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Most of our knowledge about the human spinal ascending (sensory) and descending (motor) pathways comes 

from non-invasive electrophysiological investigations. However, recent methodological advances in acquisition 

and analyses of functional magnetic resonance imaging (fMRI) data from the spinal cord, either alone or in 

combination with the brain, have allowed us to gain further insights into the organization of this structure. In 

the current review, we conducted a systematic search to produced somatotopic maps of the spinal fMRI activity 

observed through different somatosensory, motor and resting-state paradigms. By cross-referencing these human 

neuroimaging findings with knowledge acquired through neurophysiological recordings, our review demonstrates 

that spinal fMRI is a powerful tool for exploring, in vivo, the human spinal cord pathways. We report strong cross- 

validation between task-related and resting-state fMRI in accordance with well-known hemicord, postero-anterior 

and rostro-caudal organization of these pathways. We also highlight the specific advantages of using spinal fMRI 

in clinical settings to characterize better spinal-related impairments, predict disease progression, and guide the 

implementation of therapeutic interventions. 
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. Introduction to the spinal cord fMRI technique and its 

hallenges 

The spinal cord is responsible for transmitting neural signals from

he brain to the muscles (i.e., motor information), and from the body

eriphery back to the brain (i.e., somatosensory information). Ample ev-

dence also indicates that the integration of these processes takes place

t each level of the central nervous system (CNS), that is at both spinal

ord and brain levels, such that the continuous flow of afferent inputs

rom multiple sensory sources modulates and updates the motor out-

ut. Most of our knowledge about sensorimotor processes at the spinal

evel comes from research in animal models due to the complexity and

thical issues related to its direct accessibility in humans. In fact, tra-

itional investigations of human spinal cord functions have been relied

pon indirect electrophysiological measurements through the coupling

f electromyogram recordings with electrical or magnetic stimulations

f peripheral nerves, the cerebellum or cortical regions of the brain;

 Pierrot-Deseilligny and Burke, 2005 , 2012 ), and more recently using
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rans-spinal direct current stimulation as well (tsDCS; for references see

ardone et al., 2015 ). While these approaches have helped to under-

tand better the time course of spinal cord processes, they give limited

nsight into the precision with regards to their spatial localization within

his structure. In the current review, we show that spinal cord func-

ional magnetic resonance imaging (fMRI) has the potential to, not only

omplement the results obtained through these traditional electrophys-

ological approaches, but also to provide a larger scale overview of the

pinal network functional organization at multiple spinal segments and

ts interaction with supraspinal centres. fMRI is a non-invasive technique

llowing the indirect detection and localization, in vivo, of task-related

eural activity as well as of functional networks based upon the analy-

is of spontaneous activity recorded at rest (i.e., resting-state [rs-fMRI]).

espite the fact that spinal fMRI was acquired for the first time using

 motor task paradigm as early as 1996 ( Yoshizawa et al., 1996 ), the

umber of studies employing this imaging method at the spinal level

as remained very low compared to that of cerebral fMRI studies, as

he former encompasses the following technical challenges (for review

ee, Tinnermann et al., 2020 ). First, the size of the spinal cord is small

elative to the achievable imaging resolution, with the cross-section di-

meter at its largest segment (i.e., cervical level) being approximately
ober 2021 
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 mm and 13 mm on the antero-posterior and medio-lateral axes, re-

pectively. Second, the spinal cord is located deep inside the spine canal,

hich leads to lower coil sensitivity compared to other regions. Third,

he spinal cord follows a long-extended rostro-caudal curvature and

s also surrounded by different types of tissue, including bones, carti-

age (intervertebral disks) and cerebrospinal fluid that produce inho-

ogeneities in the magnetic field and that can vary along the spinal

ord ( Stroman et al., 2014 ; Verma and Cohen-Adad, 2014 ). Finally, the

maging quality can be severely affected by the participants’ physical

ovements such as swallowing or snoring, as well as by physiological

oise arising from respiratory and cardiovascular sources that create

on-rigid motion artefacts ( Brooks et al., 2008 ; Eippert et al., 2017a ;

ong et al., 2012 ; Piché et al., 2009 ). Yet, in the last 10 years, the op-

imization of image acquisition protocols at high-field strength, as well

s the development of novel radiofrequency coils, advanced shimming

rocedures ( Barry et al., 2018 ) and pulse sequences designed for selec-

ive fields-of-view ( Finsterbusch, 2013 ) have improved significantly the

mage quality in spinal fMRI. 

In fact, such technological and methodological advances can explain

he recent significant increase in the number of studies that have in-

estigated spinal cord functions, non-invasively, in humans using this

maging approach, and more specifically the underlying neurophysio-

ogical basis for somatosensory and motor responses. 

. Objectives 

In the current review, we propose to achieve four main objectives.

irst, we describe the structural and functional organization of the hu-

an spinal cord, as revealed by anatomical and electrophysiological

tudies ( Section 3 ). After presenting evidence demonstrating that spinal

MRI is a reliable method to detect spinal neural activity indirectly

 Section 4 ), we then summarize the results of all relevant studies which

sed different paradigms designed to assess spinal activity related to

omatosensory stimulation, motor tasks, and resting state ( Section 5 ).

ext, we synthesize the findings derived from these investigations and

ross-referenced them with our previous neurophysiological knowledge

n spinal pathways ( Section 6 ). On this basis, we discuss their validity

n characterizing the functional organization of the human spinal sen-

ory and motor pathways in vivo. Finally, we discuss the potential of

mploying spinal fMRI in clinical practice, both for the development

f new neurological biomarkers and assessment of the disease progres-

ion, as well as for its importance in guiding clinicians in their choice of

herapeutic approaches ( Section 7 ). 

. Human organization of the sensory and motor spinal pathways

The spinal cord is located in the vertebral column and extends rostro-

audally from the brainstem to the lower back (lumbar region). This

ong, thin and ovoid-shaped tubular structure measures approximately

3–45 cm in length and has a variable diameter cross-sectionally (6–

3 mm) with a larger diameter at the cervical level ( Purves, 2018 ). The

opographical organization of the spinal cord along the rostro-caudal

rientation follows two different nomenclatures: one uses the vertebrae

vertebral level), while the other utilizes the nerve roots (spinal level) as

andmarks. Importantly, both classifications do not exactly align and can

ary across subjects ( Cadotte et al., 2015 ). Yet, it is more standard (in

europhysiology studies, for example) to describe the position of spinal

eural activity according to the 31 nerve roots (i.e., 8 cervical, 12 tho-

acic, 5 lumbar, 5 sacral and 1 coccygeal, Fig. 1 ) along the spinal cord.

ach spinal segment gives rise to fanning rootlets over a rostro-caudal

xtent, which converge into pairs of dorsal and ventral roots ( Fig. 1 ).

he dorsal roots are composed of afferent fibers that transmit sensory

nformation from the skin, muscles, and visceral organs, and contain

odies of the corresponding sensory neurons in the dorsal root ganglia

DRG). By contrast, the ventral roots contain efferent fibers that transmit

t  

2 
he motor commands from the brain to the muscles, and consist of the

xons of motoneurons whose cell bodies are located in the ventral part

f the spinal cord. The dorsal and ventral roots converge into a pair of

ixed spinal nerve (a left and a right branch, respectively). The group of

uscles innervated by a single ventral root is called a myotome, while

 dermatome usually represents the skin area that provides sensory in-

ormation through the same dorsal root ( Keegan and Garrett, 1948 ).

hus, spinal nerves are distributed to specific body parts, with the up-

er cervical segments (C1-C4) being dedicated to the face and neck, the

ower cervical and first thoracic segments (C4-T1) to the upper limbs,

he thoracic segments (T1-T12) to the trunk and the lower spinal seg-

ents (L1-S2) to the lower limbs ( Purves, 2018 ). 

Similar to the brain, the spinal cord contains gray and white mat-

er (GM and WM, respectively). However, unlike the topography of

he GM and WM at the cerebral level, the spinal GM is organized in

 butterfly-shaped column (when seen in transversal plane, Fig. 1 ) that

s surrounded by WM. The GM includes cell bodies and axons of both in-

erneurons and motoneurons, as well as axons of peripheral sensory neu-

ons. The WM consists mainly of myelinated ascending and descending

bers forming fiber tracts (bundle of myelinated axons). The spinal WM

ontains different types of tracts between the spinal cord and supraspinal

tructures, such as the brainstem, cerebellum and cerebrum ( Lévy et al.,

015 ). The ascending pathways are responsible for the transit of sen-

ory information from peripheral receptors, including mechanorecep-

ors, proprioceptors, thermoreceptors and nociceptors to the brain and

nclude the dorsal column, spinothalamic and spinocerebellar tracts. By

ontrast, the descending pathways are involved in transmitting motor

nformation from the brain to the muscles through corticospinal, reticu-

ospinal, tectospinal and vestibulospinal tracts. In the transversal plane,

he spinal GM can be divided into two anterior and two posterior horns.

otoneurons are located in the ventral horns, while the dorsal horns

ostly contain sensory neurons that receive input from the DRG neu-

ons. Interneurons, which are actually present in both horns and inter-

ediate zones, have different function: they can relay the sensorimotor

nputs, modulate the motoneurons activity, transmit information to the

pposite horn, transmit information to adjacent upper and lower seg-

ents or more distant segments (propriospinal neurons), as well as send

nformation to supraspinal centers ( Maxwell and Soteropoulos, 2020 ;

avvarian et al., 2020 ). Neural processing within the spinal cord occurs

ainly through activity from populations of neurons and their synapses

ocated in the GM, according to a segmented functional organization

long the rostro-caudal plane (i.e., corresponding to myotomes and der-

atomes serving different parts of the body). 

Altogether, the GM and WM support the transmission of sensory

nd motor signals through and within the spinal cord. Indeed, the de-

cending motor command driving an intentional action arises from the

omato-topically organized population of cortical neurons, which are

redominantly located in the frontal and parietal cortices (Brodmann

reas 1–7, Penfield and Boldrey, 1937 ). The corticospinal fibers descend

hrough subcortical WM (i.e., corona radiata) and then through the

edulla oblongata, where ∼90% cross the midline and follow the dorso-

ateral columns of the spinal WM (lateral corticospinal tract); the re-

aining 10% running into the ventral column and crossing the midline

t spinal level (ventral corticospinal tract). The corticospinal axons ter-

inate mostly in the hemicord contralateral to the cortical hemisphere

f origin (motor decussation), but ipsilateral to the target limb. Those

riginating from the motor cortex synapse with motoneurons in the ven-

ral horn (cortico-motoneuronal connexions) and with interneurons. As

or the sensory command, fibers follow two main tracts, which constitute

he ascending system. The first tract includes the DRG neurons as first-

rder somatosensory neurons (from proprioceptors and mechanorecep-

ors). They project their axons on spinal GM and send a collateral branch

o the dorsal columns, reaching the second order neurons located in the

edulla oblongata. These then send projection across the midline be-

ore connecting the third interneurons in the thalamus, and project to

he somatosensory cortex contralateral to the spinal dorsal root of origin
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Fig. 1. Schematic representation of the overall anatomical organization of the spinal cord as well as its sensory and motor pathways. Left column: The descending 

motor tract (corticospinal pathway) transmit the neural signal from the brain to the muscle (pink), while the ascending sensory tract (dorsal column pathway) sends 

information from the body periphery to the brain (blue). Right column: A schematic cross section of the spinal cord is represented on the right side. The circuitry of 

motoneurons (pink), somatosensory neurons (blue) and interneurons (yellow) are schematized. 
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sensory decussation). The other ascending tract is composed of axons

f spinal interneurons (activated by nociceptors and thermoreceptors),

hich cross the midline and reach the spino-thalamic tract (lateral parts

f the spinal WM), and then projects onto the somatosensory cortex, af-

er thalamic relay ( Purves, 2018 ). 

The anatomical organization of the spinal cord described above gives

ise to a precise underlying functional organization that follow three pat-

erns: 1) each spinal segment transmits information from/to the corre-

ponding body part (e.g., upper or lower limbs), 2) right and left sides of

he GM relay information from/to the corresponding body sides (e.g.,

eft or right limb), while 3) the antero-posterior division mostly em-

hasizes the distinction between motor (anterior) and sensory (dorsal)

euronal endings. 

. Spinal cord fMRI: a reliable method to detect indirect neural 

ctivity 

Similar to its cerebral counterpart, fMRI of the human spinal cord

ims to investigate the neural correlates, notably, of task-related activ-

ty using motor or sensory stimulation paradigms, as well as functional

onnectivity linked to intrinsic neural activity at rest. To do so, two dif-

erent types of physiological signals have been used to date: the BOLD

blood oxygen level dependent, for review see Heeger and Ress, 2002 )

nd, to a lesser extent, the SEEP (signal enhancement by extra-vascular

ater proton) contrasts ( Stroman et al., 2003 ). The fMRI signal ob-

ained through these two contrasts is thought to arise from local vascu-

ar changes attributed to the activity of a neuronal population. However,

he surrounding vascular organization of the spinal cord can also lead to

OLD activation outside the spinal cord. Even if these unexpected BOLD

esponses are not necessarily false positives, it’s now possible to reduce

he influence of surface draining veins by excluding surrounding tissue

segmentation) and by using random-effects group analysis approaches.

Evidence supporting the reliability of the hemodynamic changes

n the spinal gray matter also comes from several animal studies

 Lawrence et al., 2004 ; Piché et al., 2017 ; Wu et al., 2019 ; Yang et al.,

015 ). For example, Lawrence et al. (2004) were the first to compare

n  

3 
easurements of neural activity using fMRI and immunohistochemistry

n rats’ spinal cord. They found a good correspondence between MRI

unctional signals and immunohistochemical markers (c-fos) of neural

ctivity during nociceptive stimulation. Interestingly, two recent stud-

es in non-human primates ( Wu et al., 2019 and rats ( Piché et al., 2017 )

ave also revealed a tight coupling between these spinal local field po-

entials and spinal cord blood flow measures, thus supporting the gen-

ral notion that fMRI reflects both excitatory and inhibitory synaptic

ctivities. Together, these findings thus confirm that spinal fMRI is a re-

iable tool for studying neural activity, hence explaining the increase in

he use of this methodological approach to explore spinal functions and

ysfunctions in both healthy and diseased human participants. 

In addition to evidence demonstrating that the spinal BOLD is a valid

ndirect measure of neuronal populations, technological advances in

pinal cord imaging over the last 10–15 years have ameliorated dras-

ically the reliability of the results, and have expanded the possible

pplications for functional spinal cord investigations. First, the spatial

ocalization of spinal fMRI signal has been improved through a vari-

ty of structural spinal MRI techniques both during image acquisition

nd preprocessing, hence allowing the precise delineation of the differ-

nt tissue types within the spinal cord. For instance, fMRI studies of

he spinal cord at 3T and 7T incorporate anatomical T1-weighted, T2-

eighted or T2 ∗ -weighted scans, which make it possible to distinguish

etween different spinal cord tissues (butterfly-shaped GM, WM and

SF). In terms of anatomical image pre-processing, quasi-automatic seg-

entation methods for the WM, GM and CSF, including surface-based,

ntensity-based or image-based methods, have also been recently de-

eloped, thus permitting a precise characterization of the anatomical

tructure of the spinal cord in both healthy individuals and patients with

pinal pathologies ( De Leener et al., 2016 ). Second, the development of

ew fMRI acquisition protocols at high and ultra-high field strengths,

himming procedures, optimized pulse sequences and selective field-of-

iew techniques, combined with more sophisticated functional prepro-

essing methods such slice-wise correction ( De Leener et al., 2017 ) and

hysiological noise modeling ( Brooks et al., 2008 ; Eippert et al., 2017a )

ave dramatically increased the reliability of spinal fMRI findings. Fi-

ally, the development of a standard template of the spinal cord (e.g.,
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AM50; De Leener et al., 2018 ) provides now the possibility to average

esults across subjects while reducing selection and registration biases,

nd then perform group-based analyses as well as compare groups of

articipants in the same reference space, similar to standard procedures

sed for brain fMRI data. 

. Selection of studies using spinal fMRI in conjunction with 

omatosensory, motor and resting-state paradigms 

.1. Study selection ( Fig. 2 ) 

For this review, we conducted a systematic search of spinal fMRI

tudies that used different somatosensory, motor and resting-state

aradigms to assess spinal activity. The search was performed on

ovember 19, 2020, using the ISI Web of Science, and included the

ollowing databases: Web of Science core collections, MEDLINE, Scielo,

iological abstracts and Current contents connect. We selected studies

hat included the two following terms in their title, abstract or key-

ords: 1) “functional neuroimaging ” OR “functional imaging ” OR “func-

ional magnetic resonance imaging ” OR “fMRI ” AND 2) “spinal cord ” OR

spinal ” OR “spine ”. We selected only studies that: (1) were published

n English, (2) contained original data (i.e., no reviews, opinion papers

tc.), (3) employed experimental paradigms that included somatosen-

ory stimulation (proprioceptive or tactile stimulation), motor tasks or

pinal rs-fMRI, while excluding those that used painful, thermal, emo-

ional stimuli or sexual arousal (as the latter render difficult the separa-
ig. 2. Flow diagram summarizing the steps involved in the present systematic revi

ssessments were then performed by two independent authors (CL and OL). All titles

hen, based on content of the title and abstract, we identified 106 potentially eligib

etain those that met the inclusion criteria. Given that PubMED may include records

sing the same search syntax. The results identified two additional records, hence a t

4 
ion between sensory stimulation and motor actions, and may even re-

ruit the autonomic nervous system), and 4) provided data from healthy

articipants. Following such criteria, a total of 44 articles were then se-

ected for the present literature review. Supplementary information and

ables for the risk of bias assessment (Tables S1–S3), as well as tables

elated to the preprocessing steps and statistical analyses (Tables S4–S6)

ecently proposed by the Committee on Best Practices in Data Analysis

nd Sharing (COBIDAS) are available in supplementary materials and

ables. 

.2. Heterogeneity in the methods used between studies 

It is important to mention that the selected papers varied greatly

n terms of the level of methodological details reported in each study,

lthough they all included basic information, such as the number of

articipants, MRI strength-field, type of pulse sequences (e.g., echo

radient or spin echo), as well as the spatial and temporal resolu-

ions at which scans were acquired ( Tables 1 , 2 and 3 ). Consequently,

s Fig. 3 illustrates, one can see that from 1996 to now, there has

een an increase in the number of participants per study (from 4 to

6). The studies have been carried out at increasing field strengths

from 0.2T to 7T) and scans have been collected at higher spatial res-

lutions, as reflected in the decrease in slice thickness (from 10 to

 mm). Furthermore, because of the small number of participants and

he poor spatial resolution at which scans were acquired, earlier stud-

es mainly reported qualitative results at the subject level, whereas
ew. The initial search yielded a total of 1483 articles. Screening and eligibility 

 and abstracts were read (1483 articles), and duplicates removed (18 articles). 

le studies that were subsequently reviewed based on the full text in order to 

 that are not present in MEDLINE, we conducted a separate search on PubMED 

otal of 44 articles were selected for this systematic literature review. 



C. Landelle, O. Lungu, S. Vahdat et al. NeuroImage 245 (2021) 118684 

Table 1 

Studies using somatosensory paradigms and spinal fMRI. The nature of the stimulation, the body part involved as well as the number of participants (n), the 

age range and the MRI field-strength are reported below. The rostro-caudal extent of the data acquisition (coverage) and the peak of activity related to the task 

are then indicated in the last two columns. 

Studies Stimulation type 

Body part 

N[Age] (years) Field-Strength / 

Contrast/Sequence 

x y z (mm) 

Orientation 

TE/TR (ms) Coverage Peak(s) of Activity 

Backes et al. (2001 ) Electrical stim. 

R median nerve 

7 

[20–33] 

1.5 T 

BOLD / EPI 

-/- / 8 and 5 

Sag. + Axial 

50/68 C4-T1 ∗ C4-T1 ∗ 

Stroman and Ryner (2001 ) Air puffs 

R or L palm 

15 

n.d. 

1.5 T / 

BOLD / GE-EPI 

-/-/7.5 

Axial 

36–96/ - C6-T1 ∗ C6-T1 ∗ 

Kornelsen and Stroman (2004 ) Passive movement 

R and L ankle 

6 (5 men) 

n.d. 

1.5 T / 

SEEP / FSE 

-/- / 7.5 

Axial 

42.3/ - L1-S3 L1-S3 

Stracke et al. (2005 ) Tactile pressure 

R thumb 

R 3th finger 

R 5th finger 

9 (7 men) 

[24–33] 

1.5 T / 

BOLD / GE-EPI 

1.8/1.8/4 

Axial 

50/2000 

C1-T1 ∗ C3, C4, C6 

C3,C4,C7, 

C3,C4,C8 

Agosta et al. (2008b ) Passive movement 

R wrist 

10 HC (4 men) 

[21–55] 

1.5T / 

FSE 

1.2/1.2/4 

Sag. 

71/2700 C5-C8 C5-C6 

Lawrence et al. (2008 ) Skin vibration 

R biceps 

R wrist 

R or L palm 

R patella 

R achille tendon 

7 (4 men) 

[28.5 ± 6] 

1.5 T / 

SEEP / FSE 

0.9/0.9/7 

Axial 

40/6000 

C4-C7 ∗ 

C6-T2 ∗ 

C6-T2 ∗ 

T10-L1 ∗ 

T10-L1 ∗ 

C5 ∗ 

C7 ∗ 

C6-C7 ∗ 

T12 ∗ 

T11T12 ∗ 

Valsasina et al. (2008 ) Passive movement 

R wrist 

Pressure 

R palm 

12 (5 men) 

[37.7 ± 11] 

1.5 T / 

SEEP / FSE 

0.3/0.3/7 

Axial 

11/2850 C5-C8 

C5-C8 

C6-C7 

C6-C7 

Agosta et al. (2009b ) Tactile pressure 

R palm 

12 (4 men) 

[21–56] 

1.5 T / 

SEEP / FSE 

0.3/0.3/7 

Axial 

42.5/1065 C5-C8 C6-C7 

Ghazni et al. (2010 ) Pressure 

R thumb 

Brushing 

R thumb 

8 (1 men) 

[18–26] 

3 T / 

SEEP / FSE 

1/1/2 

Sag. + Axial 

– Thal-T1 ∗ 1 C7-C8 

C7-C8 

Summers et al. (2010 ) Brushing 

L hand 

11 (5 men) 

[20–34] 

3T / 

BOLD / GE-EPI 

1/1/4 

Axial 

23/1000 C4-C7 ∗ C5-C8 

Brooks et al. (2012 ) Tactile pressure 

R base of thumb 

L base of thumb 

18 (11 men) 

[22–40] 

3T / 

BOLD / GE-EPI 

-/-/4 

Axial 

39/1000 C4-T1 ∗ C5-C4 ∗ 

C7-T1 ∗ 

Rocca et al. (2012 ) Pressure – R palm 20 HC (7 men) 

[37.3] 

1.5 T / 

FSE 

0.4/0.4/7 

Axial 

11/2850 C5-C8 C5-C8 

Kornelsen et al. (2013 ) Skin vibration 

R torso 

15 (7 men) 

[18–25] 

3T / 

BOLD / FSE 

1.5/1.1/2 

Axial 

38/1000 T1-T12 ∗ T1-T12 ∗ 

Weber et al. (2020 ) Tactile brushing 

R or L shoulder 

R or L 3th finger 

29 (7 male) 

[36 ± 11] 

3 T / 

BOLD / GE-EPI 

1/1/3 

Axial 

30/2000 C3-C7 ∗ 

C5-C7 

C5-C7 

R: Right, L: Left, HC: healthy control, SCI: spinal cord injury. BOLD: Blood Oxygen Level Dependent, SEEP: Signal Enhancement by Extra-vascular water Proton, 

EPI: Echo Planar Image, GE: Gradient Echo, FSE: Fast Spine Echo. C: Cervical, L: Lumbar, S: Sacral, T: Thoracic, Thal: Thalamus. Coverage column: ∗ indicates 

that the location of the spinal activity corresponds to a vertebral level, while the location with no symbol refers to a spinal segment. 
1 The analysis was carried out on 8 predetermined regions (thalamus, midbrain, pons, medulla, C5, C6, C7, and C8). 

Fig. 3. Evolution in methods associated with spinal cord imaging as a function of the publication year. A- Number of participants across the years. The different 

colors represent groups of studies published in four separate time periods ( < 2006 ( n = 7): yellow; 2006–2010 ( n = 14): green; 2011–2015 ( n = 7): blue; 2016–2020 

( n = 15): red). B- Changes in MRI field-strengths (0.2T, 1.5T, 3T, 7T from the light pink to the dark pink color, respectively) with which scans were acquired during 

the same four time periods ( < 2006, 2006–2010, 2011–2015,2016–2020). C- Changes in spatial resolution used during scanning, again across the four time periods. 

5 
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Table 2 

Studies using motor task paradigms and spinal fMRI. The nature of the motor task, the body part involved as well as the number of participants (n), the age 

range and the MRI field-strength used in each study are reported. The rostro-caudal extent of the acquired data (coverage) and the peak of activity related to 

the task are then indicated in the last two columns. 

Studies Task Body part N[age] years Field-Strength/ 

Contrast/Sequence 

x y z (mm) 

Orientation 

TE/TR (ms) Coverage Activity peak 

Yoshizawa et al. (1996 ) Clenching 

R hand 

4 men 

[38 ± 11] 

1.5 T / 

BOLD/spoiled-GE 

-/-/5 

Sagittal 

10/500 C7-C8 ∗ C7-C8 ∗ 

Stroman et al. (1999 ) Clenching 

R hand 

25 (14 men) 

[19–66] 

3 T / 

BOLD/spoiled-GE 

-/-/5 

Sag. + Axial 

30/80 C6-T1 ∗ C8 

Backes et al. (2001 ) Clenching 

L or R hands 

11 (9 men) 

[20–33] 

1.5 T / 

BOLD / EPI 

-/-/8 or 5 

Sag. + Axial 

50/68 C1-T1 ∗ C4-C7 ∗ 

Madi et al. (2001 ) Flexion R elbow 3 men 1.5 T / 

BOLD / GE-EPI 

-/-/4 Sag 50/3000 C4-T2 ∗ C5-C6 ∗ 

Extension 

R wrist 

6 men -/-/5 Sag C6-C7 ∗ 

Abduction R 5th finger 6 men -/-/5 Sag C7-T1 ∗ 

Weight holding 

R hand 

4 men 

[20–50] 

-/-/6 Sag C5-C6/C8-T1 ∗ 

Stroman and Ryner 

(2001 ) 

Clenching 

L or R hand with a ball 

15 

n.d 

1.5 T / 

BOLD / GE-EPI 

0.9/0.9/7.5 

Axial 

36–96/- C6-C8 ∗ C7 ∗ 

Kornelsen and Stroman 

(2004 ) 

Pedaling 

L and R Ankle 

6 (5 men) 

n.d 

1.5 T / 

SEEP / FSE 

-/-/7.5 

Axial 

42.5/- L1-S3 L1-S3 

Ng et al. (2006 ) Clenching 

L and R hands 

14/28 included 

[20–36] 

0.2 T / 

SEEP / FSE 

-/-/10 

n.d 

24/1000 C5-T1 C5-C6 

Govers et al., (2007 ) Finger tapping 

R fingers 

12 (5 men) 

[18–25] 

1.5 T / 

BOLD / GE-EPI 

-/-/3 

Axial 

50/3000 C5-T2 ∗ C7 ∗ 

Maieron et al. (2007 ) Finger tapping 

L or R fingers 

13 (7 men) 

[21–44] 

3 T / 

BOLD / GE-EPI 

1.2/1.2/4.5 

Oblique 

32/1000 C5-T1 ∗ C5-T1 ∗ 

Bouwman et al. (2008 ) Finger tapping 

L or R fingers 

10 (7 men) 

[25–40] 

3 T / 

BOLD / FSE + GE-EPI 

1/1/2.8 

Axial 

35–20/5890–486 C1-T2 ∗ C5-T1 ∗ 

Giulietti et al. (2008 ) Clenching 

R hand with a ball 

7 

[34.4 ± 3.7] 

1.5 T / 

BOLD / GE-EPI 

0.9/0.9/9 

Axial 

32–100/6000 C5-C7 ∗ C5-C6 

Ng et al. (2008 ) Finger tapping 

R or L fingers 

10 men 

[18–25] 

3 T / 

BOLD / GE-EPI 

1/1.3/5 

Axial 

15/2500 C1-C7 ∗ C5-C7 ∗ 

Xie et al. (2009 ) Finger tapping 

Fingers 

8 (6 men) 

[21–38] 

1.5 T / 

SEEP / FSE 

-/-/2.8 or 7 

Sag. + Axial 

42/1065 C4-T2 ∗ C5-C7 ∗ 

Smith and Kornelsen 

(2011 ) 

Button press 

R fingers 

14 (6 men) 

[22] 

3T / 

FSE 

1/1/2 

n.d 

38/1000 C1/T1 ∗ C6-C7 

Vahdat et al. (2015 ) Finger tapping (MSL) 

R fingers 

25 (11men) 

[24] (median) 

3 T / 

BOLD / GE-EPI 

2.5/2.5/4 

Axial 

20/2500 Whole brain 

and C1-C7 ∗ 
C7 

Weber et al. (2016 ) Isometric contraction 

L or R wrist 

11 (5 men) 

[37.7 ± 1.9] 

3 T / 

BOLD / GE-EPI 

1/1/3 

Axial 

34/2500 C4-T1 ∗ C7 

Islam et al. (2019 ) Clenching 

L and R hands 

9 

n.d 

3T / 

BOLD / SE-EPI 

-/-/4 30/2400 Whole brain 

and T2 ∗ 
C8 

Kinany et al. (2019 ) Extension 

R & L wrist 

Adduction 

R & L wrist 

Abduction 

R & L fingers 

19 (8men) 

[26 ± 3.4] 

3 T / 

BOLD / GE-EPI 

1/1/3 

Axial 

30/2500 C3-T1 ∗ C5-C6 

C7-C8 

C6-C8 

Barry et al. (2020 ) Extension 

R or L finger 

7 (4 men) 

[25.7 ± 4.5] 

3 T / 

BOLD / GE 

1/1/5 

Axial 

10/36.5 C5-C7 C7 

R: Right, L: Left, MSL: Motor sequence learning. BOLD: Blood Oxygen Level Dependent, SEEP: Signal Enhancement by Extra-vascular water Proton, EPI: Echo 

Planar Image, GE: Gradient Echo, FSE: Fast Spine Echo . C: Cervical, L: Lumbar, S: Sacral, T: Thoracic. In the coverage column, the ∗ indicates that the location of 

the spinal activity corresponds to a vertebral level, while the location with no symbol refers to a spinal segment. 
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he more recent ones have systematically been reporting the results

f group analyses. We believe that these changes reflect the evolu-

ion in technological advances observed over the years in spinal cord

maging, which have improved the reliability of the results drastically

nd have expanded the possible applications of functional spinal cord

nvestigations. 

.3. Description of the experimental paradigms used in spinal fMRI 

In this section, we summarize the results of the 44 studies that used

pinal fMRI to investigate the neural substrates associated with a sen-

ory or motor task at this level of the CNS, or that have measured the

pinal cord functional activity at rest ( Tables 1 , 2 and 3 ). Note that the

erm “somatosensory ” used in the current review refers to touch and

roprioception, as painful and thermal paradigms were not included. 
6 
.3.1. Studies using somatosensory stimulation paradigms and spinal fMRI 

The number of studies conducted to date that have used somatosen-

ory stimulation in healthy adults to examine the neural bases of pro-

rioceptive and tactile information at the spinal level, is relatively small

 n = 14). Moreover, with the exception of three studies ( Kornelsen et al.,

013 ; Kornelsen and Stroman, 2004 ; Lawrence et al., 2008 ), most of

hem have focused on the effects of sensory stimulation in the upper

imbs ( Table 1 ). Of these, only four research groups have investigated

uscle proprioception using passive limb movements ( Agosta et al.,

008b ; Kornelsen and Stroman, 2004 ; Valsasina et al., 2008 ) and tran-

cutaneous electrical stimulation of the median nerve ( Backes et al.,

001 ). Investigations of the neural correlates within the spinal cord that

re related to touch have been carried out using a variety of stimuli ap-

lied to the skin, such as air puffs ( Stroman and Ryner, 2001 ), static

ressure stimuli ( Agosta et al., 2009b ; Brooks et al., 2012 ; Ghazni et al.,

010 ; Rocca et al., 2012 ; Stracke et al., 2005 ; Valsasina et al.,

008 ), dynamic brushing ( Ghazni et al., 2010 ; Summers et al., 2010 ;
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Table 3 

Resting-state studies using spinal fMRI. The type of analyses as well as the number of participants (n), age range and the MRI field-strength are reported. The 

field of view (coverage) of the acquisition is also mentioned. The last column corresponds to the functional connectivity networks observed in the study. 

Authors N[Age] years 

Field-Strength/ 

Contrast/Sequence 

x y z (mm) 

Orientation TE/TR (ms) Type of analyses Coverage Networks 

Wei et al. (2010 ) 10 men 

[19–35] 

1.5 T / 

BOLD/GE-EPI 

-/-/5 

Axial 

40/3000 ICA C5-T1 ∗ –

Barry et al. (2014 ) 22 (11 men) $ 

[28.4 ± 8.8] 

7 T / 

BOLD/GE-EPI 

0.9/0.9/4 

Axial 

8/17 seed-based C2-C5 ∗ Dorso-Dorsal 

Ventro-Ventral 

Dorso-Ventral 

Kong et al. (2014 ) 20 men 

[26.45 ± 3.9] 

3 T / 

BOLD/GE-EPI 

1/1/3 

Axial 

44/1890 ICA C4-T1 ∗ Dorso-Dorsal 

Ventro-Ventral 

San Emeterio Nateras 

et al. (2016 ) 

9 men 

[29 ± 6.4] 

3 T / 

BOLD/EPI 

1/1/3 

Axial 

26/2000 ICA 

seed-based 

C1-C4 ∗ Dorso-Dorsal 

Ventro-Ventral 

Dorso-Ventral 

Barry et al. (2016 ) 23 (11men) 

[25.7 ± 4.5] 

7 T / 

BOLD/GE-EPI 

0.9/0.9/4 

Axial 

7.8/18 seed-based C2-C5 ∗ Dorso-Dorsal 

Ventro-Ventral 

Liu et al. (2016 ) 24 (18 men) 

[30 ± 5] 

3 T / 

BOLD/GE-EPI 

1.2/1.2/4 

Axial 

30/2000 seed-based Dorso-Dorsal 

Ventro-Ventral 

Eippert et al. (2017b ) 20 men $ 

[26.5 ± 3.9] 

3 T / 

BOLD/GE-EPI 

1/1/5 

Axial 

44/1890 seed-based C4-T1 ∗ Dorso-Dorsal 

Ventro-Ventral 

Harita and Stroman 

(2017 ) 

16 (2 men) $$ 

[21 ± 2] 

3 T / 

BOLD/FSE 

1/1/4.5 

Axial 

76/2250 seed-based Medulla-C6 ∗ Dorso-Dorsal 

Ventro-Ventral 

Conrad et al. (2018 ) 56 (27 men) $ 

[29.2 ± 9.8] 

7 T / 

BOLD/GE-EPI 

0.9/0.9/4n.d 8/17 seed-based C2-C5 ∗ Dorso-Dorsal 

Ventro-Ventral 

Dorso-Ventral 

Rostro-Caudal 

Weber et al. (2018 ) 23 (16 men) # 

[28.3 ± 2.4] 

3 T / 

BOLD/GE-EPI 

1/1/3 

Axial 

30/2500 seed-based C3-C7 ∗ Dorso-Dorsal 

Ventro-Ventral 

Dorso-Ventral 

Harita et al. (2019 ) 16 (2 men) $$ 

[21 ± 2] 

3 T / 

BOLD/FSE 

1.5/1.5/2 

Axial 

76/6750 cluster-based Brainstem-T2 ∗ Dorso-Dorsal 

Ventro-Ventral 

Dorso-Ventral 

Vahdat et al. (2020 ) 24 (11 men) 

[25.1] 

3 T / 

BOLD/GE-EPI 

1.2/1.2/5 

Axial 

30&33/3050 ICA 

seed-based 

Whole brain C4-T1 ∗ Dorso-Dorsal 

Ventro-Ventral 

Spino-Cerebral 

Kinany et al. (2020 ) 22 (11 men) 

[28.5 ± 3.5] 

3 T / 

BOLD/GE-EPI 

1/1/3 

Axial 

30/2000 iCAPs C1-T1 ∗ Ventro-Ventral 

WM tracts 

R: Right, L: Left, MSL: Motor sequence learning. BOLD: Blood Oxygen Level Dependent, EPI: Echo Planar Image, GE: Gradient Echo. ICA: Independent Component 

Analysis, iCAPs: Innovation-driven CoActivation Patterns. C: Cervical, L: Lumbar, S: Sacral, T: Thoracic. 

$ same participants were used in Eippert et al. (2017b ) and Conrad et al. (2018) . 

$$ same participants were used in Harita and Stroman (2017) and Harita et al. (2019) . 

#: same participants were used in Weber et al. (2018) and Weber et al. (2016) . 

Coverage column: We put ∗ for spinal location that correspond to vertebral level and no symbol when it’s related to spinal segment. 
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eber et al., 2020 ), superficial mechanical vibration ( Kornelsen et al.,

013 ; Lawrence et al., 2008 ; Valsasina et al., 2008 ) and transcutaneous

lectrical stimulation of the median nerve ( Backes et al., 2001 ). 

.3.2. Studies using motor paradigms and spinal fMRI 

A plethora of neuroimaging studies have also investigated the cere-

ral correlates of motor control and motor learning in humans by em-

loying a vast array of paradigms requiring upper-limb movements with

ifferent levels of complexity. The results of those studies have revealed

he critical role that the basal ganglia, cerebellum and motor areas form-

ng the cortico-striatal and cortico-cerebellar systems ( Dayan and Co-

en, 2011 ; Doyon and Benali, 2005 ; Hardwick et al., 2018 ) in movement

roduction and procedural memory (i.e., motor skill learning). Compar-

tively, less than two dozen studies have employed similar paradigms

o investigate the spinal correlates of motor control and skill learning,

espite the fact that the first spinal fMRI investigation was conducted

ore than 25 years ago by Yoshizawa et al. (1996) who used a simple

oluntary fist clenching task in healthy individuals. The latter authors

ound an increase in BOLD signal during the motor task as compared to

est, with gray matter activation being localized primarily in the ven-

ral horn of the cervical spinal cord, ipsilateral to the executed move-

ents. Interestingly, versions of this motor task were then employed in

any subsequent spinal fMRI studies ( Backes et al., 2001 ; Giulietti et al.,

008 ; Islam et al., 2019 ; Ng et al., 2006 ; Smith and Kornelsen, 2011 ;

troman et al., 1999 ; Stroman and Ryner, 2001 ), as fist clenching is

est suited to generate increased activity at different segments of the
7 
pinal cord due to the involvement of several muscles from the fore-

rm and fingers in the task. More recently, however, finger tapping

aradigms ( Bouwman et al., 2008 ; Govers et al., 2007 ; Maieron et al.,

007 ; Ng et al., 2008 ; Smith and Kornelsen, 2011 ; Vahdat et al., 2015 ;

ie et al., 2009 ), as well as those that employ simple movements of a

iven body segment ( Barry et al., 2020 ; Kinany et al., 2019 ; Madi et al.,

001 ; Weber et al., 2016 ) have also been carried out to identify the

pinal neural correlates associated with movements of different parts

f the upper limbs. Our systematic review revealed only one study

hat measured the spinal activity elicited by a motor task involving

ovements of the lower limbs in healthy adults ( Kornelsen and Stro-

an, 2004 ). Thus, to date, spinal neural correlates of lower limb move-

ents are too sparse to provide clear conclusions; due mainly to the fact

hat spinal fMRI of the thoracic and lumbar segments is more challeng-

ng than at the cervical level because of the smaller cord diameter and

he greater physiological noise, such as breathing. 

.3.3. Studies using spinal rs-fMRI 

The temporal and spatial organizations of spontaneous neural ac-

ivity during rest have been widely investigated at the brain level,

s they are thought to reveal the intrinsic connectivity between dis-

inct functional networks ( Biswal et al., 1995 ; Damoiseaux et al., 2006 ;

aichle, 2015 ). Indeed, resting-state studies have consistently revealed

istinct and reproductible cerebral networks, such as the default mode,

he dorsal and ventral attentional, the sensorimotor and the visual net-

orks, to name only a few (for review see Raichle 2015 ). Interestingly,
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uch organization in functional connectivity at rest has also been ob-

erved at the subcortical level, for example within the brainstem, cere-

ellum as well as between basal ganglia and cortex ( Beissner et al., 2014 ;

i Martino et al., 2008 ; Guell et al., 2018 ). These observations led sub-

equently to the investigation of resting-state fluctuations at the spinal

ord level in order to assess the extent to which this functional signature

ould be generalized to the entire CNS. Our systematic search yielded

 total of 14 studies that used spinal rs-fMRI, most of them being pub-

ished in the last 5 years. In this section, we thus describe the different

pproaches used in these studies that sought to characterize the func-

ional connectivity during resting-state in the spinal cord ( Table 3 ). 

Wei et al. (2010) were the first to investigate spontaneous BOLD

ignal activity in the humans cervical cord using an independent com-

onent analysis (ICA) approach. They found acceptable levels of repro-

ucibility of the independent component maps across sessions at the

ndividual level, but did not report any group data. These authors men-

ioned that signal changes from the primary independent components

ccurred mainly in the frequency band of the physiological respiratory

ycle (0.27–0.33 Hz), thus making difficult the interpretation of the neu-

al origin of these observations. In response to this limitations, however,

hysiological noise modeling methods have subsequently been devel-

ped in order to increase the quality of the spinal cord data by removing

he non-neuronal signal contribution observed in BOLD activity, hence

llowing for the detection of more reliable spinal functional connectivity

atterns in the spinal cord ( Brooks et al., 2008 ). 

In addition to ICA approaches ( Kong et al., 2014 ; San Emeterio Nat-

ras et al., 2016 ; Vahdat et al., 2020 ; Wei et al., 2010 ) that capture tem-

orally synchronised spinal networks at rest, temporal correlations be-

ween specific spinal regions of interest (seed-based correlation) have of-

en been employed to measure functional connectivity within the spinal

ord, or between the spinal cord and brain ( Barry et al., 2016 , 2014 ;

onrad et al., 2018 ; Eippert et al., 2017b ; Harita and Stroman, 2017 ;

iu et al., 2016 ; San Emeterio Nateras et al., 2016 ; Vahdat et al., 2020 ;

eber et al., 2018 ). 

The latter approaches are not the only options available today, how-

ver. To complement the resting-state measures of functional connec-

ivity characterizing the spinal networks that can be detected through

CA and seed-based approaches, Kinany et al. (2020) have very recently

roposed a dynamic functional connectivity approach called innovation-

ased co-activation patterns (iCAPs). This method provides spatiotem-

oral connectivity maps, which correspond to neural networks that dis-

lay similar changes in patterns of sustained activity over time. 

Yet, the studies described above mainly investigated resting-state

onnectivity in spinal regions with a limited rostro-caudal extent, and

hus did not allow the full exploration of networks across different lev-

ls of the CNS. To fill this gap, two recent studies extended the resting-

tate networks investigation from the cervical spinal cord to the brain-

tem ( Harita et al., 2019 ) and from the spinal cord to the whole brain

 Vahdat et al., 2020 ). The latter employed both ICA and seed-based con-

ectivity approaches in combination with an innovative rs-fMRI data ac-

uisition technique allowing for simultaneous scanning of both cervical

pinal cord and the brain. 

In summary, in the past 5 years, there has been a significant increase

f interest in exploring the spinal cord spontaneous activity using rs-

MRI. However, studies have focused mainly on the cervical spinal cord

nd data on the lumbar level are lacking. Functional activity of the spinal

ord networks at rest can now be reliably investigated using both clas-

ical, static (ICA and seed-based) and dynamic (iCAP) approaches, with

imultaneous acquisition of the cervical spinal cord and the brain offer-

ng a new perspective to evaluate the functional connectivity throughout

he entire sensorimotor network. 

. Spinal fMRI corroborates the existence of the two main spinal 

athways? 

In this section, we describe and discuss the results of studies reviewed

n the previous section with the goal of assessing, for the first time, the
8 
xtent to which the typical functional organization in the ascending and

escending pathways of the spinal cord described in electrophysiolog-

cal studies, can also be revealed through in vivo fMRI investigations

f this structure in humans. To this end, we assess whether the results

trongly corroborate the expected spinal cord functional organization

n hemicords (right or left sides), motor and sensory (anterior and pos-

erior horns) and segmental (upper or lower limb) circuits ( Fig. 4 ). Fi-

ally, we then try to shed light on the neural processes that may explain

he fMRI data observed during a motor or sensory task, as well as at

est. 

.1. Lateralization of spinal fMRI activity corroborates hemicord pathways 

.1.1. Synopsis of findings reported in the literature 

Most of the research groups that used ipsilateral sensory stimula-

ion paradigms ( n = 9/12) have reported functional spinal cord ac-

ivity changes that were predominantly detected on the ipsilateral

ide of the stimulation ( Stroman and Ryner, 2001 ; Lawrence et al.,

008 ; Valsasina et al., 2008 ; Agosta et al., 2009b ; Ghazni et al.,

010 ; Brooks et al., 2012 ; Rocca et al., 2012 ; Kornelsen et al., 2013 ;

eber et al., 2020 , see Fig. 4 A). For example, such a pattern of find-

ngs has been reported by Brooks et al. (2012) who investigated the

aterality of the BOLD signal related to pressures applied to the right or

eft eminence thenar (i.e., base of thumb). More specifically, statistical

omparisons between the two hemicords revealed activity that was sig-

ificantly greater within the expected cervical segment ipsilateral to the

timulation as compared to that of the contralateral side. These obser-

ations have also been corroborated in a very recent study, which found

 significant lateralization of the activity at both subject and group lev-

ls in the ipsilateral hemicord during tactile brushing of the shoulder

r third digit skin ( Weber et al., 2020 ). A study in non-human primates

as also confirmed the reliability of those previous results by combin-

ng electrophysiological recordings and fMRI during tactile stimuli of

he digit ( Wu et al., 2019 ). The authors found that tactile stimulation

voked both electrophysiological and BOLD signals co-localized primar-

ly in the ipsilateral dorsal horn, as well as in the contralateral dorsal

orn, albeit to a smaller extent. 

Contrary to the results using sensory stimulation, lateralization of

he motor-related spinal cord activity has been less consistent in studies

nvolving unimanual motor tasks ( Fig. 4 A). Indeed, six studies failed to

emonstrate activity lateralization in the spinal cord as their pattern re-

ealed bilateral activations ( Backes et al., 2001 ; Bouwman et al., 2008 ;

overs et al., 2007 ; Madi et al., 2001 ; Ng et al., 2008 ; Stroman and

yner, 2001 ), whereas nine others reported activity in both hemi-

ords with a predominance for the ipsilateral side ( Barry et al., 2020 ;

iulietti et al., 2008 ; Maieron et al., 2007 ; Smith and Kornelsen, 2011 ;

troman et al., 1999 ; Vahdat et al., 2015 ; Weber et al., 2016 ; Xie et al.,

009 ; Yoshizawa et al., 1996 ). Of these studies, four used statistical

pproaches to assess the level of laterality ( Bouwman et al., 2008 ;

aieron et al., 2007 ; Ng et al., 2008 ; Weber et al., 2016 ), but only two

f them detected a significant degree of laterality at the spinal level

 Maieron et al., 2007 ; Weber et al., 2016 ). For example, the most recent

f these studies sought to evaluate the degree of lateralization by statis-

ically comparing the levels of activity in both left and right hemicord

uring either left or right wrist movement ( Weber et al., 2016 ). The

esults revealed a significant lateralization of the activity towards the

emicord, ipsilateral to the limb executing the motor task, which was

bserved reliably across different sessions. Moreover, the authors sup-

lemented these results with a multi-voxel pattern analysis that success-

ully differentiated between the experimental conditions e.g., left and

ight motor executions, at the C6 and C7 vertebral level. Altogether, the

resent findings suggest that although fMRI activity lateralization dom-

nates across studies involving unilateral motor tasks, it is not a consis-

ent feature and future research will be needed to identify the reasons

hat could explain this heterogeneous pattern of results. 
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In addition to task-related findings, studies investigating func-

ional connectivity at rest have consistently reported the presence

f bilateral spinal cord networks. Indeed, using the ICA approach,

ong et al. (2014) were able to identify separate resting-state networks

nvolving the ventral and dorsal horns, on the left and right sides of the

pinal cord, respectively, with good reliability and reproducibility. Sim-

lar bilateral networks were also reported by Barry et al. (2014) at 7T

ho used predefined regions of interests to assess the levels of correla-

ion between distinct spinal regions. Interestingly, the authors demon-

trated that correlations between the left and right dorsal horns, as well

s between left and right ventral horns were reliable across partici-

ants. In fact, the existence of such a bilateral spinal functional con-

ectivity has been reported and replicated in all of the most recent

tudies ( Barry et al., 2016 ; Conrad et al., 2018 ; Eippert et al., 2017b ;

arita et al., 2019 ; Harita and Stroman, 2017 ; Kinany et al., 2020 ;

iu et al., 2016 ; San Emeterio Nateras et al., 2016 ; Vahdat et al., 2020 ;

eber et al., 2018 ), hence demonstrating the robustness and repro-

ucible nature of the resting-state functional connectivity at different

egments of the human spinal cord. 

.1.2. Potential mechanisms underlying unilateral and bilateral fMRI 

ctivity 

Corroborating the organization of the well-known spinal circuitries

stablished by previous electrophysiology work, fMRI activations during

omatosensory stimulation or motor tasks have been reported primarily

n the ipsilateral horns. In fact, while all studies using motor paradigms

ave revealed activations in the ventral horns that were ipsilateral to the

ffectors performing the task, 40% of them have also reported activity

n the contralateral dorsal and ventral horns (i.e., bilateral activations;

ig. 4 A). Although still unclear, this apparent inconsistency in the later-

lization of the spinal cord activity during unimanual motor tasks could

e explained in different ways. First, it is well known that axons from

he reticulospinal tracts in humans, mainly involved in controlling axial

nd proximal muscles, innervate lower motor neuron bilaterally in the

ore medial parts of the ventral horn ( Purves, 2018 ). Second, at the

rain level, if unilateral movements are preferentially associated with

he activation of contralateral motor areas, the recruitment of ipsilateral

otor areas is also involved ( Orban et al., 2010 ).This activation in both

erebral hemispheres could thus be the direct consequence of the activ-

ty observed in the two horns of the spinal cord. Third, muscle relaxation

s not a passive phenomenon, but rather it involves a tonic level of mo-

oneuron activity in order to maintain the muscle tone (i.e., the resting

evel of tension in a muscle) necessary to respond optimally to a volun-

ary or reflex command ( Pierrot-Deseilligny and Burke, 2012 ). Finally,

here is ample electrophysiological evidence supporting the presence of

pinal interneurons with axonal projections that cross the spinal cord

o the opposite side (for review see Maxwell and Soteropoulos, 2020 ).

hese interneurons, called commissural interneurons, are known to con-

ain axons that project within the same segment, or between spinal seg-

ents by crossing at another segmental level, different from its origin

 Matsuyama et al., 2006 ). To date, these have been mainly described

n cats and rodents at the lumbar level where they seem to play a role

n locomotor coordination and posture, although electrophysiological

tudies of human lumbar spinal cord activity are also revealing a simi-

ar organization ( Hanna-Boutros et al., 2014 ; Mrachacz-Kersting et al.,

018 ). Although there is limited evidence for the existence of commis-

ural connections at the cervical level in non-human primates, it sug-

ests that commissural interneurons are also involvement in the co-

rdination of upper limb movements required for object manipulation

 Soteropoulos et al., 2013 ). 

At the brain level, the processing of sensory and motor information

equires, in part, correlations between homotopic regions of the two

emispheres ( Stark et al., 2008 ); and as such, brain rs-fMRI studies have

eported the existence of bilateral networks reflecting the synchroniza-

ion between the bilateral sensory and motor areas at rest. Furthermore,

 strong lateralization of cerebral activity of the motor and sensory re-
9 
ions of the brain has also been observed during unilateral motor or

ensory tasks, respectively. Interestingly, the results reported here from

oth resting-state and task-related spinal fMRI studies provide support

or a similar organization of functional activity at the spinal cord level.

n view of this mirror organization between these two structures, one

an reasonably speculate that top-down signals from the brain may also

lay a role in the bilateral organization of spinal networks at rest. How-

ver, to date the fMRI research showing the bilateral axis of symmetry

f the CNS has mainly focused on the brain organization. The current

eview, however, shows that the spinal fMRI techniques provide the op-

ortunity to study the same functional organization in vivo, in humans,

t the spinal level. More importantly, the latest innovative approaches

llowing for the simultaneous scanning of the brain and cervical spinal

ord represent valuable tools in assessing the topological organization

f functional activity at rest as well as during tasks or stimulations, at

ultiple levels of the CNS. To this end, a recent fMRI study conducted

y Doyon and his colleagues ( Vahdat et al., 2020 ) was the first to pro-

ide evidence of activity lateralization at rest in the whole sensorimotor

etwork, at both the brain and spinal levels. The authors showed that

pinal cord spontaneous activity is primarily correlated with contralat-

ral brain areas, findings that are consistent with decussation of afferent

nd efferent pathways described in Section 3 . 

In sum, fMRI studies using task-related and resting-state paradigms

ave successfully revealed the organization of the spinal cord as two

emicords. Although during unilateral tasks, the spinal horn ipsilateral

o the involved limb seems to be recruited preferentially, at rest, the ac-

ivity of the two hemicords seems to be strongly coupled. Although still

onjectural, evidence suggests that this coupling could reflect different

hysiological origins, such as brain-driven information, tonic activity of

pinal neurons or commissural interneuron activity ( Fig. 2 B). In addi-

ion, it is now possible, thanks to simultaneous fMRI of the brain and

pinal cord, to observe the hemicord organization of sensorimotor path-

ays throughout the CNS and to assess the cross-organization of sensory

nd motor projections between the brain and spinal cord. 

.2. Dorso-ventral organization of spinal fMRI activity corroborates 

omatosensory and motor pathways 

.2.1. Synopsis of the findings reported in the literature 

Only a few sensory stimulation studies have demonstrated prominent

ctivation in the dorsal (sensory) horn, at the level of the stimulated

ermatome ( Lawrence et al., 2008 ; Ghazni et al., 2010 ; Rocca et al.,

012 ; Kornelsen et al., 2013 , see Fig. 4 A). Instead, authors have of-

en reported that the activation is also spreading toward the ventral

orn ( Agosta et al., 2008a , 2009b ; Backes et al., 2001 ; Brooks et al.,

012 ; Stroman and Ryner, 2001 ; Summers et al., 2010 ; Valsasina et al.,

008 ; Weber et al., 2020 ). Such a pattern of results is consistent

ith those observed using motor paradigms, which elicit activations

n both ventral and dorsal parts of the spinal cord as well. For exam-

le, Kinany et al. (2019) investigated BOLD signal changes in the spinal

ord during bimanual wrist extension, wrist adduction and finger ab-

uction. The results showed activations that were not only localized in

he ventral horns of the spinal cord (56.44%), but extended also dor-

ally as subjects were performing any of the three types of movements.

sing a multi-voxel pattern analysis approach, the authors were then

ble to decode the pattern of activity specific to each of the three types

f movements in the anterior hemicord, as well as in the posterior part,

ence suggesting that the activity in these two parts of the spinal cord

s task specific. 

In addition to task-related paradigms, data based on rs-fMRI ac-

uisitions have provided solid evidence of distinct dorsal-dorsal and

entral-ventral spinal networks, which have been replicated in most

tudies ( Barry et al., 2016 , 2014 ; Conrad et al., 2018 ; Eippert et al.,

017b ; Harita et al., 2019 ; Harita and Stroman, 2017 ; Kong et al., 2014 ;

iu et al., 2016 ; San Emeterio Nateras et al., 2016 ; Vahdat et al., 2020 ;

eber et al., 2018 ). In fact, the level of reproducibility of findings re-
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Fig. 4. Schematic representation of peaks of activity found in spinal fMRI studies using ipsilateral somatosensory stimulation (blue, n = 12) or motor task performed 

using an upper limb (red, n = 15) A- Schematic representations in the axial plane at the cervical level of the spinal cord. Activation peaks are presented in the four 

spinal horns: ventral-contralateral, dorsal-contralateral, ventral-ipsilateral and dorsal-ipsilateral. The terms "contralateral" and "ipsilateral" relate to the side of the 

stimulation or the upper limb used to perform the motor tasks. The symbols represent the main peak(s) of activity in each study, which were observed either in the 

expected horn (one circle), in the ventral and dorsal ipsilateral horns (one star in the two horns) or in the four quadrants (one square in all four horns). The colored 

circle illustrates the proportion of studies found in each quadrant, with a larger size and a more intense color when the proportion is greater. The graph in the right 

column represents the values of this peak proportion for each quadrant and each type of experimental, somatosensory (blue) or motor (red) paradigms. Note that 

most studies have shown activity on the ipsilateral side of the spinal cord that extends to the ventral and dorsal horn. Furthermore, when studies reported preferential 

peaks of activity in the ventro-dorsal direction, the latter was mostly located in the ventral horn for motor studies and in the dorsal horn for somatosensory studies. 

B- Schematic representations in rostro-caudal plane (C2-T1 spinal segments). The left display represents the location of somatic stimulation applied to the upper limb 

throughout the studies. The dark lines on the arm refer to different dermatomes according to Keegan and Garrett (1948) and the color correspond to the expected 

spinal level for the stimulated dermatome. The right illustration represents the locations of peak activities for different motor paradigms which include elbow (green), 

fingers (yellow) or wrist and finger (red). The color lines at the right of the spine represent the expected segment for the myotome involved in the task according to 

by Schirmer et al. (2011) . 

Note that we illustrate peak activations at the group level when reported. When studies reported only results of individual analysis, we illustrate the peak location 

corresponding to for the largest number of participants. V = Ventral, D = Dorsal, C = cervical, T = Thoracic, ∗ : vertebrae level. 
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ated to the dorsal-dorsal and ventral-ventral spinal networks has been

igh, not only in humans, but across species ( Chen et al., 2015 ; Wu et al.,

019 ), despite a variety of acquisition, processing and analysis tech-

iques employed. By contrast, dorso-ventral resting-state networks have

een less consistent ( Barry et al., 2014 ; Conrad et al., 2018 ; Harita et al.,

019 ; San Emeterio Nateras et al., 2016 ; Weber et al., 2018 ). Moreover,

ost of these studies have revealed higher correlations between the
10 
eft and right ventral horns than between the left and right dorsal ones

 Barry et al., 2014 , 2014 ; Conrad et al., 2018 ; Harita and Stroman, 2017 ;

inany et al., 2020 ; Kong et al., 2014 ). Altogether, the results suggest

hat different patterns of activity can be observed depending on the ex-

erimental paradigm: studies involving motor or sensory tasks reveal-

ng co-activation of the dorsal and ventral horns, while rs-fMRI studies

howing a consistent dorso-ventral division. 
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.2.2. Potential mechanisms underlying ventro-dorsal organization of 

pinal fMRI activity 

All task-related spinal fMRI studies reviewed here ( Section 5 ) re-

orted consistent activations in the ventral (for motor paradigms) and

orsal (for sensory paradigms) ipsilateral to the task or stimulation, the

atter being consistent with the fact that ventral and dorsal gray mat-

er are composed primarily of motoneurons and sensory neurons, re-

pectively. Yet, two thirds of these studies have also found ipsilateral

ctivations in the opposite horn ( Fig. 4 A) indicating a spread of activa-

ion towards the dorsal horn during motor tasks, and towards the ven-

ral horn during sensory simulation. Such a pattern of findings could be

artly due to methodological limitations, such as the spatial resolution

n axial planes and the spatial smoothing of the activity. Yet, it is also

ossible that those results are related to neurophysiological mechanisms

nderpinned by a top-down regulation of the signal ( Schomburg, 1990 ;

illis and Coggeshall, 2004 ) and early local sensorimotor integration

uring motor contraction. Indeed, a complex spinal circuitry resides at

he spinal level between sensory neurons, motoneurons and interneu-

ons, thus leading to various connexions such as proprioceptive and

utaneous reflex loops, facilitation and recurrent inhibition of excited

otoneurons as well as reciprocal inhibition between motoneurons of

ntagonist muscles ( Pierrot-Deseilligny and Burke, 2012 ). 

In contrast, all spinal rs-fMRI studies reviewed here ( Section 5 and

able 3 ) identified segregated dorsal and ventral bilateral networks,

ith only 5 studies reporting dorso-ventral connectivity. The segregated

entral and dorsal networks observed at rest could be driven by the con-

inuous integration of somatosensory information (dorsal horn), tonic

evel of motoneuron activity to maintain muscle tone and intrinsic motor

oordination for autonomic functions such as breathing (ventral horn). 

In fact, this idea of local intrinsic activities at rest coincides with the

patially segregated organization of the resting-state activity patterns

ound across different spinal segments. Alternatively, the dorso-ventral

ivision at rest could also reflect a continuous somatotopic communi-

ation between the brain and spinal cord through the descending path-

ay (motor), and between the spinal cord and brain through ascending

athways (sensory). The latter hypothesis is strongly supported by a

ecent study from our group that measured resting-state activity at dif-

erent levels of the CNS using functional images of the brain and the

pinal cord acquired simultaneously ( Vahdat et al., 2020 ). The results

evealed that the ventral and dorsal horns were functionally correlated

ith brain areas associated with motor and somatosensory functions,

espectively ( Fig. 5 ), hence supporting the possibility of functional sub-

ivisions in the spinal cord. Finally, we also noticed a lower consistency

f the dorso-dorsal networks compared to the ventro-ventral networks

cross rs-fMRI studies. The latter finding could be related to structural

ifferences between the dorsal and ventral horns or to differences in

aseline activity levels due to the tonic activity of motoneurons. 

In sum, ascending (sensory) and descending (motor) pathways ap-

ear to operate distinctly at rest resulting in both: continuous communi-

ation between the brain and spinal cord and strong bilateral ventral and

orsal horn communication for local integration. In contrast, ascending

nd descending pathways strongly communicate with each other during

asks, probably to quickly adapt motor behaviors and motor command

hrough sensory feedback and reflex loops. 

.3. Rostro-caudal extent of spinal fMRI activity corroborates spinal 

egmental organization 

.3.1. Synopsis of the findings reported in the literature 

As expected, somatosensory stimulation of the lower limbs has re-

ealed activations in the caudal spinal cord segments ( Kornelsen and

troman, 2004 ; Lawrence et al., 2008 ), whereas stimulation of

he upper limbs has been associated with more rostral foci of

OLD activity ( Agosta et al., 2008a , 2009b ; Backes et al., 2001 ;

rooks et al., 2012 ; Ghazni et al., 2010 ; Lawrence et al., 2008 ;

occa et al., 2012 ; Stracke et al., 2005 ; Stroman and Ryner, 2001 ;
11 
ummers et al., 2010 ; Valsasina et al., 2008 ; Zhong et al., 2017 ). For

xample, to investigate rostro-caudal organization of the spinal cord,

ornelsen et al. (2013) have evaluated the BOLD response along the

ntire thoracic spinal cord during skin vibrations delivered at differ-

nt locations on the trunk, and showed activation in the corresponding

horacic spinal segments (T8 to T11 vertebrae). Similarly, activations

ocated at the C5, C7, C6/7, T11, T11/T12 vertebrae have also been

ound during vibratory stimulation of the biceps, wrist, palm, patella

nd Achilles’ tendon, respectively ( Lawrence et al., 2008 ). Finally, in-

reased activation in the C6/C7 spinal segment has been observed con-

istently during palm, wrist and thumb stimulation ( Table 1 ), corre-

ponding to the expected spinal segment localization of the stimulated

ermatome ( Fig. 4 B). 

Such rostro-caudal organization of the spinal cord activity

as also been observed during the execution of motor tasks.

adi et al. (2001) asked six participants to perform contractions with

heir right finger, wrist or elbow, which are known to recruit different

yotomes. As expected, they found activation foci mostly located in the

nticipated segmental level, at the site of the muscle innervation (el-

ow: C5-C6 vertebrae, wrist: C6-C7 vertebrae, finger: C7-T1 vertebrae).

mportantly, the latter findings have been replicated in another study,

hich involved other myotomes recruited during bilateral wrist exten-

ion, wrist adduction and finger abduction, and included a larger group

f subjects ( n = 19, Kinany et al., 2019 ). Again, these authors reported an

ncrease in BOLD signal that followed a rostro-caudal organization asso-

iated with the three upper limb movements, and that corroborated with

xpected maps of spinal cord functional organization. Thus, across stud-

es, the predicted rostro-caudal functional organization has been mainly

bserved between C6-C7 during elbow contractions, C6-C8 when sub-

ects are engaging in wrist movements (wrist contraction or clenching)

nd between the C6-T1 segments when they are required to produce

nger tapping movements ( Fig. 4 B). 

Spatially-segregated patterns of resting-state activity have also

een consistently reported in the rostro-caudal orientation using seed-

ased or ICA functional connectivity approaches ( Barry et al., 2014 ;

ippert et al., 2017b ; Kong et al., 2014 ; Liu et al., 2016 ; Weber et al.,

018 ). For example, such a functional organization in networks with

imited rostro-caudal extent has been confirmed by Kong et al. (2014) ,

ho showed that intrinsic spinal cord networks never extended beyond

he length of a given vertebrae. Recently, dynamic resting-state func-

ional connectivity approaches provided additional support for this prin-

iple of organization ( Kinany et al., 2020 ). In this study, the authors

ound not only strong functional coupling within the same spinal seg-

ent, but also anti-coupling patterns between different spinal segmental

evels. 

However, it is important to mention that the spread of activ-

ty toward non-expected spinal level has also been observed in

ifferent sensory stimulation or motor task studies. For example,

eber et al. (2020) showed at group level that tactile stimuli of the

houlder and third finger did not only give rise to activity in the ex-

ected C5-C7 segment, but that it extended along the rostro-caudal axis.

ndividual results indicating high inter-subject variability in the spa-

ial localization of the activity as activation maps overlapped for only

4 of 24 participants. In addition, Strake et al. (2005) showed that so-

atosensory stimulation give rise not only to activations within the cor-

esponding stimulated dermatomes (i.e. C6: thumb,C7: 3th finger, C8:

th finger) but in to an unexpected recruitment of the C3 and C4 spinal

egments as well. Furthermore, such extension of activation to upper

pinal segments have been reported systematically across participants

uring a finger taping task ( Govers et al., 2007 ) and at group level dur-

ng isometric contraction of the left wrist ( Weber et al., 2016 ). 

.3.2. Potential physiological processes underlying rostro-caudal 

rganization 

As demonstrated above, spinal cord fMRI has been used successfully

o demonstrate the overall functional organization of the spinal cord in



C. Landelle, O. Lungu, S. Vahdat et al. NeuroImage 245 (2021) 118684 

Fig. 5. Functional connectivity between spinal cord and brain during resting-state. The ventral horns (red, top) and the dorsal horns (blue, bottom) region of interests 

used for functional connectivity analysis and their associated brain functional connectivity maps are represented. As shown, functional connectivity with ventral 

and dorsal spinal cord were mostly significant with the brain sensorimotor network, in particular ventral spinal region was strongly connected with bilateral frontal 

motor areas and anterior cerebellum and dorsal spinal cord with bilateral primary somatosensory cortex, bilateral posterior parietal cortex, insula and posterior 

cerebellum. CST: corticospinal tract, M1: primary motor area, PMd: premotor dorsal area, PPC: posterior parietal cortex, S1: primary somatosensory cortex, A: 

anterior, P: posterior, L: Left, Right: right. Illustration was modified from Vahdat et al. (2020) . 
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he rostro-caudal direction ( Fig. 4 B). Indeed, the localization of activa-

ions observed in these fMRI studies, although sometimes widespread,

re consistent with the heuristic map of myotomal ( Schirmer et al.,

011 ) and dermatomal innervations ( Keegan and Garrett, 1948 ) pre-

iously described in humans. These neural maps illustrate the fact that

fferents from the same skin area and muscle group enter the spinal cord

t the same segmental level, and that the cortical motor commands con-

rolling the same muscle group also project to the same segment. It is

lso interesting to mention that fMRI results of the somatosensory stud-

es were consistent regardless of the type of stimuli used (passive limb

ovements, air puffs, static pressure stimuli, dynamic brushing, super-

cial mechanical vibration and transcutaneous electrical stimulation of

he median nerve). This observation might be partly due to the fact that a

ingle tactile stimulus can activate different classes of mechanoreceptors

e.g. Meissner’s corpuscles, Merkel’s discs, Pacian’s corpuscles, Ruffini’s

ndings), all of which have the property of sending sensory information

nto the spinal cord ipsilaterally at the corresponding segmental level

for a review, see Ackerley and Kavounoudias, 2015 ). 

Interestingly, the spatially segregated patterns of activity observed

t rest also mirror the somatotopic distribution of sensory and motor

ignals from/to different body parts throughout the entire ascending

nd descending pathways ( Barry et al., 2014 ; Eippert et al., 2017b ;

inany et al., 2020 ; Kong et al., 2014 ; Liu et al., 2016 ; Weber et al.,

018 ). Yet in addition to those segregated networks, two studies that

nvestigated anti-correlation and anti-coupling in the spinal cord and

ave reported opposite patterns between segments ( Kinany et al.,

020 ; Kong et al., 2014 ), the latter being related to intersegmental

eurons that work in phase-lags for locomotion ( Namba and Mul-

oney, 1999 ) or support the intersegmental inhibition for respiratory

rocesses ( McBain et al., 2016 ). 

Although the activation peak at the group level seems to reflect the

natomical organization, most task-related fMRI studies have also re-

orted a spread of BOLD responses in adjacent segments. Several physio-

ogical and methodological factors could be at the origin of these results.
12 
he first hypothesis is related to the well-known variability between in-

ividuals regarding the anatomical organization of the spinal cord. In-

eed, an early study involving dissections of the spinal cord in human

adavers has revealed a strong inter-individual variability in the cor-

espondence between spinal segments defined using the vertebrae ver-

us those using the nerve rootlets; i.e., the more typical marker for the

egmental division of the spinal cord ( Lang and Bartram, 1982 ). Using

tructural MRI of the cervical spinal cord, Cadotte et al. (2015) have sup-

orted such findings, as they reported both consistent intra-individual

ostro-caudal distribution of nerve rootlet in 20 healthy subjects, but a

arge inter-individual variability regarding the correspondence between

pinal and vertebral level. Thus, to improve the correspondence of the

euroanatomy of the spinal cord between individuals, future studies will

eed to improve their normalization strategies by, for example, estab-

ishing a segmental division at the individual level or using probabilistic

egmental maps from a large sample of participants. Second, spread of

he activation could be due to the experimental paradigms used. For ex-

mple, fist clenching involves not only complex coordinated muscle con-

ractions of the hand, but of the forearm as well. Furthermore, isomet-

ic contractions of the wrist can also lead to additional finger contrac-

ions. Thus, to identify the effect of muscle activity on BOLD spinal data

ore systematically, we believe that electromyographic signals should

e recorded in conjunction with spinal cord fMRI acquisitions. Similarly,

tudies using sensory stimuli such as nerve stimulation, brushing, pas-

ive movement or vibration are rarely limited to the stimulation of a

ingle dermatome and therefore may induce responses in adjacent seg-

ental levels. Third, fMRI acquisition parameters such as axial orienta-

ion and thickness of the slices could also explain the lack of precision in

he rostro-caudal plane. Altogether, the origin of the spread of activity

o adjacent segments is still unclear and should be carefully considered

n future studies. 

In addition to the spread of activities toward an adjacent segment,

ctivations engaging distant rostral spinal segment have also been ob-

erved during simple motor tasks or sensory stimuli. Such pattern of
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Fig. 6. Spinal cord activity correlated with behavioural improvements in motor 

performance. The activation maps represent the results of the main effect analy- 

sis related to the practice of two different motor sequences with the left fingers: 

one simple (in blue) and one complex (in red) sequence. In both conditions, the 

activation peaks were located in C7 spinal segment, and on the ipsilateral side 

of the finger movements. The graph on the left shows that the mean amplitude 

of the BOLD signal change was significantly higher in the complex, as compared 

to the simple sequence condition, while the graph on the right shows a signif- 

icant difference in the number of active voxels (spatial extension) between the 

complex and simple sequence condition. Data from Vahdat et al. (2015) . 
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ctivation could be underpinned by the activity of different neurons lo-

ated in the spinal cord, whose axonal endings project onto different

egments of the spine. In fact, animal studies have demonstrated the ex-

stence of propriospinal neurons, with long-distance projections, which

re involved in long motor reflexes and allow rapid correction of move-

ent errors (for review see Flynn et al., 2011 ). In humans, such neu-

ons have also been reported in the cervical cord through electrophysi-

logical examination (for review see Pierrot-Deseilligny and Marchand-

auvert, 2002 ). The cervical propriospinal neurons are located rostrally

C3-C4 segments) and are involved in the integration of somatosensory

nputs to adjust upper limb motor command. This neural substrate could

hus explain the rostral fMRI activities observed in four reviewed stud-

es during tactile stimuli of the fingers ( Stracke et al., 2005 ) or hand

ovements ( Govers et al., 2007 ; Ng et al., 2008 ; Weber et al., 2016 ).

owever, it is difficult to assess the consistency and significance of this

bservation in past spinal fMRI studies given that a majority of them

ave limited their functional acquisitions to a field of view between the

4-T1 vertebrae (see Tables 1 and 2 ). Thus, it would be interesting in

he subsequent studies to acquire spinal fMRI data covering the entire

ervical spinal cord, including the first cervical segments, in a more sys-

ematic way to obtain an overview of the spinal sensorimotor processing

rom the upper limbs. 

Altogether, the rostro-caudal segregation of resting networks corre-

ponds to the organization in spinal segments observed according to the

ermatome or myotome recruited during tasks (e.g., sensory or motor).

n other words, for each segment of the spinal cord, the neural substrates

hat support those behaviors appear to show a synchronous functional

onnectivity at rest, hence resulting in intrinsic spinal networks. How-

ver, future studies should more carefully consider individual anatomi-

al variability in order to elucidate the methodological or physiological

omponent of the spread of activities to adjacent segments. 

.4. Spinal fMRI activation is modulated during tasks and reveals local 

lasticity 

In addition to the spatial functional organization of the spinal cord

escribed above, some studies have reported significant correlations be-

ween fMRI signal changes and those related to the intensity ( Madi et al.,

001 ) or complexity ( Maieron et al., 2007 ; Ng et al., 2008 ) of move-

ents generated during motor learning tasks. At the brain level, it is

ommonly accepted that the neural response, as measured with fMRI,

s proportional to the intensity of proprioceptive or tactile stimulation

 Landelle et al., 2020 ) or is correlated with improvement in performance

n a motor skill learning task ( Orban et al., 2010 ). However, to our

nowledge, no study using a somatosensory paradigm has examined the

ink between somatosensory perception and fMRI responses in the spinal

ord. 

Doyon’s group has recently investigated the neural correlates of mo-

or learning using a novel f MRI protocol that allowed the simultaneous

cquisition of both brain and cervical spinal cord images ( Vahdat et al.,

015 ). In this study, participants were required to perform two motor

equence learning tasks with their non-dominant hand: a simple and a

omplex sequence of finger movements. The authors showed greater ac-

ivation and a larger spatial extent in the complex compared to the sim-

le learning motor task within the C6-C8 spinal segments ( Fig. 6 ). Im-

ortantly, the authors also found significant changes in cervical activa-

ion that was modulated in association with behavioral improvements,

nd that was linearly independent from the task-related signal in the

rain structures known to be involved in this type of task. These results

rovide support for the existence of spinal cord intrinsic plasticity that

ontributes to the acquisition of new motor skills in humans, distinctly

rom that seen at the brain level. Such findings are consistent with a

revious electrophysiological study from the same group who measured

he Hoffman reflex (a measure of spinal cord sensorimotor excitability)

n the forearm and revealed persistent decrease of the reflex amplitude

ver the course of motor sequence learning ( Lungu et al., 2010 ). Inter-
13 
reting their simultaneous brain-spinal cord fMRI results in conjunction

ith this electrophysiological finding, Vahdat et al. (2015) proposed

hat the increase in spinal cord BOLD response during learning may be

ue to the establishment of neural plasticity related to the presynaptic

nhibition of motoneurons. 

Interestingly, in the same study ( Vahdat et al., 2015 ), functional

onnectivity analyses revealed that the correlation between the spinal

ord activity and that of the primary sensory motor cortex gradually de-

reased over the course of complex motor learning, while that between

he spinal cord and the medial cerebellum increased. This observation

s consistent with the idea that motor skill learning induces specific pat-

erns of functional plasticity that encompass both the brain ( Dayan and

ohen, 2011 ; Doyon and Benali, 2005 ; Hardwick et al., 2018 ), as well

s the spinal cord circuits. 

Altogether, this body of research demonstrates that spinal fMRI in

umans proves to be a powerful tool for studying, in vivo , the sensori-

otor neural pathways. This review highlights a strong coherence be-

ween the results reported by task-related and rs-fMRI studies. Indeed,

esults from several investigations have consistently revealed: 1) the pre-

ominance for lateralization of the activation during task as well as a

trong coupling between left and right hemicords at rest, 2) evidence

ot only for the spreading of activation in both anterior and posterior

orns during both sensory and motor task, but an antero-posterior seg-

egation at rest, and 3) a limited rostro-caudal extent of the activation

n all experimental paradigms. These results are in line with well-known
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emicord (lateralization), sensory-motor (posterior-anterior) and rostro-

audal (spinal segment) organization of spinal pathways. 

. Applications to clinical research 

In regard to the use of spinal fMRI in clinical settings and for clini-

al research, this method has the crucial advantage of providing in vivo

pinal cord functional data, while being non-invasive and relatively ac-

essible, both in terms of the range of patients that can be assessed, as

ell as the MR scanner manufacturers. One of its main uses in clinical

etting is in comparing groups of participants (i.e., healthy vs. controls),

s well as in the evaluation of functional changes over time in the same

ndividual. As compared to most electrophysiological techniques, spinal

MRI can be employed to study and assess multiple spinal segments at

he same time, with a good in-plane resolution within each of them, thus

ffering a major advantage in clinical practice, as discussed in detail be-

ow. 

Yet, one of the main disadvantages is that the majority of spinal cord

MRI study done to date has been limited to the cervical cord. Further

orks are therefore needed to reduce our knowledge gap regarding the

ower part of the spinal cord, as the lower segments have important

unctional roles in postural and gait control and may be associated with

linical dysfunction. 

.1. Using spinal fMRI to characterize and predict diseases progression 

ffecting the spinal cord 

Spinal cord disfunction is present in a number of neurological disor-

ers including spinal cord injury (SCI), motoneurons diseases (MNDs),

ultiple sclerosis (MS) as well as during normal and pathological aging.

To date, outcome measures used in routine clinical practice to bet-

er characterize the neuronal changes underlying spinal cord disorders

re based upon physical assessments, neurophysiological measurements

i.e., electromyography, compound muscle action potential, sensory or

otor evoked potentials), anatomical imaging (MRI) and biological

amplings (neurofilaments quantification). However, as these measure-

ents provide incomplete information, a combination of them is needed

o determine the level of residual functioning. Yet again, together they

o not allow to describe fully the extent of the lesion(s) in the rostro-

audal and axial planes. 

Thus, while the use of anatomical MRI data helps to locate struc-

ural abnormalities, the latter must be combined with behavioral per-

ormance to better understand the underlying functional alterations. In

his review, we provide evidence that spinal fMRI is a promising tool

or exploring the underlying neural substrate subserving various spinal

ord functions. Furthermore, although it is currently used primarily

or research purposes, we conjecture that the latter has great poten-

ial as a tool useful for clinical evaluations. The advantage of fMRI as a

iomarker is to study spontaneous changes in the activity of spinal cord

etworks, not only during resting state, but also during a specific task

hat patients may have difficulty in performing. In addition, one can ex-

ect that in some diseases, functional connectivity changes will appear

efore measurable morphological changes. For example, compensatory

echanisms or activity changes related to changes in neurotransmis-

ion could be observed in fMRI and would allow early diagnosis of the

isease. 

The number of investigations that used spinal fMRI to examine plas-

ic changes related to spinal abnormalities has grown significantly in

he past ten years. Most of these studies have employed task-related

pinal fMRI paradigms in patients with SCI. They have shown that BOLD

ctivity can be detected below the level of injury, even though the

atients could not feel the stimuli ( Stroman, 2002 , 2004 ), as well as

 greater increase in the activation magnitude in patients compared

o healthy participants following sensory stimulation ( Cadotte et al.,

012 ; Zhong et al., 2017 ). Interestingly, spinal fMRI studies in MS pa-

ients have also reported increased activation in cervical cord as com-
14 
ared to control subjects, with a more bilateral extent of the activa-

ion in response to tactile stimulations ( Agosta et al., 2009a , 2008a ;

alsasina et al., 2012 , 2010 ) and passive movements ( Agosta et al.,

008b ). Altogether, these studies thus provide evidence of bilateral net-

ork overactivations related to somatosensory stimulation in both SCI

nd MS patients. The latter results are consistent with the reduction

n lateralization of brain activity during somatosensory stimulation and

otor tasks observed in MNDs, MS and SCI patients (for reviews see

hen et al., 2015 ; Peterson and Fling, 2018 ; Wang et al., 2019 ), as well

s during normal ( Landelle et al., 2020 ; Ward et al., 2008 ) and patho-

ogical aging ( Wu et al., 2015 ). Given that this phenomenon is observed

oth in the brain and spinal cord, future studies should address this issue

irectly by carrying out simultaneous brain and spinal cord acquisitions

 Tinnermann et al., 2017 ; Vahdat et al., 2020 , 2015 ) in order to better

nderstand the interactions in neural changes observed in sensorimotor

etwork between these two levels of the CNS. 

While task-related spinal fMRI offers new insights into disease-

elated changes in the brain and spinal cord, the spinal rs-fMRI also

rovides the opportunity to characterize these changes in a way that

s more accessible in clinical practice. Indeed, the same resting-state

rotocols can be used regardless of the degree of physical or cognitive

imitation of the patients (given that there is no task at hand). More-

ver, the rs-fMRI will not only allow clinicians to compare patients to

heir healthy counterparts, but also to evaluate changes of the functional

onnectivity and architecture within the same patient over time. Thus,

unctional connectivity at rest in spinal cord could be a good candidate

o be a clinical biomarker of disease progression and recovery, treatment

uccess, as well as a predictor of disease evolution, provided that future

tudies will present evidence of pattern reproducibility in longitudinal

pinal rs-fMRI studies. 

.2. Using spinal fMRI to monitor treatment approaches 

Pathology of the spinal cord often leads to severe sensorimotor im-

airment involving unilateral or bilateral alteration of the sensory and

otor pathways below the segment presenting the spinal abnormality.

he use of drug treatments or rehabilitation methods to improve the sen-

orimotor capacities of patients have been tested in combination with

rain fMRI in order to highlight the potential for functional restoration

fter such interventions. For example, brain investigation of MS patients

ave shown that brain neuroplasticity can be modulated by pharmaco-

ogical treatment ( Mainero et al., 2004 ) and by rehabilitation regimens,

uch as sensorimotor training ( Tomassini et al., 2012 ). To our knowl-

dge, no studies have investigated the effect of this type of treatment on

he spinal cord function, although changes in resting-state connectivity

elated to spinal MS lesions have been recently observed ( Conrad et al.,

018 ). Thus, spinal fMRI appears promising for evaluating the reorga-

ization of the sensorimotor networks in the spinal cord and for demon-

trating the benefits of such interventions. 

Spinal fMRI for preoperative mapping has also shown to be very

romising in SCI patients given the great heterogeneity of lesions be-

ween individuals. For example, epidural electrical stimulation of the

pinal cord is an innovative technique being used to improve recovery

fter a spinal cord injury. Using matrix of electrodes applied dorsally to

he lumbosacral spinal cord, this technique aims to activate spinal cir-

uits involved in motor function by recruiting proprioceptive afferents

for review, see Courtine and Sofroniew, 2019 ). Combined with an in-

ense rehabilitation protocol, such electrical stimulations delivered with

recise spatiotemporal patterns has been found to improve postural and

ocomotor abilities in patients with spinal cord injury ( Wagner et al.,

018 ). Spinal cord fMRI recordings in those patients would therefore

rovide valuable information on the functional state of the sensorimo-

or circuits before and after treatment. Furthermore, establishing a di-

gnosis of the remaining functional activity in the spinal cord could be

elevant to predict success of treatment and could be used as part of the

nclusion process. 
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In summary, spinal fMRI has been used to date in a relatively nar-

ow area of clinical research, but our review suggests that it may hold a

ery promising future. To be successful, such clinical applications should

e undertaken by combining state-of-the-art fMRI acquisition and pro-

essing techniques developed over the last few years, with a good un-

erstanding of the physiological mechanisms underlying the observed

unctional activity. 

. Limitation and recommendation 

In Section 1 , we described the technical challenges and limitations

e.g., small dimension of the spinal cord, deep structure surrounded by

ifferent types of tissue, long-extended rostro-caudal curvature, phys-

ological noise, and physical movements) that researchers have been

ealing with when acquiring spinal fMRI data. Thanks to technologi-

al advances in this field, however, it’s now possible to optimize the

mage acquisition protocols and data processing to significantly im-

rove the image quality in spinal fMRI ( Section 4 ). Indeed, we strongly

ecommend following the guidelines for improving fMRI acquisition

ethods that have been introduced over the last decade to maximize

ignal-to-noise ratios and resolution, and that have been well described

n a recent review article ( Cohen-Adad, 2017 ; Stroman et al., 2014 ;

innermann et al., 2020 ). In addition to technological advances, it is

ecommended that the experimenter positions the participant carefully

cervical cord almost straight and to minimize the curvature of the

eck). A fat saturation and stabilization device for MRI (Sadpad TM )

hould also be positioned around the neck and chest to reduce body

ovements and increase the magnetic field homogeneity across the cer-

ical spine, particularly near the laryngopharyngeal region. Finally, it

s important to inform the participant to try not to swallow during the

cans or at least to do so very gently. 

In addition to the challenge of acquiring images covering the spinal

ord or the brain and spinal cord simultaneously, data processing must

ollow recent guidelines. While standard neuroimaging software (e.g.

PM, FSL, AFNI, BrainVoyager, nilearn toolbox …) have been developed

o perform pre-processing and statistical analysis of the brain, standard

rocessing pipelines for the spinal cord are just beginning to emerge.

he most recent studies ( Islam et al., 2019 ; Kinany et al., 2020 , 2019 ;

ahdat et al., 2020 ; Weber et al., 2020 , 2018 , 2016 ) and review papers

rticle ( Cohen-Adad, 2017 ; Stroman et al., 2014 ; Tinnermann et al.,

020 ) are now referring to the Spinal Cord Toolbox (SCT), an open-

ource software developed for processing spinal cord MRI data. SCT of-

ers a standardization of the processing pipelines although some steps

till have to be done or corrected manually (e.g. segmentation, vertebral

abeling). In addition to preprocessing, physiological noise modeling

hould be applied carefully to increase the reliability of spinal cord fMRI

esults. We recommend to combine physiological noise modeling that

ccount for cardiac and respiratory cycle based on the RETROICOR tech-

ique ( Glover et al., 2000 ) with the CompCor method based on principal

omponents derived from noise in regions-of-interest (e.g. CSF) ( Behzadi

t al., 2007 ). Despite such recommendations, signal losses may occur

nd measurements of the tSNR and inter-scan motion will allow the

xperimenter to exclude some participants or scans. Finally, the devel-

pment of more standardized acquisition and pre-processing pipelines is

radually being accompanied by more reproducible group analyses. To

rovide an overview of the preprocessing and analysis steps used in the

4 studies included in this review, we have reported this information in

upplementary tables (Tables S4–S6). Future brain and spinal-cord fMRI

tudies will need to carefully consider the recent recommendation pro-

osed by the Committee on Best Practices in Data Analysis and Sharing

COBIDAS) to improve the reproducibility of analysis methods and the

onfidence in the published results. 

. Concluding remarks 

Human spinal cord fMRI investigating somatosensory and motor sys-

ems generated much excitement in recent years through a wide variety
15 
f experimental paradigms. Although the development of reliable spinal

MRI methods has been a long and slow process due to the many tech-

ical challenges inherent to this technique, the present review demon-

trates that this particular application of functional neuroimaging has

esulted in major advances in the field. Indeed, the body of research re-

iewed here not only confirms and support the basic notions acquired

ver the years on the physiological organization of the spinal cord, but

lso show that these studies increase our understanding of the complex

ole of the spinal cord in the processing of sensorimotor information re-

uired for movement perception, execution and learning; processes that

re typically studied mainly in ‘higher’ brain areas by the neuroimag-

ng community. By cross-referencing the results obtained at the fMRI

acroscopic level in humans with our previous knowledge of the spinal

scending (sensory) and descending (motor) pathways from mainly elec-

rophysiological observations, we demonstrate here that spinal fMRI is

 powerful non-invasive tool for exploring human spinal cord pathways

n a large scale, as well as at multiple levels of the CNS. Indeed, we high-

ight strong cross-validation between task-related and resting state fMRI

esults to investigate ascending and descending pathways in accordance

ith well-known hemi-body (lateralization), sensory-motor (posterior-

nterior) and rostro-caudal (spinal segment) organization of spinal path-

ays. The field has also accumulated consistent evidence of different

ctivity patterns depending on whether participants are involved in a

ensory stimulation paradigm, motor task or at rest. 

Moreover, spinal fMRI presents distinct advantages over the electro-

hysiological techniques in terms of in vivo imaging of multiple seg-

ents and 3D localization of activity. Although future studies will need

o carefully consider its inherent technical challenges, we believe that

he current advances provide a good bridgehead to expand the use of

pinal fMRI in clinical settings and clinical research to better charac-

erize diseases affecting this structure, predict their progression, and

uide therapeutic interventions. Finally, the simultaneous acquisition

f both brain and cervical spinal cord fMRI data is a very effective tool

n the study of healthy and pathological neurophysiological sensorimo-

or mechanisms in vivo, encompassing both motor and sensory systems

s a whole. 
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