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ABSTRACT

Phantom Limb Pain (PLP) is a dysesthesic painful sensations perceived in the lost limb, resulting from complex interac-
tions between structural and functional nervous systems changes. We analyze its main pathogenetic models and speculate
on candidate therapeutic targets. The neuroma model considers PLP to arise from spontaneous activity of residual limb
injured axons. Other peripheral-origin models attribute PLP to damage of somatosensory receptors or vascular changes.
According to the cortical remapping model, the loss of bidirectional nervous flow and the need to enhance alternative
functions trigger reorganization and arm and face skin afferents “invade” the hand territory. On the contrary, the persistent
representation model suggests that continued inputs preserve the lost limb representation and that, instead to a shrinkage,
PLP is associated with larger representation and stronger cortical activity. In the neuromatrix model, the mismatch be-
tween body representation, which remains intact despite limb amputation, and real body appearance generates pain. An-
other hypothesis is that proprioceptive memories associate specific limb positions with pre-amputation pain and may be
recalled by those positions. Finally, the stochastic entanglement model offers a direct relationship between sensorimotor
neural reorganization and pain. Amputation disrupts motor and somatosensory circuits, allowing for maladaptive wiring
with pain circuits and causing pain without nociception. Relief of PLP depends solely on motor and somatosensory cir-
cuitry engagement, making anthropomorphic visual feedback dispensable. Existing and apparently contradicting theories
might not be mutually exclusive. All of them involve several intertwined potential mechanisms by which replacing the
amputated limb by an artificial one could counteract PLP.
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ixty percent to 80%! of subjects that suffered

limb amputation have often their quality of
life worsened by phantom limb pain (PLP).2
Phantom sensation or awareness is the non-
painful feeling that the lost limb is still present
and kinesthetically perceived, whereas PLP is a
dysesthesic and painful sensations perceived in
the lost limb. Phantom limbs can be experienced
in the form of kinetic sensations (perception of
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movement), proprioceptive components (size,
shape, position) and exteroceptive perceptions
(touch, pressure, temperature, itch, vibration).?
The phantom can be perceived as having a nor-
mal limb size, or shorter than the original limb
(telescoping) with hands, fingers, or toes per-
ceived at the level of the stump.4

The majority of amputees experience PLP
as burning (13.6%), cramps (15.3%), prick-
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ling (23.4%), electrification (21%) and tingling
(20.4%).! In 35% of cases, PLP is associated
with the reason of amputation or with stump pain
originating after amputation.>

PLP pharmacological management employs
CNS-acting drugs and local anesthetics. Antide-
pressants, especially amitriptyline, are first-line
therapies.® Gabapentin is safer than other anticon-
vulsants,” but its efficacy for PLP is low.8 Strong
Opioids are effective,® 10 while tramadol —a weak
opioid p-receptor agonist — is rapid but less ef-
fective.8 Memantine, an NMDA glutamate recep-
tor antagonist, is effective in acute pain,!! yet less
effective on chronic one.!2 13 Local anaesthetics,
(e.g. lidocaine — a sodium channel blocker) inject-
ed into the dorsal root ganglion transiently relieve
PLP.14

Interestingly, there are no proofs that combi-
nation of medications is superior to single drug.8
Other treatments include mirror and cognitive
behavioral therapy, neuromodulation, and sur-
gery.!5 Also, transcutaneous electrical nerve
stimulation (TENS) has been proved to be help-
ful 16,17

Despite such wide choice of possible treat-
ments, PLP remains often not completely resolved,
and sufferers exhibit high psychological and emo-
tional distress,!8 anxiety and mood disturbance.!®

The origin of PLP has intrigued scientists for
long.20, 21 Initially, PLP was believed to have no
organic roots and its psychological consequence
were misinterpreted as its cause.3 Today, PLP is
believed to be the result of complex interactions
between structural and functional changes of the
central and peripheral nervous systems.

In this article we analyze the main pathoge-
netic models of PLP and speculate on candidate
therapeutic targets. Here, we consider a “model”
as a theoretical abstraction useful to circumscribe
the object of investigation and examine the vari-
ables at play.

Peripheral pathogenesis behind PLP was
popular in the past and had recently regaining
relevance. The neuroma model considers PLP
to arise from the spontaneous activity of ectopic
hyperexcitable loci on injured axons within the
residual limb.22 Although the brain might mis-
interpret impulses generated at the residual limb
as originating from the absent limb,23 it may be
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more appropriate to refer to such pain as “neu-
roma pain.”24 Whereas neuromas can result in
pain perceived in the missing limb treatable by
surgical interventions,25: 26 maladaptive changes
in the central nervous system can maintain PLP
without a neuroma. Moreover, stump pain should
be resolved as it can be a trigger of PLP.

Other models on the peripheral origin of PLP
hypothesize that damaged residual somatosen-
sory receptors may produce unwanted discharge
causing allodynia,?” or that non-neural factors,
such as vascular changes in the stump, may con-
tribute to phantom pain.28

Alongside peripheral models, others focus on
central mechanisms. After injury and loss of bidi-
rectional nervous flow, a topographical and func-
tional reorganization of the nervous system takes
place, pushed by the need to enhance alternative
functions vicariating for the hand loss.2 An initial
unmasking of existing but functionally silent syn-
aptic connections due to the lack of “surround”
inhibition from the “orphan” area is followed by
a later arising of new path connecting the areas
controlling the lost limb with adjacent regions.30
Such cortical reorganization sets the stage for the
cortical remapping model, which is one of the
most popular explanations for the PLP.

Afferents from skin in the upper arm and face
“invade” the hand territory, in line with the hand
cortical representation setting, which is in be-
tween the face area on one side and the upper
arm on the other.3!

Built upon an older hypothesis,32 a keystone
study shifted the focus to the CNS by showing
that the amount of somatosensory cortical reor-
ganization correlates with the magnitude of PLP,
not with non-painful phantom phenomena,33
suggesting PLP as directly correlated with plastic
changes occurring in this cortex. Along this line,
PLP patients showed a shift of the lip representa-
tion toward the deafferented primary motor and
somatosensory hand areas.3*

The remapping model could explain telescop-
ing; since the cortical representation of the hand
is wider and “stronger” compared to that of the
forearm, and thus transradial amputations are
less likely to develop a phantom forearm.35. 3¢

However, recent experiments found no clear
correlation between cortical reorganization and
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PLP challenging the orthodoxy of this relation-
ship. In the persistent representation model,
maintained representation and continued inputs
are supposed to preserve local structures and
their functions in an experience-dependent man-
ner.37- 38 Instead to a shrinkage of the lost limb
representation, this model associates greater PLP
with stronger cortical activity and larger repre-
sentation of the phantom. In support of this mod-
el, it was found that the amount of PLP reduction
experienced by patients undergoing transcranial
direct current stimulation, while producing phan-
tom motor execution, inversely correlates with
the level of activity in the affected sensorimo-
tor areas.? Prior studies have found a reduction
of PLP by transcranial direct current stimula-
tion alone,* but the combination with phantom
motor execution has been theorized as more
effective in other models.24 In addition, similar
cortical activity has been observed between able-
bodied and subjects with amputations, but latter
showed a disruption of inter-regional functional
connectivity between homologous cortices gov-

DI PINO

erning the intact and the lost limb, which reflects
a repeated lack of their coactivation.37

Looking at the topic from a different perspec-
tive, the concept of body image and schema, the
brain dynamic representation of the spatial and
biomechanical properties of one’s body, derived
from sensory inputs and from the copy of the
motor commands during the interaction with the
external world,*! could provide a template for
understanding phantom limb syndrome after in-
terruption of sensory feedback.42 43

During an anesthetic block of the brachial plex-
us, patients report their limb to be in one or two
predominant postures, which do not vary among
patients and ignore the actual position of the limb,
as if the posture was coded in a static physical-
self.44 This possibility disrupts the traditional
view of the body representation as being only a
continuously updating projection of sensory feed-
back. Melzack hypothesizes that this representa-
tion relies on a genetically determined network
connecting the cortex with the thalamus and the
limbic system, named neuromatrix (Figure 1).45.46

Cortical remapping
After the amputation
a massive reorgani-
zation happens: input
from face and stump
begins to activate
the hand area on the
cortex

s Motor pathway
@S Somatosensory pathway
s Pain pathway

Persistent hand
representation
Phantom pain is asso-
ciated with preserved
structure and functional
organization in the hand
area. The greater is pain,
the greater is phantom
representation

Neuroma
Spontaneous activity
of residual limb inju-
red axons are respon-

sible for the pain

Stochastic
entanglement
A maladaptive wiring
between senso-

Neuromatrix
Subject’s body repre-
sentation remains
intact despite limb
amputation, but it
no longer matches
the real body
appearance

Propioceptive
memories
Phantom sensations
are effects of
propioceptive
memories which
associated specific
limb position with the
pain felt before the
amputation

rimotor and pain
networks following
deafferentation could
cause pain

Non-neural factors
Vascular changes
in the stump may

contribute to phan-

tom pain

Damaged receptors
Damaged residual
somatosensory re-

ceptors may produce

unwanted discharge
causing allodynia

Multifactorial model
Several causes contri-

buted to the phantom
limb experience

Figure 1.—Brief description of phantom limb pain models.
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Neuromatrix is the base for a further PLP
model suggesting that subject’s body representa-
tion remains intact despite limb amputation, but
it no longer matches the real body appearance.
This mismatch generates pain without nocicep-
tion and is responsible for PLP.

Accordingly, with a static representation hy-
pothesis, both the quality and location of the
phantom pain are the same of the pre-amputa-
tion pain in 60% of subjects who reported pain
around the time of amputation.4

However, the predictive value of pre-operative
pain for postamputation pain has been debated?
and recent studies found no correlation between
pre-amputation pain and PLP.48

Nonetheless, memory seems to play a crucial
role in the perception of PLP. It has been suggest-
ed that pain is encoded prior to the amputation
and can later be triggered by external stimuli,
and that phantom sensations are effect of pro-
prioceptive memories which associated specific
limb positions with the pain felt before the am-
putation.4® Following the amputation, memories
of motor and sensory information for a limb may
be recalled,’ as when during regional anesthesia
patients refer to perceive limb position different
from the actual one.5! 52 Visuo-proprioceptive
incongruence is due to proprioceptive memories
of the lost limb and visual awareness that the
limb is missing.

Finally, the stochastic entanglement model is
a recent attempt to explain PLP.24 Previous ideas
on the genesis of PLP lack of a direct relationship
between observed phenomena (e.g., cortical reor-
ganization) and the neural circuitry generating the
experience of pain. Amputation drastically dis-
rupts cortical, sub-cortical, and spinal motor and
somatosensory circuits, potentially allowing for
maladaptive wiring with pain processing circuits.
If under ordinary circumstances pain perception
network are solely activated because of noxious
stimuli, a stochastic entanglement between sen-
sorimotor and pain networks following deaffer-
entation could cause pain without nociception.

However, existing — and apparently contra-
dicting — theories might not be mutually exclu-
sive: the remapping and persistent representation
models could coexist in a scenario in which a
partial cortical reorganization occurs while a part
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of the limb representation is still preserved, or in
case of overlapping.53 The persistent representa-
tion model shares with Melzack’s hypothesis the
idea that PLP arises while the representation of
the limb remains mostly unchanged.

Another explanation which holds for several
models sees maladaptive plasticity not mainly
affecting the extension of the cortical representa-
tion or its absolute activity, but other functional
features, such as the interplay with relevant ar-
eas. Peripheral factors such as neuromas and vas-
cular changes might not directly maintain PLP
but, they could contribute to the stump pain that,
in turn, could exacerbate PLP driving it to chro-
nicity.

One holistic approach to the complexity of the
phenomenon was already suggested in the late
nineties, where at least five different causes were
argued to play a role in PLP: stump neuromas,
cortical remapping, monitoring of corollary dis-
charge from motor commands to the limb, one’s
body image and vivid somatic memories of pain-
ful sensations or posture of the original limb
translated into the phantom.>* These components
were thought to work together and influence
each other; as a result, subjective experience of
PLP may vary substantially from one patient to
another. However, the necessity of each of these
components, and the exclusion of others, remains
an open question.

All considering, it emerges clearly that togeth-
er with the pharmacological management of pain,
the complex nature of the phenomenon is better
faced by a multilevel care approach designed to
achieve physical and psychological recovery.

From this brief overview of the neuropatho-
genetic hypotheses behind PLP, few suggestions
can be gathered. PLP complexity and its tight re-
lation with other types of pain (e.g. stump or dys-
autonomic pain) can easily lead to a PLP wrong
diagnosis. Improving our knowledge of the phe-
nomenon is the first step towards the most accu-
rate therapeutic approach.

For instance, it is interesting to note how us-
ing a prosthesis can modulate body-related sen-
sorimotor integration,>> which is the basis on
which the representation of the body is built, and
it can also reduce the perceived pain.35. 5659 In-
terestingly, the use of prostheses was reported to
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normalize intra and interhemispheric functional
activity and connectivity,® ¢! and it was nega-
tively correlated with cortical reorganization and
positively correlated with the reduction of PLP.62

There are several intertwined potential mecha-
nisms by which replacing an amputated limb by
an artificial one would counteract PLP; such as:
1) re-engaging of motor and somatosensory neu-
ral circuitry; 2) normalizing sensory inputs and
motor outputs; 3) normalizing primary sensorim-
otor cortical representation; 4) normalizing body
representation in the frontoparietal network; 4)
resolving conflicts among sensory modalities or
with the motor commands; and 5) embodying the
prosthesis into the body representation.53

The stochastic entangle model stipulates that
relief of PLP depends solely on the engagement
of motor and somatosensory circuitry, making
anthropomorphic visual feedback desirable but
dispensable.?4 In this case, PLP would also be
eliminated with a prosthesis that looks nothing
like a human limb, so long its control relies on
the missing limb’s motor and somatosensory
neural circuitry. This is in sharp contrast with
the most popular views of models relying on the
resolution of sensory-motor incongruence and
restoration of body representations, where an-
thropomorphic visual feedback is not only highly
valued but necessary. It is worthy of notice that
visual feedback alone is not enough, as a real-
istic, anthropomorphic, but passive prosthesis
does not resolve PLP, while therapies without
anthropomorphic visual feedback have shown to
relieve PLP.24,39, 63, 64

Conclusions

The utility of a model relies on its ability to ac-
curately predict empirical data, while avoiding
unnecessary complexity. We are still far from
grasping a full understanding of the PLP phe-
nomenon, for instance, there is contradicting
reports on congenital and acquired deafferenta-
tions,®5-67 which PLP models should be challenge
with. Providing testable hypothesis and explic-
itly stating the expected prediction, while also
increasing collaboration between researchers in
the field, would help further understanding of the
phenomena.
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Key messages

 Peripheral-origin models attribute PLP
to neuroma, damaged somatosensory recep-
tor, or to vascular deterioration in the stump.

* Alteration of bidirectional nervous flow
and substitution of lost functions trigger cor-
tical plasticity, which “invades” the hand ter-
ritory (cortical remapping model) or enlarges
the hand representation and its activity (per-
sistent representation model).

e Mismatch between damaged body and
its preserved representation (neuromatrix
model) or harmful association of specific
limb position with pre-amputation pain (pro-
prioceptive memories) are further possible
PLP causes, but maladaptive rewiring of
sensorimotor and pain circuits directly links
plasticity and pain (stochastic entanglement
model).

 All those apparently contradicting theo-
ries might not be mutually exclusive and
involve intertwined mechanisms by which
high-interacting hand prostheses could coun-
teract PLP.

References

1. Ugorji TZ, Agbasi PU, Daniel JA, Anyiam CK, Nwakam-
ma J, Offor M, et al. Prevalence of amputation and phantom
sensation among selected amputees.pdf>. EC Orthopaedics.
2019;10:751-6.

2. Sinha R, Van Den Heuvel WJ. A systematic literature re-
view of quality of life in lower limb amputees. Disabil Reha-
bil 2011;33:883-99.

3. Weinstein SM. Phantom limb pain and related disorders.
Neurol Clin 1998;16:919-36.

4. Pirowska A, Wloch T, Nowobilski R, Plaszewski M, Ho-
cini A, Ménager D. Phantom phenomena and body scheme
after limb amputation: a literature review. Neurol Neurochir
Pol 2014;48:52-9.

5. Kern U, Busch V, Rockland M, Kohl M, Birklein F. [Preva-
lence and risk factors of phantom limb pain and phantom limb

sensations in Germany. A nationwide field survey]. Schmerz
2009;23:479-88. [German]

6. Kaur A, Guan Y. Phantom limb pain: A literature review.
Chin J Traumatol 2018;21:366-8.

7. Dworkin RH, O’Connor AB, Audette J, Baron R, Gourlay
GK, Haanpda ML, et al. Recommendations for the pharma-
cological management of neuropathic pain: an overview and
literature update. Mayo Clin Proc 2010;85:S3—14.

8. Fang J, Lian YH, Xie KJ, Cai SN. Pharmacological in-
terventions for phantom limb pain. Chin Med J (Engl)
2013;126:542-9.

485



This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically
or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access

to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is not permitted to remove,

cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Article. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary information of the Publisher.

COPYRIGHT© 2021 EDIZIONI MINERVA MEDICA

DI PINO

9. Wu CL, Tella P, Staats PS, Vaslav R, Kazim DA, Wes-
selmann U, et al. Analgesic effects of intravenous lidocaine
and morphine on postamputation pain: a randomized double-
blind, active placebo-controlled, crossover trial. Anesthesiol-
ogy 2002;96:841-8.

10. Wu CL, Agarwal S, Tella PK, Klick B, Clark MR, Hay-
thornthwaite JA, et al. Morphine versus mexiletine for treat-
ment of postamputation pain: a randomized, placebo-con-
trolled, crossover trial. Anesthesiology 2008;109:289-96.

11. Hackworth RJ, Tokarz KA, Fowler IM, Wallace SC, Sted-
je-Larsen ET. Profound pain reduction after induction of me-
mantine treatment in two patients with severe phantom limb
pain. Anesth Analg 2008;107:1377-9.

12. Wiech K, Kiefer RT, Topfner S, Preissl H, Braun C,
Unertl K, et al. A placebo-controlled randomized crossover
trial of the N-methyl-D-aspartic acid receptor antagonist, me-
mantine, in patients with chronic phantom limb pain. Anesth
Analg 2004;98:408-13.

13. Maier C, Dertwinkel R, Mansourian N, Hosbach I,
Schwenkreis P, Senne 1, et al. Efficacy of the NMDA-receptor
antagonist memantine in patients with chronic phantom limb
pain—results of a randomized double-blinded, placebo-con-
trolled trial. Pain 2003;103:277-83.

14. Vaso A, Adahan HM, Gjika A, Zahaj S, Zhurda T, Vyshka
G, et al. Peripheral nervous system origin of phantom limb
pain. Pain 2014;155:1384-91.

15. Modest JM, Raducha JE, Testa EJ, Eberson CP. Man-
agement of Post-Amputation Pain. R I Med J (2013)
2020;103:19-22.

16. Black LM, Persons RK, Jamieson B. Clinical inquiries.
What is the best way to manage phantom limb pain? J Fam
Pract 2009;58:155-8.

17. Katz J, Melzack R. Auricular transcutaneous electrical
nerve stimulation (TENS) reduces phantom limb pain. J Pain
Symptom Manage 1991;6:73-83.

18. Katz J. Phantom Limb Experience in Children and
Adults: Cognitive and Affective Contributions. Can J Behav
Sci 1993;25:335-54.

19. Fuchs X, Flor H, Bekrater-Bodmann R. Psychological
Factors Associated with Phantom Limb Pain: A Review of
Recent Findings. Pain Res Manag 2018;2018:5080123.

20. Nathanson M. Phantom limbs as reported by S. Weir
Mitchell. Neurology 1988;38:504-5.

21. Finger S, Hustwit MP. Five early accounts of phantom
limb in context: Paré, Descartes, Lemos, Bell, and Mitchell.
Neurosurgery 2003;52:675-86.

22. Collins KL, Russell HG, Schumacher PJ, Robinson-Free-
man KE, O’Conor EC, Gibney KD, ef al. A review of current
theories and treatments for phantom limb pain. J Clin Invest
2018;128:2168-76.

23. Finnoff J. Differentiation and treatment of phantom sen-
sation, phantom pain, and residual-limb pain. J Am Podiatr
Med Assoc 2001;91:23-33.

24. Ortiz-Catalan M. The Stochastic Entanglement and Phan-
tom Motor Execution Hypotheses: A Theoretical Framework
for the Origin and Treatment of Phantom Limb Pain. Front
Neurol 2018;9:748.

25. Dumanian GA, Potter BK, Mioton LM, Ko JH, Chees-
borough JE, Souza JM, et al. Targeted Muscle Reinnervation

Treats Neuroma and Phantom Pain in Major Limb Amputees:
A Randomized Clinical Trial. Ann Surg 2019;270:238—46.

26. Woo SL, Kung TA, Brown DL, Leonard JA, Kelly BM,
Cederna PS. Regenerative Peripheral Nerve Interfaces for the
Treatment of Postamputation Neuroma Pain: A Pilot Study.
Plast Reconstr Surg Glob Open 2016;4:¢1038.

486

MINERVA ANESTESIOLOGICA

NEUROPHYSIOLOGICAL MODELS OF PHANTOM LIMB PAIN

27. Campbell J, Raja S, Cohen R, Manning D, Khan A, Mey-
er R. Peripheral neural mechanisms of nociception. Textbook
of pain. London: Churchill Livingstone Edinburgh; 1989.
p.22-45.

28. Sherman RA, Bruno GM. Concurrent variation of burn-
ing phantom limb and stump pain with near surface blood
flow in the stump. Orthopedics 1987;10:1395-402.

29. Di Pino G, Guglielmelli E, Rossini PM. Neuroplasti-
city in amputees: main implications on bidirectional in-
terfacing of cybernetic hand prostheses. Prog Neurobiol
2009;88:114-26.

30. Jones EG. Cortical and subcortical contributions to ac-
tivity-dependent plasticity in primate somatosensory cortex.
Annu Rev Neurosci 2000;23:1-37.

31. Ramachandran VS, Rogers-Ramachandran D. Phantom
limbs and neural plasticity. Arch Neurol 2000;57:317-20.

32. Katz J. Psychophysiological contributions to phantom
limbs. Los Angeles, CA: SAGE Publications; 1992.

33. Flor H, Elbert T, Knecht S, Wienbruch C, Pantev C,
Birbaumer N, ef al. Phantom-limb pain as a perceptual cor-
relate of cortical reorganization following arm amputation.
Nature 1995;375:482-4.

34. Lotze M, Flor H, Grodd W, Larbig W, Birbaumer N.
Phantom movements and pain. An fMRI study in upper limb
amputees. Brain 2001;124:2268-77.

35. Rossini PM, Micera S, Benvenuto A, Carpaneto J, Caval-
lo G, Citi L, et al. Double nerve intraneural interface implant
on a human amputee for robotic hand control. Clin Neuro-
physiol 2010;121:777-83.

36. Schmalzl L, Ehrsson HH. Experimental induction of a
perceived “telescoped” limb using a full-body illusion. Front
Hum Neurosci 2011;5:34.

37. Makin TR, Scholz J, Filippini N, Henderson Slater D,
Tracey I, Johansen-Berg H. Phantom pain is associated with
preserved structure and function in the former hand area. Nat
Commun 2013;4:1570.

38. Makin TR, Flor H. Brain (re)organisation following am-
putation: implications for phantom limb pain. Neuroimage
2020;218:116943.

39. Kikkert S, Mezue M, O’Shea J, Henderson Slater D, Jo-
hansen-Berg H, Tracey 1, ef al. Neural basis of induced phan-
tom limb pain relief. Ann Neurol 2019;85:59-73.

40. Bolognini N, Spandri V, Olgiati E, Fregni F, Ferraro F,
Maravita A. Long-term analgesic effects of transcranial di-
rect current stimulation of the motor cortex on phantom

limb and stump pain: a case report. J Pain Symptom Manage
2013;46:e1-4.

41. Pinardi M, Ferrari F, D’Alonzo M, Clemente F, Raiano
L, Cipriani C, et al. ‘Doublecheck: a sensory confirmation is
required to own a robotic hand, sending a command to feel in
charge of it’. Cogn Neurosci 2020;11:216-28.

42. Giummarra MJ, Gibson SJ, Georgiou-Karistianis N,
Bradshaw JL. Central mechanisms in phantom limb percep-
tion: the past, present and future. Brain Res Brain Res Rev
2007;54:219-32.

43. Di Pino G, Maravita A, Zollo L, Guglielmelli E, Di Laz-
zaro V. Augmentation-related brain plasticity. Front Syst Neu-
rosci 2014;8:109.

44. Melzack R, Bromage PR. Experimental phantom limbs.
Exp Neurol 1973;39:261-9.

45. Melzack R. Phantom limbs and the concept of a neuroma-
trix. Trends Neurosci 1990;13:88-92.

46. Melzack R. Pain and the neuromatrix in the brain. J Dent
Educ 2001;65:1378-82.

April 2021



This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically
or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access

to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is not permitted to remove,

cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Article. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary information of the Publisher.

COPYRIGHT© 2021 EDIZIONI MINERVA MEDICA

NEUROPHYSIOLOGICAL MODELS OF PHANTOM LIMB PAIN

47. Katz J, Melzack R. Pain ‘memories’ in phantom limbs:
review and clinical observations. Pain 1990;43:319-36.

48. Richardson C, Crawford K, Milnes K, Bouch E, Kulkarni
J. A Clinical Evaluation of Postamputation Phenomena In-
cluding Phantom Limb Pain after Lower Limb Amputation in
Dysvascular Patients. Pain Manag Nurs 2015;16:561-9.

49. Anderson-Barnes VC, McAuliffe C, Swanberg KM, Tsao
JW. Phantom limb pain—a phenomenon of proprioceptive
memory? Med Hypotheses 2009;73:555-8.

50. Weeks SR, Anderson-Barnes VC, Tsao JW. Phantom limb
pain: theories and therapies. Neurologist 2010;16:277-86.

51. Gentili ME, Verton C, Kinirons B, Bonnet F. Clinical per-
ception of phantom limb sensation in patients with brachial
plexus block. Eur J Anaesthesiol 2002;19:105-8.

52. Bromage PR, Melzack R. Phantom limbs and the body
schema. Can Anaesth Soc J 1974;21:267-74.

53. Raffin E, Richard N, Giraux P, Reilly KT. Primary motor
cortex changes after amputation correlate with phantom limb
pain and the ability to move the phantom limb. Neuroimage
2016;130:134-44.

54. Ramachandran VS, Hirstein W. The perception of phan-
tom limbs. The D. O. Hebb lecture. Brain 1998;121:1603-30.

55. Di Pino G, Romano D, Spaccasassi C, Mioli A, D’Alonzo
M, Sacchetti R, et al. Sensory- and Action-Oriented Embodi-
ment of Neurally-Interfaced Robotic Hand Prostheses. Front
Neurosci 2020;14:389.

56. Tan DW, Schiefer MA, Keith MW, Anderson JR, Tyler J,

Tyler DJ. A neural interface provides long-term stable natural
touch perception. Sci Transl Med 2014;6:257ral38.

57. Horch K, Meek S, Taylor TG, Hutchinson DT. Object
discrimination with an artificial hand using electrical stimu-
lation of peripheral tactile and proprioceptive pathways with
intrafascicular electrodes. IEEE Trans Neural Syst Rehabil
Eng 2011;19:483-9.

58. Ortiz-Catalan M, Hékansson B, Branemark R. An os-

DI PINO

seointegrated human-machine gateway for long-term sensory
feedback and motor control of artificial limbs. Sci Transl Med
2014;6:257re6.

59. Ortiz-Catalan M, Mastinu E, Sassu P, Aszmann O, Bréane-
mark R. Self-Contained Neuromusculoskeletal Arm Prosthe-
ses. N Engl J Med 2020;382:1732-8.

60. Ferreri F, Ponzo D, Vollero L, Guerra A, Di Pino G, Pet-
richella S, et al. Does an intraneural interface short-term im-
plant for robotic hand control modulate sensorimotor cortical
integration? An EEG-TMS co-registration study on a human
amputee. Restor Neurol Neurosci 2014;32:281-92.

61. Di Pino G, Porcaro C, Tombini M, Assenza G, Pellegri-
no G, Tecchio F, et al. A neurally-interfaced hand prosthesis
tuned inter-hemispheric communication. Restor Neurol Neu-
rosci 2012;30:407-18.

62. Lotze M, Grodd W, Birbaumer N, Erb M, Huse E, Flor H.
Does use of a myoelectric prosthesis prevent cortical reorga-
nization and phantom limb pain? Nat Neurosci 1999;2:501-2.

63. Brodie EE, Whyte A, Niven CA. Analgesia through the
looking-glass? A randomized controlled trial investigating the
effect of viewing a ‘virtual’ limb upon phantom limb pain,
sensation and movement. Eur J Pain 2007;11:428-36.

64. Bolognini N, Spandri V, Ferraro F, Salmaggi A, Molinari
AC, Fregni F, ef al. Immediate and sustained effects of 5-day
transcranial direct current stimulation of the motor cortex in
phantom limb pain. J Pain 2015;16:657-65.

65. Ramachandran VS. Behavioral and magnetoencephalo-
graphic correlates of plasticity in the adult human brain. Proc
Natl Acad Sci USA 1993;90:10413-20.

66. Melzack R, Israel R, Lacroix R, Schultz G. Phantom
limbs in people with congenital limb deficiency or amputation
in early childhood. Brain 1997;120:1603-20.

67. Flor H, Elbert T, Miihlnickel W, Pantev C, Wienbruch
C, Taub E. Cortical reorganization and phantom phenomena

in congenital and traumatic upper-extremity amputees. Exp
Brain Res 1998;119:205-12.

Conflicts of interest—The authors certify that there is no conflict of interest with any financial organization regarding the material

discussed in the manuscript.

Funding.—This work was funded by INAIL (the Italian national workers’ compensation) under the PCR 1/2 [CUP:E57B16000160005]
project and the ReGive Me Five project [CUP RGMS: ES9E19001460005].

Authors’ contributions.—Giovanni Di Pino and Valeria Piombino have given substantial contributions to manuscript writing and
revision, Massimiliano Carassiti and Max Ortiz-Catalan to manuscript revision. All authors read and approved the final version of

the manuscript.

History.—Artticle first published online: January 12, 2021. - Manuscript accepted: December 17, 2020. - Manuscript revised: Novem-

ber 13, 2020. - Manuscript received: July 27, 2020.

Vol. 87 - No. 4

MINERVA ANESTESIOLOGICA

487



