomogeneity is along the Z direction (superior-inferior axis), hence
revious studies have proposed to only correct for this gradient, naming
his approach z-shimming ( Finsterbusch et al., 2012 ; Islam et al., 2019 ).
his technique has shown substantial improvement in image quality for
radient-echo EPI, notably the reduction of signal dropout which is typ-
cally observed at the vicinity of intervertebral discs. For more details
n shimming strategies for the spinal cord see Finsterbusch (2014) . 

Another important effect is that B0 inhomogeneity also varies with
ubject breathing. This effect is particularly problematic when imaging
lose to the lungs, e.g. around vertebral levels C7-T1. B0 variation can
e about 70 Hz at 3T ( Verma and Cohen-Adad, 2014 ) and 110 Hz at 7T
 Vannesjo et al., 2017 ), causing voxel displacement in EPI readout and
hosting in EPI and line-scan gradient-echo imaging. To tackle this issue,
eal-time shimming can be used, which consists in varying the shimming
etup along with subject’s breathing, as was demonstrated in the brain
t 7T ( Gelderen et al., 2007 ) and spinal cord at 3T ( Topfer et al., 2018 ).
ll these advanced techniques are being actively developed, so there is
ope that vendors will rapidly translate some of these innovations into
idely-available products. 

.1.4. Subject positioning and passive shimming 

Careful positioning of the subject can have an impact on the over-
ll image quality. In general, it is desirable to have the cervical cord
lmost straight so that axial slices are orthogonal to the cord center-
ine, which minimizes partial volume effects with the surrounding cere-
rospinal fluid. To minimize the cervical lordosis subject can be asked
o slightly tilt their head towards their chin. They should however not
e too uncomfortable and still be able to swallow while producing min-
mum motion - it is always a good idea to show the subject how to prop-
rly swallow before starting an acquisition. Some hints are described
n the standard operating procedure of the spinal cord generic protocol
 Cohen-Adad, 2020 ). 

Reducing neck curvature also helps improve field homogeneity be-
ause the shim volume (i.e., the 3D box centered over the region of inter-
st where the MR system computes the optimal shim coefficients) is less
ikely to contain air-tissue interfaces. An alternative (but not mutually-
xclusive) way to reduce the effect of the air-tissue interfaces below
he neck is to add a cushion filled with a material that has similar sus-
eptibility than the tissue. Examples of such material include perfluoro-
arbon, barium sulfate-doped water, Kaopectate and pyrolytic graphite
PG)-doped foam. Fig. 3 B shows how PG foam located behind the neck
an minimize B0 field inhomogeneities around the spine region. 

.1.5. Radiofrequency (RF) shimming 

The previous section talked about the importance of a homogeneous
tatic (B0) magnetic field, but a homogeneous RF field is important as
ell. Also called B1 + , this field corresponds to the RF energy sent by the

ransmit coils during the excitation phase of a pulse sequence, aiming
t flipping the spins towards the transverse plane (a.k.a. the flip angle).
hen B1 + field is not homogeneous, the requested flip angle is not equal

cross the entire imaging region, introducing spatially-variable contrast
nd SNR, which can affect fMRI statistical analyses. In spine imaging,
1 + homogeneity is hampered by the presence of tissues with different
lectrical conductivity and permittivity ( Barry et al., 2018 ; Guy, 1971 ).
oreover, in brain-spine studies, the imaging region is relatively large,
aking it more difficult to obtain a homogeneous B1 + across the en-

ire imaged region. On 3T systems, excitation is typically performed
sing the integrated body coil, ensuring a homogeneous B1 + field, so
his effect is generally not discussed much. However at 7T and higher,
he RF wavelength is shorter and B1 + becomes dramatically less homo-
eneous. In addition, transmit coils are smaller and closer to the im-
ged tissue, therefore RF shimming strategies become more important
 Eryaman et al., 2015 ; Henning et al., 2016 ; Kraff et al., 2009 ). 

.1.6. Pulse sequence 

In addition to dedicated hardware (magnet, RF and shim coils), opti-
izing the pulse sequence is an effective way of reducing susceptibility

rtifacts, imaging faster and improving image quality in general. A good
ule of thumb when it comes to minimizing susceptibility artifacts is to
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Fig. 3. Effects of different shimming strategies on susceptibility artifacts. ( A ) T2-weighted reduced-FOV ss-EPI images of the spinal cord, acquired at 3T, with first- 
order (i.e., only the linear gradients) shim versus second-order shim (gradients + shim coils). Note the improvement in distortions and the signal intensity, especially 
towards the upper thoracic cord using higher order shimming. ( B ) Field maps of the neck acquired with regular foam versus susceptibility-matching foam placed 
behind the neck. With the susceptibility-matching foam, the air volume in the back of the neck is filled with a material that has the same magnetic susceptibility as 
that of human tissue. Hence, the B0 field inhomogeneities are drastically reduced. Reproduced with permission from Saritas and colleagues (2014) . 
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cquire the EPI k-space faster using reduced field-of-view techniques,
ia parallel acquisition or selective 2D-RF excitation (to prevent aliasing
long the phase-encoding direction). For more information on EPI tech-
iques that minimizes distortions, the reader is referred to Saritas and
olleagues (2014) . 

Alternatively, some researchers have explored non-EPI sequences
hat provide better image quality ( Bosma and Stroman, 2015 ) how-
ver at the cost of lower sensitivity and longer acquisition times
 Bouwman et al., 2008 ; Jochimsen et al., 2005 ; Moffitt et al., 2005 ). A
epresentative example of pulse sequence parameters employed for si-
ultaneous coverage of the brain and cervical spine is listed in Table 1

nd some geometric setups are illustrated in Fig. 4 . 

.2. Image analysis techniques 

.2.1. Distortion correction 

Despite all the techniques mentioned above, residual distortions are
ikely to exist in fMRI data. To correct them, one can use B0 field maps,
lip-up/blip-down scans or registration to a non-distorted image with
imilar contrast (e.g. anatomical T2w or T2 ∗ w scan). More details are
vailable in ( Snoussi et al., 2019 ; Voss et al., 2006 ). 

.2.2. Motion correction 

FMRI datasets consist of a collection of multiple volumes whose
umber can range from 10–20 to several hundreds. This data usually
akes several minutes to acquire. If the subject moves between vol-
mes, this can compromise the voxel-wise analysis done on the whole
ataset. It is thus a common procedure to perform rigid body motion
orrection, which consists in registering all volumes to a target vol-
me (e.g., first or average in a two-pass procedure). Unfortunately, the
pine is an articulated structure, which can lead to non-linear displace-
ents. Therefore standard brain motion-correction algorithms assum-

ng rigid or affine transformation are more error prone. Consequently,
lternative approaches have been established such as correcting slice-
ise translations in the axial plane ( De Leener et al., 2017 ; Duval et al.,
015 ; Grussu et al., 2015 ; Iglesias et al., 2015 ; Kong et al., 2012 ;
ohammadi et al., 2013 ; Xu et al., 2013 ). The slice-wise analysis is how-
ver less robust, therefore regularization along the superior-inferior (Z)
xis is usually implemented in these approaches. 

.2.3. Slice timing correction 

Each volume of an fMRI time series consists of several 2D slices, each
eing acquired at a different time (except in the case of 3D acquisition).
hen performing traditional fMRI statistical analysis, each volume is

onsidered being acquired at the same ( “single ”) time point, in which
ase the timing of each slice needs to be adjusted. This operation is called
slice timing correction ” and consists in interpolating the time series of
oxels in the time dimension to bring all of them in-phase across the
ntire volume. Depending on the sampling interval (TR) this can result
n considerable temporal smoothing of the signal. With regard to brain
MRI, several studies have shown beneficial effects of slice timing cor-
ection on group inferences ( Parker and Razlighi, 2019 ; Sladky et al.,
011 ) and some spinal fMRI studies performed slice timing correction
 Islam et al., 2019 ; Vahdat et al., 2020 ; Weber et al., 2016a ). However,
t has also been shown that slice timing correction biases the estimation
f motion between volumes in cases of excessive movement leading to
he underestimation of real motion and suboptimal motion correction
 Power et al., 2017 ). Therefore, slice time correction within the spinal
ord with its high signal fluctuations and physiological noise related
ovement might not be beneficial and might even increase the bias in

he spinal signal. Another problem that arises from slice timing correc-
ion is that it is particularly needed in studies with a long TR (like in
ASTE-based acquisition ( Ioachim et al., 2019 )) but at the same time it

ncreases information loss with increasing TRs because of its temporal
moothing properties. Based on the Nyquist theorem, aliasing, i.e. infor-
ation loss occurs if the sampling frequency is smaller than twice the

requency of the signal of interest. Applying slice timing correction to
n aliased signal would therefore increase the error within the signal of
nterest instead of correcting it for different acquisition times. Further
esearch has to elaborate if and for which repetition times slice timing
orrection is beneficial with regard to spinal fMRI data. One solution to
ircumvent the slice timing correction problem is to use a slice specific
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Table 1 

Pulse sequence parameters and their respective pros and cons for different approaches to cover the brain(stem) and spinal cord. Every approach is listed with their 
first and most recent publication if applicable. Please note that the TR per slice for pulse sequences with two subvolumes indicates an averaged acquisition time 
although the TR per slice might differ between the brain and spinal cord. SI - superior-inferior; RL - right-left 

Study Scanner Coverage Sequence Orientation Resolution TR (TR per slice) Pros Cons 

Stroman et al., 

2008 

Siemens 

Trio 

Brainstem and 

spinal cord 

C1 to C7/T1 

14 slices 

HASTE sagittal One volume 

1 × 1 × 2 mm 

(no gap) 

14 s 

(~1000 ms) 
• Spatial resolution in 

SI-direction 
• Distortion-free 

• Temporal 

resolution 
• Spatial resolution 

in RL-direction 
• No cortical or 

subcortical 

coverage except 

brainstem 

• Less sensitive to 

BOLD signal 

Ioachim 

et al., 2019 

Siemens 

Trio 

Brainstem and 

spinal cord 

C1 to C7/T1 

9 slices 

HASTE sagittal One volume 

1.5 × 1.5 × 2 mm 

(no gap) 

6.75 s 

(~750 ms) 
• Spatial resolution in 

SI-direction 
• Distortion-free 

• Temporal 

resolution 
• Spatial resolution 

in RL-direction 
• No cortical or 

subcortical 

coverage except 

brainstem 

• Less sensitive to 

BOLD signal 

Cohen-Adad 

et al., 2010 

Siemens 

Trio 

Brain and 

spinal cord 

C1 to C7 

30 slices 

EPI axial One volume 

1.5 × 1.5 × 4 mm 

(4.4 - 5.2 mm gap) 

3 s 

(~100 ms) 
• Temporal resolution 
• Spatial resolution in 

axial plane 
• Large volume 

• Spatial resolution 

in SI-direction 
• One set of 

shimming 

parameters for 

entire volume 

Vahdat 

et al., 2015 

Siemens 

Trio 

Brain and 

spinal cord 

C1 to C7 

35-37 slices 

EPI axial One volume 

2.5 × 2.5 × 4 mm 

(3.2 - 4.8 mm gap) 

2.5 s 

(~70 ms) 
• Temporal resolution 
• Large volume 

• Spatial resolution 
• One set of 

shimming 

parameters for 

entire volume 

Finsterbusch 

et al., 2013 

Siemens 

Trio 

Brain and 

spinal cord 

C4 to C6 

32 + 8 slices 

EPI axial Two subvolumes 

Brain: 

2 × 2 × 2 mm 

(1 mm gap) 

Spinal: 

1 × 1 × 5 mm 

3.27 s 

(~80 ms) 
• Temporal resolution 
• Spatial resolution 
• Different geometric 

resolutions and 

timings for brain and 

spinal cord 

• Finding optimal 

shim parameters 

time costly (~30 

minutes) 

Tinnermann 

et al., 2017 

Siemens 

Trio 

Brain and 

spinal cord 

C4 to C6 

33 + 12 slices 

EPI axial Two subvolumes 

Brain: 

2 × 2 × 2 mm 

(1 mm gap) 

Spinal: 

1.25 × 1.25 × 3.5 

mm 

2.99 s 

(~70 ms) 
• Temporal resolution 
• Spatial resolution 
• Different geometric 

resolutions and 

timings for brain and 

spinal cord 

• Finding optimal 

shim parameters 

time costly (~30 

minutes) 

Islam 

et al., 2019 

GE 

Discovery 

750 

Brain and 

spinal cord 

C4 to C8 

18 + 12 slice 

EPI axial Two subvolumes 

Brain: 

3.4 × 3.4 × 4 mm 

Spinal: 

1.25 × 1.25 × 4 

mm 

(2 mm gap, b + sp) 

2.4 s 

(~80 ms) 
• Temporal resolution 
• Spatial resolution in 

spinal axial plane 
• Different geometric 

resolutions for brain 

and spinal cord 
• Field map based 

slice-specific shim 

• Reduced FOV in spinal 

cord 

• Spatial resolution 

in the brain 
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Fig. 4. Geometric setup for three different cortico-spinal imaging approaches. The figures are adapted from Vahdat et al. (2015) , Finsterbusch et al. (2013) and 
Islam et al. (2019) . ( A ) The approach by Cohen-Adad et al. (2010) involves one large FOV (blue) and adjustment volume (dotted red) covering the entire brain and 
cervical spinal cord using a large gap between slices. ( B ) The approach by Finsterbusch et al. (2013) comprises two different FOVs with different resolutions in the 
brain and cervical spinal cord (blue) and three shim adjustment volumes, one in brain, one in the spinal cord (red) and one covering both subvolumes (dotted red). 
( C ) Left: The approach by Islam et al. (2019) involves two FOVs in the brain and cervical spinal cord (blue) with different resolutions. The slice position is indicated 
in gray. Right: Instead of adjustment volumes, a slice-specific shim is calculated based on field maps. 
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esign matrix or temporal derivatives in single-subject statistical mod-
ls to account for different acquisition times between slices as has been
ealized in previous studies ( Kong et al., 2012 ; Weber et al., 2016b ). 

.2.4. Smoothing 

Spatial smoothing is a common pre-processing step in brain fMRI
nalysis with the aim to increase the SNR and to account for anatomical
ifferences in brain structures between individuals. Usually a smooth-
ng kernel with a full width at half maximum (FWHM) of two to three
imes the voxel size in all three dimensions is applied. Since the spinal
ord is a small structure that is anatomically more homogenous than
he brain, spatial smoothing recommendations differ for the spinal cord.
he cross-sectional size of the spinal cord between C4 and C6 vertebrae
easured on the PAM50 template (average across 50 healthy adults) is

pproximately 13 mm in right-left and 9 mm in anterior-posterior ori-
ntation. Moreover, the internal structure, such as the gray matter, is
nly about 16 mm 

2 ( Paquin et al., 2017 ), and some of its parts, like the
orsal horn, can be thinner than a millimeter. Therefore, using smooth-
ng kernels of several millimeters (at least in the x or y dimension) if the
ctivation cluster is only sub-millimetric can flood the apparent BOLD
ignal, if its point spread function is narrow, as illustrated in Fig. 5 A.
his can become problematic for the identification of lateralized activa-
ion in the context of pain when stimulating one limb. Another problem
s that the spinal cord gray matter is surrounded by white matter and
SF. This bears the risk of smoothing signals with high noise into the
ray matter signal. Finally, spinal cord fMRI acquisition typically uses
ighly anisotropic voxels, e.g. 1 × 1 × 5 mm with axial orientation, there-
ore isotropic smoothing kernels should be avoided. Based on the above
bservations, it has been recommended to use anisotropic smoothing
ernels, with a small FWHM in the axial plane (in case of axial acqui-
itions) to preserve anatomical precision and larger FWHM along the
nferior-superior axis to increase the SNR ( Eippert et al., 2017a ). Com-
ined cortico-spinal imaging studies that used two separate fields of
iews, applied different smoothing kernels for the brain and spinal cord
 Sprenger et al., 2015 ; Tinnermann et al., 2017 ) while only one study ap-
lied an anisotropic kernel in the spinal cord ( Islam et al., 2019 ). Since
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Fig. 5. ( A ): Illustration of the smoothing problem. In case 1, the point spread function (PSF) of the BOLD signal is large, in which case smoothing (at a reasonable 
kernel size) will increase the contrast-to-noise ratio of the BOLD response. In case 2, the PSF is narrow, and smoothing could flood the BOLD response and lower 
its detectability. Adapted with permission from ( Summers et al., 2014 ). ( B ): Illustration of the effect of isotropic, anisotropic and centerline-based smoothing. While 
the anisotropic smoothing enables to minimize partial volume effect with the surrounding CSF when the cord is aligned with the major axis of the smoothing kernel, 
smoothing is inconsistent if the cord is curved. Centerline-based smoothing addresses this problem by applying the same smoothing kernel along the spinal cord 
centerline referencial system, thereby better preserving its anatomical consistency. 
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he length of spinal segments that correspond to dermatomes C5 and C6
nd which are often stimulated in pain studies are estimated to measure
etween 10 and 13 mm ( Cadotte et al., 2015 ; Kim et al., 2012 ), ap-
roaches with large voxel sizes along the z (inferior-superior) axis and a
ap between slices might run into issues with anatomical precision with
egard to spinal segments. 

One problem with anisotropic smoothing described above, is that the
mount of partial volume effect with the surrounding white matter and
SF introduced by the smoothing kernel depends on the curvature of
he spinal cord. For example, one individual exhibiting strong cord cur-
ature will be subject to more partial voluming than an individual with
 straight cord orthogonal to the slices. To address this issue, the Spinal
ord Toolbox (SCT) ( De Leener et al., 2017 ) features spatial smoothing
long the spinal cord centerline, as illustrated in Fig. 5 B. This feature
as notably used by Weber and colleagues to look at spinal cord activity
uring thermal stimulation ( Weber et al., 2016b ). 

.2.5. Physiological noise correction 

Apart from subject motion, pulsatile cerebrospinal fluid (CSF) fluc-
uations due to breathing and cardiac activity create non-rigid motion
rtifacts within the spinal cord that cannot be accounted for by motion
orrection algorithms ( Eippert et al., 2017a ; Kong et al., 2012 ; Piché
t al., 2009 ). The presence of this physiological noise in spinal data re-
uires noise correction methods that are customized for the spinal cord.
o account for cardiac and respiratory cycles, physiological noise model-

ng ( Brooks et al., 2008 ) has been proposed to correct for physiological
oise based on either the RETROICOR ( Glover et al., 2000 ) or Deck-
rs ( Deckers et al., 2006 ) method. In order to apply physiological noise
odeling, cardiac and respiratory data have to be acquired through a
ulse-oximeter and a respiration belt. These approaches allow the esti-
ation of nuisance regressors that can be included in statistical analy-

es and which have been implemented in several cortico-spinal studies
 Sprenger et al., 2018 ; Tinnermann et al., 2017 ; Vahdat et al., 2020 ).
nother possibility to remove physiological noise from the spinal data

s via independent component analysis ( Piché et al., 2009 ; Vahdat et al.,
015 ). Other approaches that do not rely on the recording of cardiac and
espiratory signals, define regions of interest that do not contribute to
he signal of interest within the CSF and white matter and extract the sig-
al from these regions as nuisance regressors. This has been realized by
veraging the signal within the region of interest ( Ioachim et al., 2019 ;
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ahdat et al., 2020 , 2015 ) and by defining components of the signal that
xplain high variance employing a principal component analysis across
olumes ( Tinnermann et al., 2017 ) or across axial slices ( Barry et al.,
016 , 2014 ). For a more detailed description of physiological noise cor-
ection in spinal cord fMRI data, the reader is referred to the review by
ippert and colleagues (2017a) . 

.2.6. Statistical analyses 

Because of different noise levels between the brain and the spinal
ord, we do not recommend analysing brain and spinal data within the
ame General Linear Model (GLM). Instead, brain and spinal data should
e analyzed separately as has been done in most combined cortico-spinal
maging studies. This approach has several advantages: First, different
re-processing steps can be applied to brain and spinal data based on
ifferent requirements and second, different nuisance regressors can be
pplied to the spinal GLM than to the brain GLM to account for dif-
erent (physiological) noise levels. If experimental regressors are kept
dentical in both GLMs, it is possible to run the same statistical model
n brain and spinal data while this approach would not allow to run sta-
istical comparisons between the brain and spinal cord. Nonetheless, it
s crucial to apply appropriate multiple comparisons correction to spinal
roup analyses, similar to brain group analyses in order to increase reli-
bility of spinal fMRI results. One possibility for hypothesis-driven mul-
iple comparisons correction is to use anatomical masks (e.g. gray mat-
er) that are provided by SCT or (if possible) averaged coordinates from
revious spinal fMRI studies which requires standardized reporting of
ctivation maps in e.g. MNI space. For more information on statistical
ecommendations for spinal group statistics, the reader is referred to
 Brooks, 2014 ). 

Concerning connectivity analyses, several approaches such as inde-
endent component analysis or psychophysiological interaction rely on
orrelations between time courses. These approaches should not be af-
ected by the different SNRs between brain and spinal cord when cor-
elating spinal with brain time courses. Other connectivity approaches
uch as dynamic causal modeling are more sensitive to varying noise
evels between regions of interest and should therefore be applied with
aution. 

With regard to single-subject statistical analyses, consistent motor-
elated single-subject activation has been reported in the spinal cord
 Islam et al., 2019 ; Weber et al., 2016a ) as well as consistent single-
ubject resting-state connectivity ( Barry et al., 2014 ). In the field of pain
esearch, a few studies have shown that single-subject results can be
onsistent with group-level results ( Summers et al., 2010 ; Weber et al.,
016a ). However, another study in patients with spinal cord injury
as shown large variations in nociceptive processing within the spinal
ord ( Stroman et al., 2016b ). Furthermore, because of the low (t)SNR
n the spinal cord, single-subject results should be interpreted with
aution. 

.2.7. Template and registration strategies 

Group-level fMRI analyses typically follows a 2-step approach: first,
MRI data of a single subject are processed and then statistical maps
re warped to a template space via the anatomical image (usually a
1w MPRAGE sequence), then data from all subjects are processed
ithin the same template space to derive voxel-wise group-level sta-

istical maps. This approach, when applied to the spinal cord, re-
uires a template and a robust method to register subject’s data to this
emplate. 

Several research groups have proposed MRI templates of the spinal
ord. Stroman et al. ( Stroman et al., 2008 ) created a template (n = 8
ubjects) based on 1 × 1 × 2 mm T2-weighted (T2w) fast-spin echo
mages for use in functional MRI studies. The authors later extended
his template to 10 subjects and introduced a normalization approach
ased on the distance from the pontomedullary junction (PMJ) to obtain
n improved representation of the spinal levels ( Stroman et al., 2012 ).
he same group later used a similar approach to generate a T2w tem-
late of the brainstem and cervical spinal cord (n = 356) ( Bosma and
troman, 2014 ). Valsasina and colleagues (2012) proposed a normal-
zation procedure based on a semi-automated segmentation approach
o generate a T1-weighted template (n = 19) of the cervical spinal cord.
nother group built a template (n = 15) out of T1-weighted cervical
ord images ( Eippert et al., 2009b ), with the limitation that this tem-
late was created by arbitrarily selecting one subject that served as
 target for registering all the other subjects. To address the issue
f subject selection bias during template generation, Fonov and col-
eagues (2014) used template-generation pipelines similar to that used
or creating the MNI template and introduced the MNI-Poly-AMU, an un-
iased template (n = 16) based on T2w data, that also includes probabilis-
ic atlases of the white and gray matter from Taso and colleagues (2014) .
ne limitation of the MNI-Poly-AMU is that it only covers vertebral

evels C1 to T6 and is only available with T2-weighted contrast. To
vercome this limitation, the same group later introduced the PAM50
emplate (n = 50), which is left-right symmetric and unbiased with re-
pect to subject selection, covers the full spinal cord and brainstem,
s available for commonly used MRI contrasts (T1-w, T2-w and T2 ∗ -
), is merged with probabilistic maps atlases of the spinal cord white
nd gray matter ( Lévy et al., 2015 ) and uses the same coordinate sys-
em as the ICBM-152 “MNI ” brain space ( Fonov et al., 2011 ), facili-
ating the analysis of simultaneous cortico-spinal imaging studies. The
AM50 template is available via SCT ( De Leener et al., 2017 ). Alter-
atively, Blaiotta and colleagues (2018) have introduced a combined
rain and cervical cord template that can be used in the hMRI toolbox
 Tabelow et al., 2019 ) which is based on SPM12, and which allows to
egment and to spatially normalize brain and cervical cord MRI data
 https://www.fil.ion.ucl.ac.uk/spm/toolbox/TPM/ ). 

.2.8. Software package for spinal cord MRI analysis 

While templates are extremely useful for group studies, they only
epresent part of the solution, the other part being the registration
ethod and software implementation to use these templates. At the

eginning of the spinal cord fMRI era, researchers were using pop-
lar packages (e.g., FSL, SPM, AFNI), with the limitation that some
lgorithms were suboptimal for the spinal cord (e.g., motion correc-
ion, co-registration, template and atlases). To bridge the gap, Stro-
an and colleagues have introduced spinalfmri8, which is a free soft-
are package dedicated to the analysis of spinal cord fMRI data
 http://post.queensu.ca/~stromanp/software.html ). In brief, registra-
ion of a new subject to the provided template is based on a spatial
ormalization using 3D alignment, based on the spinal cord centerline
manually-identified) and linear transformation. An alternative software
ackage mentioned above is based on SPM12 and features the brain
nd cervical spine template of Blaiotta and colleagues (2018) . This im-
lementation can be used to register new subjects to this template us-
ng algorithms of the SPM12 software. SCT is another software pack-
ge ( https://spinalcordtoolbox.com/ ) ( De Leener et al., 2017 ) that is
 comprehensive, free and open-source software dedicated to the pro-
essing and analysis of spinal cord MRI data. SCT builds on previously-
alidated methods and includes previously mentioned MRI templates
nd atlases of the spinal cord, algorithms to segment and register new
ata to the templates, and motion correction methods for diffusion and
unctional imaging time series. SCT is tailored towards standardiza-
ion and automation of the processing pipeline, versatility, modular-
ty, and it follows the guidelines of software development, distribution,
aintenance and user support via annual courses and dedicated fo-

um ( http://forum.spinalcordmri.org/c/sct ). SCT has been used in many
pinal cord fMRI studies ( Eippert et al., 2017b , 2017a ; Kinany et al.,
019 ; Kong et al., 2014 ; Weber et al., 2018 , 2016b , 2016a ). Fig. 6 illus-
rates an end-to-end processing of anatomical and fMRI data in SCT. A
ist of software packages dedicated to spinal cord MRI is maintained at
his address: https://spinalcordmri.org/software/ . 

https://www.fil.ion.ucl.ac.uk/spm/toolbox/TPM/
http://post.queensu.ca/~stromanp/software.html
https://spinalcordtoolbox.com/
http://forum.spinalcordmri.org/c/sct
https://spinalcordmri.org/software/
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Fig. 6. Overview of a template-based analysis pipeline using SCT. On the far right the PAM50 spinal cord template (orange box) and the MNI brain template (red 
box) are shown. First, anatomical data (e.g., T1w or T2w scan at 1 mm isotropic resolution or similar) is registered to the template (blue arrows). Additional fMRI 
time series acquired during the same scan session are registered to the anatomical data, and then template objects are warped to the multi-parametric data (green 
arrows). To improve the accuracy of template registration, it is possible to add a step where grey matter is segmented ( Perone et al., 2018 ) and then warped to the 
grey matter template in order to update the warping fields (purple arrows). Subsequently, fMRI maps (e.g., BOLD percent change) can be quantified within specific 
gray matter areas and vertebral levels that are deemed relevant for the study (red arrows). 
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. Potential applications of cortico-spinal imaging in pain 

esearch 

.1. Chronic pain states 

One crucial aim of pain research is the characterization and under-
tanding of altered pain processing in chronic pain patients. Central sen-
itization is considered to be an important contributor in chronic pain
tates that leads to hyperalgesia and allodynia, i.e. heightened responses
o painful stimuli and to non-painful stimuli, respectively ( Kuner, 2010 ;
andkühler, 2009 ; Woolf, 2011 ). Hence, when exposed to experimental
ain, chronic pain patients report increased pain levels and show in-
reased activity in pain-related brain regions compared to healthy con-
rols ( Cook et al., 2004 ; Giesecke et al., 2004 ; Verne et al., 2003 ). In line
ith this observation, activity within regions of the Neurological Pain
ignature in response to experimental pain has been shown to be in-
reased in chronic pain patients ( López-Solà et al., 2017 ). Furthermore,
 spinal fMRI study has shown that activity in the dorsal horn was in-
reased in pain patients in response to noxious stimulation ( Bosma et al.,
016 ) suggesting that spinal nociceptive processing is increased in
hronic pain states. In addition, there is evidence that modulatory pain
rocesses are impaired in chronic pain patients ( Bouwense et al., 2013 ;
arrett et al., 2014 ; Williams et al., 2013 ) and that patients show re-
uced functional coupling between the pgACC and PAG ( Jensen et al.,
012 ). However, when chronic pain patients experience clinical pain in
omparison to experimental pain, activations were observed rather in
refrontal than classical pain-related brain regions ( Baliki et al., 2006 ;
wilym et al., 2009 ; Hsieh et al., 1995 ; Schweinhardt et al., 2008 ). In

ine with these findings, acute pain patients that transition to a persis-
ent pain state also show a shift in activation patterns from pain-related
rain regions to mainly prefrontal brain regions ( Hashmi et al., 2013 ).
oreover, it has been observed that connectivity between prefrontal

ortex and basal ganglia can predict whether acute pain patients transi-
ion to a chronic pain state ( Baliki et al., 2012 ). These findings indicate
hat chronic pain patients engage more affective than somatosensory
 m
rain areas while experiencing clinical pain. In this regard, simultaneous
ortico-spinal imaging has the potential to disentangle different circuits
hat underlie altered processing in chronic pain states by investigating
nteractions between the spinal cord and brain regions of ascending and
escending pain pathways. 

.2. Intrinsic connectivity 

Studies in healthy participants have shown that intrinsic connectiv-
ty such as resting-state functional connectivity can predict pain sen-
itivity ( Spisak et al., 2020 ) and that noxious stimulation can modu-
ate these intrinsic connectivity networks within the brain ( Riedl et al.,
011 ; Zheng et al., 2019 ). Importantly, studies have shown that in-
rinsic connectivity can help to distinguish healthy participants from
hronic pain patients ( Mano et al., 2018 ; Mansour et al., 2016 ), which
ed to an increased focus on intrinsic connectivity in chronic pain states
 Kucyi and Davis, 2015 ). One consistent finding is that the default-
ode network (DMN), a network that usually shows crosstalk dur-

ng rest, shows altered functional connectivity in chronic pain patients
 Baliki et al., 2014 ; Kucyi et al., 2014 ; Napadow et al., 2010 ). More-
ver, compared to healthy controls, the DMN shows altered connec-
ivity with other brain regions such as the insula and prefrontal cor-
ex ( Baliki et al., 2014 ; Loggia et al., 2013 ; Napadow et al., 2010 ;
agliazucchi et al., 2010 ; Xue et al., 2012 ) as well as with other in-
rinsic networks ( Hemington et al., 2016 ). In longitudinal studies, in-
rinsic connectivity during the initial measurement was able to pre-
ict if patients’ symptoms would improve over the course of the study
 Kutch et al., 2017 ; Schmidt-Wilcke et al., 2014 ). Apart from the DMN,
ntrinsic connectivity has been studied within pain-related brain regions
n patient samples. For example, chronic pain patients showed reduced
esting-state connectivity along the descending pain pathway ( Li et al.,
016 ; Mainero et al., 2011 ), which was reversed through pain treat-
ents ( Li et al., 2016 ). These findings further indicate that descending
odulation might be impaired in chronic pain states. 
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With advances in spinal cord fMRI imaging, the possibility to investi-
ate intrinsic connectivity within the spinal cord emerged ( San Emeterio
ateras et al., 2015 ; Wei et al., 2009 ). Several studies have identified po-

entially distinct sensory and motor networks within dorsal and ventral
orns ( Barry et al., 2016 , 2014 ; Eippert et al., 2017b ; Kong et al., 2014 ).
ntrinsic connectivity in bilateral sensory networks of spinal dorsal horns
as been shown to be decreased after noxious stimulation ( Weber et al.,
018 ) and in chronic pain patients ( Martucci et al., 2019 ). Combining
he investigation of intrinsic connectivity in the brain and spinal cord is
herefore expected to help broaden the understanding of how networks
n different levels might be altered in chronic pain states. A first step in
hat direction has recently been published where researchers were able
o show intrinsic connectivity between the spinal cord dorsal horn and
ain-related brain regions ( Vahdat et al., 2020 ) . 

.3. Pharmacological pain modulation 

Several pharmacological classes are available for the treatment of
ain, such as opioids, cyclooxygenase inhibitors, anticonvulsants and ke-
amine ( Oertel and Lötsch, 2013 ). Opioids such as morphine are potent
nalgesics, which bind to opioid receptors that are distributed through-
ut the entire central nervous system. High opioid receptor densities are
ound in regions that are part of the pain-processing network such as the
pinal cord, RVM, PAG, insula, somatosensory cortex, MCC (dACC) and
refrontal cortex ( Corder et al., 2018 ). In line with the distribution of
hese receptors, fMRI studies investigating opioid-receptor agonist ef-
ects in the brain of healthy participants consistently found reductions
n BOLD responses during noxious stimulation in pain-related brain re-
ions such as the somatosensory cortex, insula and ACC, together with
eported analgesia ( Atlas et al., 2012 ; Bingel et al., 2011 ; Hansen et al.,
015 ; Oertel et al., 2008 ; Wise et al., 2004 , 2002 ). Furthermore, opi-
id analgesia has been shown to correlate with opioid-induced BOLD
eductions in regions of the descending pain system such as the PAG
nd RVM ( Wanigasekera et al., 2012 ). Other pharmacological classes
hat were not primarily developed as analgesics have been found to
lso display analgesic effects, such as anticonvulsants and ketamine.
nticonvulsants such as gabapentin reduce pain perception and activ-

ty in pain-related brain regions in chronic pain patients ( Iannetti et al.,
005 ; Wanigasekera et al., 2018 ) while ketamine has been shown to ef-
ectively reduce pain and pain-related activity in healthy participants
 Rogers et al., 2004 ; Sprenger et al., 2006 ). Conversely, agents that do
ot show a clear analgesic effect across different chronic pain condi-
ions, such as cannabinoids, NK1-receptor antagonists or tricyclic an-
idepressants, have been shown to reduce activity in brain regions that
re not primarily pain-related ( Lee et al., 2013 ; Morgan et al., 2005 ;
padhyay et al., 2011 ). In order to identify agents that are promising

or pain treatment in early stages of clinical trials, it has been suggested
o assess BOLD activity in response to new drugs ( Borsook et al., 2006 ;
armichael et al., 2018 ; Wise and Tracey, 2006 ). To implement this idea,
ne study developed criteria based on brain activation patterns from
ifferent fMRI studies investigating analgesic drugs to make Go/Stop
ecisions in an early phase of a clinical trial ( Duff et al., 2015 ). Ex-
ending this approach, cortico-spinal imaging could further improve the
nderstanding of pharmacological mechanisms and improve predictions
egarding clinical efficiency in new analgesic drugs. 

.4. Descending pain modulation 

Another important aspect of pain processing is the modulation of
ociceptive information and its implementation in the central pain sys-
em. Although pain perception increases monotonically with stimulus
ntensity ( Bornhövd et al., 2002 ; Coghill et al., 1999 ; Horing et al.,
019 ; Wager et al., 2013 ), cognitive factors such as attention, anxiety,
xpectations or prior experiences are known to influence how pain is
erceived ( Tracey and Mantyh, 2007 ). For example, being distracted
rom a painful stimulus by a cognitively demanding task reduced pain
erception in healthy participants ( Bantick et al., 2002 ; Buhle et al.,
012 ; Sprenger et al., 2012 ). Moreover, verbal instructions suggesting
ubsequent pain relief paired with an inert medical treatment can es-
ablish expectations that lead to placebo hypoalgesia ( Montgomery and
irsch, 1997 ) whereas suggestions about pain increase paired with an

nert medical treatment can establish expectations that lead to nocebo
yperalgesia ( Benedetti et al., 2006 , 1997 ). Neuroimaging studies of the
rain have revealed that regions of the descending pain pathway are in-
olved in pain modulation. For instance, distraction from noxious stim-
lation resulted in increased activity in the pgACC ( Bantick et al., 2002 ).
imilarly, placebo hypoalgesia is accompanied by increased activations
n the pgACC and vmPFC and placebo effects have been found to corre-
ate with activity in prefrontal brain regions ( Wager and Atlas, 2015 ).

ithin the brainstem, increased activity in the PAG has been reported
n several studies in relation to placebo hypoalgesia ( Eippert et al.,
009a ; Geuter et al., 2013 ; Scott et al., 2008 ; Wager et al., 2004 ). In
ine with these observations, neural coupling along the descending pain
athway between prefrontal cortex and brainstem has been shown to
e increased both during distraction ( Valet et al., 2004 ) and placebo
ypoalgesia ( Bingel et al., 2006 ; Eippert et al., 2009a ; Petrovic et al.,
002 ). Imaging studies investigating nocebo hyperalgesia indicate that
imilar to placebo hypoalgesia, activation patterns involve regions such
s the PAG and prefrontal cortex ( Freeman et al., 2015 ; Kong et al.,
008 ; Tinnermann et al., 2017 ). To answer the question whether modu-
atory processes recruit the descending pain pathway to ultimately tar-
et spinal processing, behavioral studies have investigated spinal out-
ut such as withdrawal reflexes. These studies indicate that positive
uggestions were able to reduce spinal responses ( Goffaux et al., 2007 ;
atre et al., 2006 ) while unpleasant pictures were able to increase spinal

esponses ( Roy et al., 2009 ). Neuroimaging studies of the spinal cord
onfirmed these findings by showing that pain-related spinal activity
as reduced during a cognitively demanding task ( Sprenger et al., 2012 ;
troman et al., 2011 ) and during placebo hypoalgesia ( Eippert et al.,
009b ), which indicates that cognitive pain modulation is able to reduce
ociceptive transmission at the earliest stages of the central nervous sys-
em. In contrast, spinal activity was increased during nocebo hyperal-
esia, indicating elevated spinal nociceptive transmission ( Geuter and
üchel, 2013 ; Tinnermann et al., 2017 ). Here, cortico-spinal imaging
ffers the possibility to investigate how cognitive processes modulate
he crosstalk between regions of the entire descending pain system. 

. Conclusion 

In this review, we have given an overview on cortico-spinal imag-
ng with a focus on pain processing in the human central nervous sys-
em. Simultaneous imaging of interactions between the brain and spinal
ord offers the possibility to reveal new aspects about the role of func-
ional connectivity within the entire central nervous system for central
ain processing. Moreover, we have sketched how several fields within
he domain of clinical pain might benefit from investigating spinal re-
ponses in addition to brain responses. Although the current approaches
o measure BOLD responses simultaneously in the brain and spinal cord
re promising, further methodological developments will need to im-
rove data quality and resolution and increase feasibility. Feasibility of
his imaging method is especially relevant for the investigation of pa-
ient samples because the additional time that is required for a cortico-
pinal neuroimaging setup might decrease patients’ compliance and tol-
rance for fMRI experiments. This is further important in the light of
he search for brain-based biomarkers for pain using fMRI ( Davis et al.,
017 ; Mackey et al., 2019 ; Mouraux and Iannetti, 2018 ; Tracey et al.,
019 ), where spinal responses and interactions between the spinal cord
nd the brain could become an extension of biomarker research. 

Apart from the various challenges related to data acquisition, the
nalysis of spinal data is another important and challenging issue. To
urther disseminate spinal fMRI applications and improve the confi-
ence in the published results, standardized preprocessing pipelines, a
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ommon template space for the spinal cord and reproducibility of re-
ults are necessary. Tools that have been developed to analyze spinal
euroimaging data are in rather early stages of development, as com-
ared to brain analysis software (e.g. SPM, FSL) and validation is
equired. Sharing of analysis pipelines together with data would fur-
her foster the reproducibility of results, and therefore augment re-
iability and plausibility of spinal fMRI research. Recent initiatives
rom the neuroimaging community such as the Brain Imaging Data
tructure (BIDS) ( Gorgolewski et al., 2016 ), the BinderHub technology
 Jupyter et al., 2018 ), NeuroLibre ( https://www.neurolibre.com/ ) and
he Organization for Human Brain Mapping’s Aperture ( https://ohbm-
perture.github.io/ ) will help to improve accessibility, and reproducibil-
ty of neuroimaging data analysis methods 
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