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Abstract: Neuroplastic changes in somatotopic organization within the motor and somatosensory
systems have long been observed. The interruption of afferent and efferent brain–body pathways
promotes extensive cortical reorganization. Changes are majorly related to the typical homuncular
organization of sensorimotor areas and specific “somatotopic interferences”. Recent findings revealed
a relevant peripheral contribution to the plasticity of body representation in addition to the role of
sensorimotor cortices. Here, we review the ways in which structures and brain mechanisms react to
missing or critically altered sensory and motor peripheral signals. We suggest that these plastic events
are: (i) variably affected across multiple timescales, (ii) age-dependent, (iii) strongly related to altered
perceptual sensations during and after remapping of the deafferented peripheral area, and (iv) may
contribute to the appearance of secondary pathological conditions, such as allodynia, hyperalgesia,
and neuropathic pain. Understanding the considerable complexity of plastic reorganization processes
will be a fundamental step in the formulation of theoretical and clinical models useful for maximizing
rehabilitation programs and resulting recovery.

Keywords: phantom limb; spinal cord injury; neuroplasticity; somatotopy; somatosensory cortex;
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1. Introduction

Body representation involves multiple neural sources of information. The primary somatosensory
and motor cortices of the adult brain contain detailed maps of physical body topography that are
thought to be adapted from interactions with the physical world [1].

This topographic organization allows us to predict major reorganization of the brain–body
interaction, with changes in peripheral and central mechanisms following the loss of primary sensory
and motor innervation.

Abnormalities in the cortical representation of the body, apparently arising from regions that
have been completely denervated, is mostly documented in individuals with amputations. However
relevant information on somatotopic remapping has also been recognized in peripheral disconnection
(brachial plexus avulsion, BPA) [2] or spinal cord injury (SCI) [3]. Following input and output loss
of limb BPA due to the traction/avulsion of cervical nerve roots from the spinal cord mimics the
amputation, however, preserving the visual experience of the limb. Patients with BPA commonly
report a remapping of sensation from the hand to the cheek [4], in the jaw and buccal region [5], or in
the ear [6], presumably the same mechanisms that are responsible for phantom sensations in amputees.
In SCI, the sensorimotor signaling between the brain and an entire portion of the body (and not only a
specific limb) located below the level of lesion is interrupted permanently despite the physical body
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remaining unaltered. From the brain’s viewpoint, the somatotopic remapping of a complete SCI and
amputation could be quite similar: in both cases, the rapid and complete loss of sensory input from a
certain body part leads to a compensatory reorganization mechanism and phantom reduplication.

From a neuroscientific perspective, the mechanisms by which the brain transduces the flow of
signals following peripheral disconnection are not yet understood. Moreover, despite the existence
of several hypotheses, it is still unclear how the absence or critical impairment of sensory and motor
signals in peripheral areas is compensated for by appropriate brain mechanisms and cortical territories.
We took advantage of the clinical conditions of long-term sensorimotor loss to provide an ideal model
for exploring brain reorganization, resulting in the physical preservation of the involved body region
but with the complete loss of sensory and motor signals (in contrast to amputation). From this
perspective, we consider alternative methods by which appropriate brain mechanisms and cortical
territories reorganize the sensorimotor map after sensory and motor loss.

2. Disparities between Old and New in the Multiple-Scale Neural Plasticity of Brain-Body
Reorganization Following Spinal Cord Injury (SCI)

Studies in both humans [7–10] and non-human primates [11–13] have detected substantial brain
reorganization after SCI. A clear neural signature was identified in the primary somatosensory and
motor cortices of primates after upper limb deafferentation with a medial spatial shift in facial
representation (10–14 mm) toward the digit representation area [14]. Even if hand movement ability
is mostly preserved, such deafferentation is sufficient to induce a similar expansion of the face
representation, indicating that complete and incomplete lesions may promote similar displacement
toward the adjacent face. These changes include the expansion of new facial connections into the
deafferented hand region (in the primary somatosensory cortex [15] and the ventroposterior nucleus of
the thalamus [16], spinal cord, and dorsal column nuclei [17]) as well as the transneuronal atrophy of
deafferented structures [18].

Analogously, following the removal of sensory input from an upper limb nerve block in humans,
participants reported swelling of the lips, providing evidence for a relationship between perceived
body changes and areas neighboring the anesthetized region on the somatosensory map [19].

Furthermore, hemodynamic and electrophysiological changes in individuals with SCI indicate
reorganization within and/or beyond the deafferented sensorimotor cortex. The increased activation of
the somatosensory sites of the hand [20], finger [7], and tongue [21] shifting toward the deafferented area
is associated with grey matter preservation and decreased fractional anisotropy [7]. Additionally, focal
transcranial magnetic stimulation (TMS) has revealed the reorganization of corticospinal pathways,
enlarged motor cortical representation maps, and shorter latencies in unaffected muscles represented
immediately adjacent to the cortical deafferentation area. TMS also revealed reduced excitability
and prolonged silent periods in muscles distal to the deafferented area [22], indicating that sensory
motor cortical system reorganization predominantly occurs in neighboring zones after SCI. Moreover,
specific “somatotopic interferences” of the face–hand homunculus are indicated by vivid “phantom”
limb experiences in SCI that implicitly confirm the topographical remapping of the cortical territories
following peripheral disconnection [23]. Despite the fact that selective somatotopic interference,
cortical dynamics, and neuroplasticity based on competitive interaction from a normally innervated
body are common and widely accepted (i.e., the phantom limb and anesthetization phenomena),
there is no objective evidence supporting a neural topographic substitution in humans linked to
peripheral loss, as has been observed in monkeys. Some of the discrepancies between human and
animal neuroplasticity arise from interspecies biological differences and include variations in the way
in which different species experience their bodies when interacting with the world. Therefore, the
topographic reorganization of body parts is in response to activity and new skill acquisition [24].
Following peripheral loss, missing-hand territory can be flexibly assigned to body parts that share the
same functional utility as the absent hand. After deafferentation, an animal is much more exposed to
perform mouth actions than patients with SCI, leading to different neural topographic reorganization.
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Additionally, in humans and animals, differences in the location and function of the corticospinal,
rubrospinal, and reticulospinal tracts likely influence the activity of several motor clusters in the
spinal cord, which innervate and control the limb muscles [25]. Finally, in individuals with injuries
neurologically classified as “complete” [26], a rim of some intact peripheral tissue and fibers is
spared [27], indicating the different potential of functional changes.

However, beyond these differences, many aspects remain unclear and controversial.
Consistent with this classical view of expanding representation, it would be prudent to assume
that the loss of functionality and reorganization should be reflected in the representation of body image;
however, behavioral empirical evidence is controversial.

Recent studies on patients with SCI suggest that, despite the profound alteration of the
dynamic organization of peripheral sensation and movement, permanent and extensive sensorimotor
disconnection has minimal effects on the body templates (i.e., depictive body image measure), even
after extensive periods of deafferentation [28,29]. Therefore, the body metric (i.e., the dimension and
positions of key points on the body relative to each other) is not based on signals from any single
receptor or afferent pathway but indicates the existence of multiple pathways for body representation.
However, as posited by both theoretical [30,31] and quantitative [28,32–34] studies, the acquisition
of wheelchair proficiency by SCI patients alters the metrical perceptions of the body, suggesting an
interplay between the body template and online information from the periphery updated via successive
visual and proprioceptive changes in body position. At the functional level, it is commonly assumed
that the deprivation of peripheral neural signals can strengthen the internal somatosensory body
processes in neighboring cortical zones after SCI. Indeed, following long-term sensory deafferentation
of the lower limb, the advantage of normal proprioception in patients with paraplegia prevents the
overwriting of proprioceptive information via visual capture, such as, for example, the proprioceptive
drift classically found in the rubber hand illusion [35]. Under such simultaneous multisensory interplay,
vision typically dominates proprioception and touch, but not in patients with paraplegia. Large-scale
cortical reorganization in certain body areas may determine an enlarged and strengthened internal
proprioceptive representation of a paraplegic’s hand that prevented the illusion from overwriting
proprioceptive information regarding hand localization.

Additionally, multisensory stimulation can directly benefit the tactile and pain perception of
deafferented fingers adjacent to the sentient fingers [36,37]. These findings implicitly suggest the
functional advantages of cross-modal effects but dissociating the contributions of the cortical and
subcortical mechanisms of neuroplasticity is challenging.

However, a more profound concern regarding the traditional remapping hypothesis is the extent
to which results derived from brain plasticity studies in adult primates can be extended to human
brain plasticity and whether the mechanisms involved extend beyond the intracortical level.

Multiple research groups have challenged two main hypotheses: the primary role of
the sensorimotor cortex in the reorganization process and the assumption that the residual
ascending sensory pathways are fundamentally silent and play a limited role in recovery [38,39].
They suggest that future plasticity models should consider the observation that, after traumatic events,
pre-injury sensorimotor representations can “survive” along with the newly formed connections.
Recent advancements in material engineering and surgical techniques allowed for the implantation
of microelectrodes, organized in dense arrays, directly on the brain surface in patients with a SCI.
Using carefully modulated electrical micro-stimulation exactly on the primary sensorimotor regions,
the researchers could elicit natural sensations that follow the expected somatotopic representation,
indicating the remarkable stability of somatosensory cortical maps [39]. Furthermore, the ability to
evoke strong and highly detailed phantom sensations by stimulating the stump supports the hypothesis
of a preserved somatotopic organization. Functional cortical plasticity observed after deafferentation
is likely to be a result of the reorganization of pathways originating from residual peripheral nerves
and extending upward via the spinal cord, brainstem, and thalamus [38]. This notion suggests that
the major changes in cortical organization that presumably reflect the adaptation of cortical maps to
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altered spinothalamic and spinocerebellar input occur due to the collateral sprouting of damaged or
spared pathways, which form new neuronal tracts [40].

This view remains to be confirmed. Perhaps the only way to elucidate the intricate processes
involved in post-deafferentation plasticity is to systematically incorporate other potentially associated
variables into further investigations.

The effects of a SCI can present great variability, from slight reduced sensory and motor activity in
an incomplete lesion to the abolished sensory and motor and interoceptive signals in a complete lesion,
suggesting a degree of cortical reorganization of body which is highly variable [40]. Recent advances
by resting state functional magnetic resonance imaging (MRI) indicate that the neural connectivity
after acute and chronic SCI appears modified by indicating that reorganization may occur not only in
the brain but also in the spinal cord [41,42]. Changes in neural connectivity along new pathways in the
processing of sensorimotor information, in the spinal cord and brain cortex, occurring after SCI, support
an integrated view and enhanced recognition of the bottom-up and top-down contributions [41,42].
While many anatomical and functional brain and spinal cord changes may be related to the extent
of neurological injury and lesion severity, considering the cases of neurologically complete injury,
a variety of additional factors are inherently involved in reorganization after deafferentation [43,44].

Time is a critical factor in experience-dependent plasticity, and longitudinal studies are required
to understand the progressive development in process timing that, by their very definition, extend
across different time scales. Combining a longitudinal approach with the use of a wider variety of
techniques, such as magnetic resonance imaging, would facilitate the acquisition of a greater amount of
information pertaining to cross-sectional studies, which—in the case of neurological lesions—exhibit
high variability among their subjects. The displacement of cortical sensorimotor representations is
minimal one year after SCI and is oriented toward deafferented representation depending on the severity
of the SCI [22]. Traumatic events, such as spinal injuries, are linked to the development of secondary
damage, including neurodegenerative processes in the medullar, subcortical, and cortical structures [45].
After inflammatory processes that are typical of the acute phase, a loss of myelin and accumulation of
iron lead to progressive atrophy involving the spinal cord, corticospinal tract, cerebellum, thalamus,
primary and secondary sensory cortices, and the cingulate cortex [45]. This neurodegeneration process
stabilizes between 24 and 36 months-post-SCI, in conjunction with what, in many patients, corresponds
with the cessation of clinical progress. Higher rates of degeneration are associated with more severe
sensorimotor impairment and greater neuropathic pain intensity. Moreover, the extent of atrophy and
demyelination at six months-post-SCI can predict a patient’s outcome at two years [45].

Age affects brain plasticity and functional reorganization, both of which are associated with
characteristics that rely on processes that vary during a lifetime. Traumatic events, such as SCIs or limb
loss, may have different clinical outcomes depending on the age of the patient. Age-related factors
influence the recovery process at the molecular level and beyond. One example is a reduction in the
concentration of antioxidant defenses that is typical in older subjects and often associated with an
increase in reactive oxygen species, which, in turn, exacerbates inflammatory events [46]. As possible
consequences, interactions between increased inflammatory responses, reduced neuronal plasticity,
and reduced regenerative potential may negatively affect the recovery process.

Subjective experiences collected from individual patients are an important source of potentially
useful information, particularly when coupled with objective recordings of neurophysiological activity.
Moreover, the phenomenon of phantom sensations has driven research on bodily representations and
cortical plasticity for several decades. Phantom sensations can be elicited by touching body parts that
are “cortical neighbors” of the deafferented location. It is less well-known that phantom sensations can
undergo topographical changes from the acute phase to the subsequent healing phases. SCI patients
report phantom limb sensations similar to those that are experienced by amputees. The incidence of
paraplegia phantom cases may be the same as amputation phantom cases but are reported less often
because many phantoms may coincide with reported sensations and movement below the neurological
level of injury of a limb that remains visibly intact, thus creating conflicting messages [47,48]. In contrast
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with amputees, the visual impression may then become the prevalent source of body information, yet
lacking essential body information, sensorimotor but also interoceptive and proprioceptive post-lesional
perception. Somatotopic patterns are not, however, uniformly reported after SCI. Several referred
phantom sensations evoked by contact with body parts that were both neighboring and distant and not
predicted to be adjacent in the cortex, suggest instead a non-somatotopic remapping that is projected
to the cortex [23,47,49].

Subcortical, rather than cortical, plastic changes may provide the referred phantom sensations of
non-adjacent cortical regions (i.e., chest regions following forearm contact) after SCI [23].

An assessment of the emergence and course of progression of phantom hand sensation after
a brachial plexus injury in a patient enabled the investigation of an unclear aspect of the sensory
somatotopic organization of the ear [50]. Typically, the phantom sensation of a missing or deafferented
hand can be evoked by touching the corresponding cheek and lower part of the face, but, in the
aforementioned patient, the phantom sensation was evoked via stimulation of the aural region
innervated by a branch of the vagus nerve [6]. Interestingly, after a few weeks, the phantom sensation
began to gradually migrate from the ear and generally localized on the lower part of the face, suggesting
ongoing sensory reorganization [51].

These not necessarily somatotopic phenomenon in body peripheral disconnection suggest the
presence of possible subcortical sensory interference and the importance of deafferentation as a model
for body representation research.

Maladaptive plasticity is another process that warrants further investigation. It is widely
considered to be the neural basis of the emergence and chronicity of phantom limb pain. The complete
somatosensory deprivation and activity loss of afferent information from the missing limb or the area
of the body below the SCI is widely considered to be a trigger of the maladaptive process. The amount
of reorganization in the primary somatosensory cortex was found to correlate with the reported
intensity of neuropathic pain following SCI [52]. However, specific morphometric changes occur
in the cortico-spinal tracts of individuals with SCI with and without neuropathic pain, suggesting
on-going cortical and subcortical reorganization related to pain modulation. Notably, recent research
has suggested the possibility of a much more active role of damaged peripheral nerves in the persistent
representation of the missing limb [53,54]. Higher levels of cortical activity in the somatosensory area
associated with the missing limb correlate with both phantom pain and the preserved ability to feel
and mentally move the phantom hand, suggesting a limited impact of maladaptive reorganization.

3. Conclusions

As this work indicates, the classical theory of cortical reorganization, although still dominant
in the literature, does not adequately explain some of the most recent findings. Both subcortical
structures and residual or ectopic peripheral nervous activity are gaining relevance in terms of shaping
the representation of the body [38,39], creating a balanced picture of both top-down and bottom-up
processes. Therefore, the unification of seemingly conflicting results would be a major achievement in
the comprehension of the body–mind problem.

As in other fields, the need to integrate complex interactions into innovative research designs
and clinical procedures is a natural consequence of the above-described aspects of the brain–body
disconnection. Sensorimotor loss following SCI imposes a heavy burden on healthcare systems
but represents an invaluable resource for basic and clinical research [55]. Recent technological
advancements highlight the need for a multiple-scale joint research activity ranging from the molecular
level to cognitive and human sciences [56]. The outcomes will help in the generation of new models
aimed at reducing the growing discrepancies between engineering achievements and everyday life.
A “side effect” of the great challenge in providing rehabilitation protocols for such patients includes
questioning how to best use the brain–body (or body–brain) information. Clinical treatments aiming
to increase and preserve the use of the on-line and off-line experiences of body sensation, sense of
ownership, and sense of agency should be based on remapping inputs to the affected body parts
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into the preserved body parts. In particular, taking advantage of peripheral multisensory integration
processes could enhance the perceptual experience and chronic pain management [36,37,57], thus
improving life quality.

Author Contributions: Conceptualization: M.P.; Writing—original draft preparation: E.L. and M.P.;
Critical revision of the article: L.D.G. and M.P.; Final approval of published version: EL, L.D.G. and M.P.;
Supervision and funding acquisition, L.D.G. and M.P.

Funding: This work was supported by the Italian Ministry of Health (RF-2018-12365682).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pazzaglia, M.; Zantedeschi, M. Plasticity and Awareness of Bodily Distortion. Neural Plast. 2016, 2016,
9834340. [CrossRef] [PubMed]

2. Sherman, R.A.; Griffin, V.D.; Evans, C.B.; Grana, A.S. Temporal relationships between changes in phantom
limb pain intensity and changes in surface electromyogram of the residual limb. Int. J. Psychophysiol. Off. J.
Int. Organ. Psychophysiol. 1992, 13, 71–77. [CrossRef]

3. Cook, A.W.; Druckemiller, W.H. Phantom limb in paraplegic patients; report of two cases and an analysis of
its mechanism. J. Neurosurg. 1952, 9, 508–516. [CrossRef] [PubMed]

4. Ramachandran, V.S.; Hirstein, W. The perception of phantom limbs. The D. O. Hebb lecture. Brain 1998, 121
Pt 9, 1603–1630. [CrossRef]

5. Tsao, J.W.; Finn, S.B.; Miller, M.E. Reversal of phantom pain and hand-to-face remapping after brachial
plexus avulsion. Ann. Clin. Transl. Neurol. 2016, 3, 463–464. [CrossRef]

6. Pazzaglia, M.; Galli, G.; Lucci, G.; Scivoletto, G.; Molinari, M.; Haggard, P. Phantom limb sensations in the
ear of a patient with a brachial plexus lesion. Cortex 2019, 117, 385–395. [CrossRef]

7. Henderson, L.A.; Gustin, S.M.; Macey, P.M.; Wrigley, P.J.; Siddall, P.J. Functional reorganization of the brain
in humans following spinal cord injury: Evidence for underlying changes in cortical anatomy. J. Neurosci.
2011, 31, 2630–2637. [CrossRef]

8. Hoffman, L.R.; Field-Fote, E.C. Cortical reorganization following bimanual training and somatosensory
stimulation in cervical spinal cord injury: A case report. Phys. Ther. 2007, 87, 208–223. [CrossRef]

9. Cramer, S.C.; Lastra, L.; Lacourse, M.G.; Cohen, M.J. Brain motor system function after chronic, complete
spinal cord injury. Brain 2005, 128, 2941–2950. [CrossRef]

10. Curt, A.; Bruehlmeier, M.; Leenders, K.L.; Roelcke, U.; Dietz, V. Differential effect of spinal cord injury and
functional impairment on human brain activation. J. Neurotrauma 2002, 19, 43–51. [CrossRef]

11. Jain, N.; Catania, K.C.; Kaas, J.H. Deactivation and reactivation of somatosensory cortex after dorsal spinal
cord injury. Nature 1997, 386, 495–498. [CrossRef]

12. Endo, T.; Spenger, C.; Tominaga, T.; Brene, S.; Olson, L. Cortical sensory map rearrangement after spinal cord
injury: fMRI responses linked to Nogo signalling. Brain 2007, 130, 2951–2961. [CrossRef]

13. Ghosh, A.; Sydekum, E.; Haiss, F.; Peduzzi, S.; Zorner, B.; Schneider, R.; Baltes, C.; Rudin, M.; Weber, B.;
Schwab, M.E. Functional and anatomical reorganization of the sensory-motor cortex after incomplete spinal
cord injury in adult rats. J. Neurosci. 2009, 29, 12210–12219. [CrossRef]

14. Pons, T.P.; Garraghty, P.E.; Ommaya, A.K.; Kaas, J.H.; Taub, E.; Mishkin, M. Massive cortical reorganization
after sensory deafferentation in adult macaques. Science 1991, 252, 1857–1860. [CrossRef]

15. Merzenich, M.M.; Nelson, R.J.; Stryker, M.P.; Cynader, M.S.; Schoppmann, A.; Zook, J.M. Somatosensory
cortical map changes following digit amputation in adult monkeys. J. Comp. Neurol. 1984, 224, 591–605.
[CrossRef]

16. Jain, N.; Qi, H.X.; Collins, C.E.; Kaas, J.H. Large-scale reorganization in the somatosensory cortex and
thalamus after sensory loss in macaque monkeys. J. Neurosci. 2008, 28, 11042–11060. [CrossRef]

17. Florence, S.L.; Taub, H.B.; Kaas, J.H. Large-scale sprouting of cortical connections after peripheral injury in
adult macaque monkeys. Science 1998, 282, 1117–1121. [CrossRef]

18. Jones, E.G.; Pons, T.P. Thalamic and brainstem contributions to large-scale plasticity of primate somatosensory
cortex. Science 1998, 282, 1121–1125. [CrossRef]

http://dx.doi.org/10.1155/2016/9834340
http://www.ncbi.nlm.nih.gov/pubmed/27630779
http://dx.doi.org/10.1016/0167-8760(92)90022-4
http://dx.doi.org/10.3171/jns.1952.9.5.0508
http://www.ncbi.nlm.nih.gov/pubmed/12981572
http://dx.doi.org/10.1093/brain/121.9.1603
http://dx.doi.org/10.1002/acn3.316
http://dx.doi.org/10.1016/j.cortex.2018.08.020
http://dx.doi.org/10.1523/JNEUROSCI.2717-10.2011
http://dx.doi.org/10.2522/ptj.20050365
http://dx.doi.org/10.1093/brain/awh648
http://dx.doi.org/10.1089/089771502753460222
http://dx.doi.org/10.1038/386495a0
http://dx.doi.org/10.1093/brain/awm237
http://dx.doi.org/10.1523/JNEUROSCI.1828-09.2009
http://dx.doi.org/10.1126/science.1843843
http://dx.doi.org/10.1002/cne.902240408
http://dx.doi.org/10.1523/JNEUROSCI.2334-08.2008
http://dx.doi.org/10.1126/science.282.5391.1117
http://dx.doi.org/10.1126/science.282.5391.1121


J. Clin. Med. 2019, 8, 2144 7 of 8

19. Paqueron, X.; Leguen, M.; Rosenthal, D.; Coriat, P.; Willer, J.C.; Danziger, N. The phenomenology of body
image distortions induced by regional anaesthesia. Brain 2003, 126, 702–712. [CrossRef]

20. Bruehlmeier, M.; Dietz, V.; Leenders, K.L.; Roelcke, U.; Missimer, J.; Curt, A. How does the human brain deal
with a spinal cord injury? Eur. J. Neurosci. 1998, 10, 3918–3922. [CrossRef]

21. Corbetta, M.; Burton, H.; Sinclair, R.J.; Conturo, T.E.; Akbudak, E.; McDonald, J.W. Functional reorganization
and stability of somatosensory-motor cortical topography in a tetraplegic subject with late recovery. Proc.
Natl. Acad. Sci. USA 2002, 99, 17066–17071. [CrossRef]

22. Lotze, M.; Laubis-Herrmann, U.; Topka, H. Combination of TMS and fMRI reveals a specific pattern of
reorganization in M1 in patients after complete spinal cord injury. Restor. Neurol. Neurosci. 2006, 24, 97–107.

23. Moore, C.I.; Stern, C.E.; Dunbar, C.; Kostyk, S.K.; Gehi, A.; Corkin, S. Referred phantom sensations and
cortical reorganization after spinal cord injury in humans. Proc. Natl. Acad. Sci. USA 2000, 97, 14703–14708.
[CrossRef]

24. Donoghue, J.P. Plasticity of adult sensorimotor representations. Curr. Opin. Neurobiol. 1995, 5, 749–754.
[CrossRef]

25. Courtine, G.; Bunge, M.B.; Fawcett, J.W.; Grossman, R.G.; Kaas, J.H.; Lemon, R.; Maier, I.; Martin, J.; Nudo, R.J.;
Ramon-Cueto, A.; et al. Can experiments in nonhuman primates expedite the translation of treatments for
spinal cord injury in humans? Nat. Med. 2007, 13, 561–566. [CrossRef]

26. Maynard, F.M., Jr.; Bracken, M.B.; Creasey, G.; Ditunno, J.F., Jr.; Donovan, W.H.; Ducker, T.B.; Garber, S.L.;
Marino, R.J.; Stover, S.L.; Tator, C.H.; et al. International Standards for Neurological and Functional
Classification of Spinal Cord Injury. American Spinal Injury Association. Spinal Cord 1997, 35, 266–274.
[CrossRef]

27. Tator, C.H. Biology of neurological recovery and functional restoration after spinal cord injury. Neurosurgery
1998, 42, 696–707. [CrossRef]

28. Fuentes, C.T.; Pazzaglia, M.; Longo, M.R.; Scivoletto, G.; Haggard, P. Body image distortions following spinal
cord injury. J. Neurol. Neurosurg. Psychiatry 2013, 84, 201–207. [CrossRef]

29. Pazzaglia, M.; Galli, G.; Lewis, J.W.; Scivoletto, G.; Giannini, A.M.; Molinari, M. Embodying functionally
relevant action sounds in patients with spinal cord injury. Sci. Rep. 2018, 8, 15641. [CrossRef]

30. Standal, O.F. Re-embodiment: Incorporation through embodied learning of wheelchair skills. Med. Health
Care Philos. 2011, 14, 177–184. [CrossRef]

31. Papadimitriou, C. Becoming en-wheeled: The situated accomplishment of re-embodiment as a wheelchair
user after spinal cord injury. Disabil. Soc. 2008, 23, 691–704. [CrossRef]

32. Pazzaglia, M.; Galli, G.; Scivoletto, G.; Molinari, M. A Functionally Relevant Tool for the Body following
Spinal Cord Injury. PLoS ONE 2013, 8, e58312. [CrossRef]

33. Arnhoff, F.; Mehl, M. Body image deterioration in paraplegia. J. Nerv. Ment. Dis. 1963, 137, 88–92. [CrossRef]
34. Higuchi, T.; Hatano, N.; Soma, K.; Imanaka, K. Perception of spatial requirements for wheelchair locomotion

in experienced users with tetraplegia. J Physiol. Anthr. 2009, 28, 15–21. [CrossRef]
35. Lenggenhager, B.; Pazzaglia, M.; Scivoletto, G.; Molinari, M.; Aglioti, S.M. The sense of the body in individuals

with spinal cord injury. PLoS ONE 2012, 7, e50757. [CrossRef]
36. Lenggenhager, B.; Scivoletto, G.; Molinari, M.; Pazzaglia, M. Restoring tactile awareness through the rubber

hand illusion in cervical spinal cord injury. Neurorehabil. Neural Repair 2013, 27, 704–708. [CrossRef]
37. Pazzaglia, M.; Haggard, P.; Scivoletto, G.; Molinari, M.; Lenggenhager, B. Pain and somatic sensation are

transiently normalized by illusory body ownership in a patient with spinal cord injury. Restor. Neurol.
Neurosci. 2016, 34, 603–613. [CrossRef]

38. Makin, T.R.; Bensmaia, S.J. Stability of Sensory Topographies in Adult Cortex. Trends Cogn. Sci. 2017, 21,
195–204. [CrossRef]

39. Flesher, S.N.; Collinger, J.L.; Foldes, S.T.; Weiss, J.M.; Downey, J.E.; Tyler-Kabara, E.C.; Bensmaia, S.J.;
Schwartz, A.B.; Boninger, M.L.; Gaunt, R.A. Intracortical microstimulation of human somatosensory cortex.
Sci. Transl. Med. 2016, 8, 361ra141. [CrossRef]

40. Filipp, M.E.; Travis, B.J.; Henry, S.S.; Idzikowski, E.C.; Magnuson, S.A.; Loh, M.Y.; Hellenbrand, D.J.;
Hanna, A.S. Differences in neuroplasticity after spinal cord injury in varying animal models and humans.
Neural. Regen. Res. 2019, 14, 7–19. [CrossRef]

http://dx.doi.org/10.1093/brain/awg063
http://dx.doi.org/10.1046/j.1460-9568.1998.00454.x
http://dx.doi.org/10.1073/pnas.262669099
http://dx.doi.org/10.1073/pnas.250348997
http://dx.doi.org/10.1016/0959-4388(95)80102-2
http://dx.doi.org/10.1038/nm1595
http://dx.doi.org/10.1038/sj.sc.3100432
http://dx.doi.org/10.1097/00006123-199804000-00007
http://dx.doi.org/10.1136/jnnp-2012-304001
http://dx.doi.org/10.1038/s41598-018-34133-z
http://dx.doi.org/10.1007/s11019-010-9286-8
http://dx.doi.org/10.1080/09687590802469420
http://dx.doi.org/10.1371/journal.pone.0058312
http://dx.doi.org/10.1097/00005053-196307000-00010
http://dx.doi.org/10.2114/jpa2.28.15
http://dx.doi.org/10.1371/journal.pone.0050757
http://dx.doi.org/10.1177/1545968313491009
http://dx.doi.org/10.3233/RNN-150611
http://dx.doi.org/10.1016/j.tics.2017.01.002
http://dx.doi.org/10.1126/scitranslmed.aaf8083
http://dx.doi.org/10.4103/1673-5374.243694


J. Clin. Med. 2019, 8, 2144 8 of 8

41. Cadotte, D.W.; Bosma, R.; Mikulis, D.; Nugaeva, N.; Smith, K.; Pokrupa, R.; Islam, O.; Stroman, P.W.;
Fehlings, M.G. Plasticity of the injured human spinal cord: Insights revealed by spinal cord functional MRI.
PLoS ONE 2012, 7, e45560. [CrossRef]

42. Matsubayashi, K.; Nagoshi, N.; Komaki, Y.; Kojima, K.; Shinozaki, M.; Tsuji, O.; Iwanami, A.; Ishihara, R.;
Takata, N.; Matsumoto, M.; et al. Assessing cortical plasticity after spinal cord injury by using resting-state
functional magnetic resonance imaging in awake adult mice. Sci. Rep. 2018, 8, 14406. [CrossRef]

43. Gourab, K.; Schmit, B.D. Changes in movement-related beta-band EEG signals in human spinal cord injury.
Clin. Neurophysiol. 2010, 121, 2017–2023. [CrossRef]

44. Tetreault, L.; Palubiski, L.M.; Kryshtalskyj, M.; Idler, R.K.; Martin, A.R.; Ganau, M.; Wilson, J.R.; Kotter, M.;
Fehlings, M.G. Significant Predictors of Outcome Following Surgery for the Treatment of Degenerative
Cervical Myelopathy: A Systematic Review of the Literature. Neurosurg. Clin. N. Am. 2018, 29, 115–127.e135.
[CrossRef]

45. Ziegler, G.; Grabher, P.; Thompson, A.; Altmann, D.; Hupp, M.; Ashburner, J.; Friston, K.; Weiskopf, N.;
Curt, A.; Freund, P. Progressive neurodegeneration following spinal cord injury: Implications for clinical
trials. Neurology 2018, 90, e1257–e1266. [CrossRef]

46. Stewart, A.N.; Gensel, J.C.; Zhang, B. Therapeutic implications of advanced age at time of spinal cord injury.
Neural. Regen. Res. 2019, 14, 1895.

47. Riddoch, G. The reflex functions of the completely divided spinal cord in man, compared with those
associated with less severe lesions. Brain 1917, 40, 264–402. [CrossRef]

48. Drysdale, D.G.; Shem, K.; Walbom, A.; Miner, M.D.; Maclachlan, M. Phantom sensations in people with
complete spinal cord lesions: A grounded theory perspective. Disabil. Rehabil. 2009, 31, 267–276. [CrossRef]

49. Bors, E. Phantom limbs of patients with spinal cord injury. AMA Arch. Neurol. Psychiatry 1951, 66, 610–631.
[CrossRef]

50. Pazzaglia, M.; Leemhuis, E.; Giannini, A.M.; Haggard, P. The Homuncular Jigsaw: Investigations of Phantom
Limb and Body Awareness Following Brachial Plexus Block or Avulsion. J. Clin. Med. 2019, 8, 182. [CrossRef]

51. Pazzaglia, M.; Scivoletto, G.; Giannini, A.M.; Leemhuis, E. My hand in my ear: A phantom limb re-induced
by the illusion of body ownership in a patient with a brachial plexus lesion. Psychol. Res. 2019, 83, 196–204.
[CrossRef]

52. Wrigley, P.J.; Press, S.R.; Gustin, S.M.; Macefield, V.G.; Gandevia, S.C.; Cousins, M.J.; Middleton, J.W.;
Henderson, L.A.; Siddall, P.J. Neuropathic pain and primary somatosensory cortex reorganization following
spinal cord injury. Pain 2009, 141, 52–59. [CrossRef]

53. Kikkert, S.; Johansen-Berg, H.; Tracey, I.; Makin, T.R. Reaffirming the link between chronic phantom limb
pain and maintained missing hand representation. Cortex 2018, 106, 174–184. [CrossRef]

54. Vaso, A.; Adahan, H.M.; Gjika, A.; Zahaj, S.; Zhurda, T.; Vyshka, G.; Devor, M. Peripheral nervous system
origin of phantom limb pain. Pain 2014, 155, 1384–1391. [CrossRef]

55. Scivoletto, G.; Galli, G.; Torre, M.; Molinari, M.; Pazzaglia, M. The Overlooked Outcome Measure for Spinal
Cord Injury: Use of Assistive Devices. Front. Neurol. 2019, 10, 272. [CrossRef]

56. Ganau, M.; Holly, L.T.; Mizuno, J.; Fehlings, M.G. Future Directions and New Technologies for the
Management of Degenerative Cervical Myelopathy. Neurosurg. Clin. N. Am. 2018, 29, 185–193. [CrossRef]

57. Galli, G.; Lenggenhager, B.; Scivoletto, G.; Giannini, A.M.; Pazzaglia, M. “My friend, the pain”: Does altered
body awareness affect the valence of pain descriptors? J. Pain Res. 2019, 12, 1721–1732. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0045560
http://dx.doi.org/10.1038/s41598-018-32766-8
http://dx.doi.org/10.1016/j.clinph.2010.05.012
http://dx.doi.org/10.1016/j.nec.2017.09.020
http://dx.doi.org/10.1212/WNL.0000000000005258
http://dx.doi.org/10.1093/brain/40.2-3.264
http://dx.doi.org/10.1080/09638280801923607
http://dx.doi.org/10.1001/archneurpsyc.1951.02320110075007
http://dx.doi.org/10.3390/jcm8020182
http://dx.doi.org/10.1007/s00426-018-1121-5
http://dx.doi.org/10.1016/j.pain.2008.10.007
http://dx.doi.org/10.1016/j.cortex.2018.05.013
http://dx.doi.org/10.1016/j.pain.2014.04.018
http://dx.doi.org/10.3389/fneur.2019.00272
http://dx.doi.org/10.1016/j.nec.2017.09.006
http://dx.doi.org/10.2147/JPR.S191548
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Disparities between Old and New in the Multiple-Scale Neural Plasticity of Brain-Body Reorganization Following Spinal Cord Injury (SCI) 
	Conclusions 
	References

