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Sensorimotor training and cortical
reorganization
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Abstract. Several disorders that involve motor and sensory disturbances such as chronic pain, tinnitus, stroke or dystonia are also
characterized by changes in the sensory and motor maps in the sensorimotor cortices. This article reviews training procedures
that target these maladaptive changes and the behavioral and cortical changes that accompany them. In addition, we will discuss
factors that influence these training procedures and discuss new developments. These procedures include training of perceptual
abilities, motor function, direct cortical stimulation as well as behavioral approaches and have been shown to reorganize the
altered sensory and motor maps. Treatments that combine several modalities such as imagery or mirror treatment as well as use
of prostheses also have beneficial effects. Further research must elucidate the mechanisms of these plastic changes and relate
them to disorders and treatments.
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1. Introduction

An injury- or stimulation-related increase or de-
crease of sensory input into the brain leads to changes
in the respective primary sensory and often also the
motor areas and these alterations are associated with
unpleasant sensations such as in tinnitus or pain and/or
restrictions in motor function such as in focal dystonia.
In these disorders sensory or motor training seems to
be useful and is increasingly employed. In this review
we will focus on chronic pain with phantom limb pain
and complex regional pain syndrome as examples, as
well as stroke, dystonia, and tinnitus. First, we will
briefly describe cortical changes that are characteristic
for these disorders and we will then discuss sensorimo-
tor trainings and will focus on their effects, mechanisms
and future developments.
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Recovery of function is based on two mechanisms:
compensatory processes and restitution (for a review
see [79]) and it is likely that both occur simultaneously
in many cases. Compensatory processes are described
as functional reorganization or functional adaptation
and are achieved largely by the reorganization of sur-
viving neural circuits to enable a given behavior over
different circuits [55]. Training leads to a redistribu-
tion of representations to non-damaged areas of sensory
cortex via reorganization [101]. By partial restitution
of the impaired neuropsychological processes on the
basis of experience-dependent brain plasticity the for-
merly used brain circuits will reconstitute. Plastic re-
organization can occur through two types of processes:
First, an alteration in synaptic sensitivity related to un-
masking of existing connections through change in the
inhibitory dynamics. In contrast to structural changes
which take days and weeks to develop, this happens in
seconds to minutes [19]. Second, the reduced level of
activity in the area of the lesion weakens the synap-
tic connections between the damaged and undamaged
sites leading to a reduced synchronous firing of cells in
these two areas and thus weakening synaptic connec-
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tivity between them. This loss of connectivity results
in depression of function in the structurally undamaged
but functionally partly disconnected site. A number
of different approaches such as stimulation, bottom-
up targeted stimulation, top-down targeted stimulation,
manipulation of inhibitory processes, and manipulation
of arousal mechanisms can be derived from the model
of recovery.

2. Neuropathic pain
2.1. Injury-related brain changes

In persons with amputations it has been shown that
the region of the somatosensory cortex that formerly
received input from the now amputated limb reorga-
nizes and receives input from neighboring regions [21,
24,76,102]. These changes are mirrored in motor
cortex [12,39,41,52]. Interestingly, reorganizational
changes were only found in amputees with phantom
limb pain after amputation, but not in amputees with-
out pain. This suggests that pain may contribute to
the changes observed and that the persisting pain might
also be a consequence of the plastic changes that oc-
cur. In several studies carried out on human upper-
extremity amputee patients, displacement of the lip rep-
resentation in the primary motor and somatosensory
cortex was positively correlated with the intensity of
phantom limb pain, and was not present in pain-free
amputee patients or healthy control subjects. In addi-
tion, in the patients with phantom limb pain, but not in
the pain-free amputee patients, imagined movement of
the phantom hand was shown to activate the neighbor-
ing face area [52]. This co-activation probably occurs
due to the high overlap of the hand, arm, and mouth
representations.

Similar observations have been made in patients with
complex regional pain syndrome (CRPS). In these pa-
tients, the representation of the affected hand tended to
be smaller compared with that of the unaffected hand
and the individual digit representations had moved clos-
er together [38,59,60,74,86]. The extent of the patho-
logical changes in the cortical representations correlat-
ed with the intensity of pain or motor dysfunction [57,
61,74], but was additionally related to a degradation of
sensibility in the affected hand. It was, however, unre-
lated to a loss of motor function [57]. It is so far not
known how an expansion of adjacent representations
and a shrinking of adjacent representations as observed
in phantom limb pain and CRPS, respectively, can both
be associated with pain.

2.2. Sensory and motor training

In amputees with phantom pain, several stimulation-
related procedures were found to be effective. Intense
input into the cortical amputation zone by the use of
a myoelectric prosthesis or other prosthetic devices,
for example, was found to reduce both cortical reor-
ganization and phantom limb pain [53,98]. In patients
in whom the use of prosthesis is not possible, senso-
ry discrimination training might be beneficial. In one
study, electrodes were closely spaced over the ampu-
tation stump in a region where stimulation excites the
nerve that supplies the amputated portion of the arm.
Patients then had to discriminate the frequency and lo-
cation of the stimulation in an extended training period
that lasted 90 min/day over a 2-week period. Substan-
tial improvements to both two-point discrimination and
phantom limb pain were demonstrated in the trained
patients. These improvements were accompanied by
changes in cortical reorganization, indicating a normal-
ization of the shifted mouth representation [23]. An
asynchronous stimulation of the stump and lip area also
yielded a significant reduction in phantom limb pain
suggesting that the separation of overlapping cortical
networks involved in pain may be important [36].

Similar results were found in CRPS where active
discrimination between tactile stimuli lead to an im-
provement in pain intensity and two point discrimina-
tion compared to passive stimulation alone [68]. Tac-
tile spatial acuity also improved when a Hebbian stim-
ulation protocol of tactile coactivation [58] was used.
The question arises if active stimulation is necessary
or if passive stimulation is sufficient. In rats it could
be shown that associative (Hebbian) pairing of pas-
sive tactile stimulation leads to a selective enlarge-
ment of the areas of cortical neurons representing the
stimulated skin fields and of the corresponding recep-
tive fields [32]. In humans paired tactile stimulation
goes along with an improved spatial discrimination per-
formance [32,33] paralleled alterations of primary so-
matosensory cortex [31] indicating that fast plastic pro-
cesses based on co-activation patterns act on a cortical
and perceptual level. It is possible that in healthy con-
trols passive stimulation without a task is sufficient for
changes on the perceptual and cortical level whereas
patients, who are less able to discriminate stimuli [58,
68], may need active stimulation for an improvement
in discrimination ability (and pain intensity).

2.3. Mirror and motor imagery training

In 1995 Ramachandran et al. [77] suggested that the
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use of a mirror might reverse the reorganizational
changes observed in patients with phantom limb pain
and they provided evidence that viewing movements of
one’s intact hand in a mirror, which provides the im-
pression of viewing the amputated hand, lead to better
movement of and less pain in the phantom limb. In
lower limb amputees Brodie [5] reported a significantly
greater number of movements in the phantom when a
mirror box was used. Hunter et al. [35] showed that a
single trial mirror box intervention led to a more vivid
awareness of the phantom and a new or enhanced abil-
ity to move the phantom. Contrasting a mirror box
with executed movement Brodie et al. [4] reported that
movements in front of a mirror as well as movements
without a mirror attenuated phantom limb pain and
phantom sensation. Contrary to these findings, which
were based on a single trial, 4 weeks of mirror training
led to significantly more decrease in phantom limb pain
than training with a covered mirror or using mental vi-
sualization in lower limb amputees [11] suggesting that
phantom pain can be altered by visual feedback. It is
well known that vision tends to take precedence over
the other senses (touch included) when conflicting in-
formation is presented to vision and another sense [34,
68,80].

Reports on imagined phantom movements in am-
putees [22,52,54,82,83] showed activation in primary
sensorimotor cortex representing the amputated limb
and were supported by results from transcranial mag-
netic stimulation (TMS), which showed that perceived
phantom hand movement could be triggered by stimu-
lation over the motor cortex in an area that represent-
ed the now amputated limb [63]. Both Giraux and
Sirigu [30] and Maclver et al. [56] showed that im-
agery alone also affects the cortical map representing
the amputated limb and relieves phantom limb pain in
contrast to Chan et al. [11] who did not find changes in
phantom pain related to imagery but did not assess cor-
tical changes. These studies suggest that modification
of input into the affected brain region may alter pain
sensation.

Moseley used a tripartite program to treat patients
with CRPS [65,66]. This program consisted of: a hand
laterality recognition task (a pictured hand was to be
recognized as left or right); imagined movements of the
affected hand; and mirror therapy (patients were asked
to adopt the hand posture of both hands shown on a
picture in a mirror box while watching the reflection of
the unaffected hand). After a 2-week treatment, pain
scores were found to be significantly reduced. They
replicated this result in CRPS and phantom limb pain

patients [67]. In addition, McCabe et al. [55] found
a reduction in pain ratings during and after mirrored
visual feedback of movement of the unaffected limb in
CRPS patients. Gieteling et al. [29] asked CRPS pa-
tients with dystonic postures of the right upper extrem-
ity to execute or imagine movements during an func-
tional magnetic resonance (fMRI) measurement. Com-
pared with controls, imaginary movement of the affect-
ed hand in patients showed reduced activation in the
ipsilateral premotor and adjacent prefrontal cortex, and
in a cluster comprising the frontal operculum, the ante-
rior part of the insular cortex and the superior temporal
gyrus. Onthe contralateral side, reduced activation was
seen in the inferior parietal and adjacent primary senso-
ry cortex. There were no differences between patients
and controls when they executed movements, nor when
they imagined moving their unaffected hand. Transcra-
nial motor cortex stimulation has also been employed
successfully for CRPS (e.g. [73]).

3. Stroke

After unilateral stroke patients often ignore the limb
of the affected side and perform their daily activities
with their unaffected limb. This led Taub et al. [93,94]
to formulate the concept of learned nonuse, which is
based on the assumption that an initial inability to move
the affected limb is maintained by learning, specifi-
cally, positive reinforcement for use of the intact and
punishment for use of the affected limb. The endur-
ing nonuse of an affected limb may thus in part be be-
haviorally conditioned. This lead to the development
of Constraint-Induced Movement Therapy (CI thera-
py), which refers to a family of treatments for mo-
tor disability that combines constraint of movement,
massed practice, and shaping of behavior to improve
the amount of use of the targeted limb [95,97]. Until
now CI therapy has been evaluated in several labora-
tories [45,46,49,50,64,88] and has been implemented
in clinical practice [96]. CI therapy leads to activa-
tion in the hemisphere ipsilateral to the affected limb
in the absence of mirror movements of the unaffect-
ed hand [45] and later also to activation contralater-
al to the affected side in the undamaged hemisphere.
Results of an fMRI-study point in the same direction
and suggest that gains in motor function produced by
CI therapy may be associated with a shift in laterali-
ty of motor cortical activation toward the undamaged
hemisphere [85]. Another fMRI study observed new
activation in the contralateral to the affected hand mo-
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tor/premotor cortices in three subjects and increased
activation of the ipsilateral to the affected hand motor
cortex and SMA in two patients after CI therapy [42].
By using focal TMS it could be shown that the origi-
nally significantly smaller cortical representation area
of the muscle of the affected hand compared with the
unaffected hand was significantly enlarged after treat-
ment [49,50]. At the 6-month follow-up the two hemi-
spheres became almost identical, representing a return
of the balance of excitability between them towards a
normal condition [49]. In another study, motor-evoked
potential (MEP) amplitudes induced by TMS increased
significantly on the affected side after the intervention
and the power spectra of movement-related cortical po-
tentials (MRCP) revealed reduced peak frequency over
the supplementary motor area when the affected hand
was moved. These results show changes in cortical
electrical excitability while performing both involun-
tary and voluntary movements after 2 weeks of Cl ther-
apy and may be seen as a sign of neural reorganization
instigated by the intervention [92].

Mirror treatment has also been employed with stroke
patients. A mirror is propped up vertically and the pa-
tient is encouraged to use both arms while receiving
mirror visual feedback. Movement abilities were better
after mirror therapy compared to a control condition
with a transparent plastic sheet [1]. After massive deaf-
ferentation of sensory neurons but intact motor path-
ways in a stroke patient, mirror therapy lead to an im-
provement of grip strength and other useful movements
(e.g. opening a lock) in the paretic arm [84].

In several studies a positive effect of mirror therapy
could be found for upper- [1,17,84,89,103] and lower-
extremity motor recovery [91]. From these results it
can be concluded that that mirror therapy may acceler-
ate recovery of function. TMS has been used to explore
the neural basis of mirror therapy. It could be shown
that motor evoked potentials (MEPSs) were largest in the
mirror condition (viewing a mirror-reflection of the ac-
tive hand in a mirror oriented in the mid-sagittal plane)
compared with both an inactive (viewing the inactive
hand) and a central (viewing a mark positioned be-
tween hands) viewing condition. The authors conclud-
ed that the excitability of MI ipsilateral to unilateral
hand movement is facilitated by viewing a mirror re-
flection of the moving hand [28]. This finding pro-
vides neurophysiological evidence supporting the ap-
plication of mirror therapy in stroke rehabilitation. Mo-
tor imagery intervention also lead to an improvementin
arm function compared to a control group in acute [72]
and chronic [71] stroke patients. In another study the

specific instructions for forming a kinesthetic image or
to use first person imagery were absent suggesting that
these patients did not use motor imagery but instead
used imagery in the third person or visual imagery by
learning movements for solving daily living tasks com-
pared to a control group [51]. The experimental group
improved significantly more on daily living tasks but
not in re-learning basic motor skills. This suggests that
motor imagery could potentially lead to recovery of ba-
sic motor skills, whereas visual imagery might be used
for relearning the planning aspects of movements.

4. Dystonia

Focal hand dystonia relates to a loss of control over
individual fingers during task-specific activity, possibly
actuated by chronic massed practice with the fingers
in certain manual occupations or in musicians, which
results in co-contraction of flexors and extensors. This
goes along with alterations in both the somatosensory
representation of the digits and performance [62]. Neu-
ronal changes could be found in musicians with focal
hand dystonia showing fused representation of the indi-
vidual digits in somatosensory cortex compared to con-
trol subjects who show greater individuation of the digit
representations [2,10,20]. It was suggested that repet-
itive practice (limb overuse, rather than nonuse as in
stroke) could be responsible [6]. An intervention with
the aim to individuate the somatosensory representation
of the digits reduces the focal hand dystonia through
repetitive practice of isolated digit movements in musi-
cians [7-9] and writers’ cramp [106]. This is nearly the
contrary to the coordinated use of all digits during mu-
sical performance. In these studies the most affected
digit receives repetitive training while the other digits
are restrained with a splint [7-9]. The post-treatment
improvement was impressive, and several of the musi-
cians returned to professional performance. A different
approach of sensory training for patients with focal dys-
tonia involves training in Braille reading, which result-
ed in decreased disability after training [104,105]. A
recent study focused on the short- and long-term effects
of repeated administrations of repetitive-transcranial
magnetic stimulation (rTMS, 1 Hz) to the premotor
cortex on cortical excitability and handwriting perfor-
mance compared to sham rTMS and healthy subjects
receiving one real rTMS session [3]. After five days
of rTMS to premotor cortex, reduced cortical excitabil-
ity and improved handwriting performance were ob-
served and maintained for at least ten days following
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treatment. The same results could be found with sub-
threshold low-frequency (0.2 Hz) (rTMS) in writers’
cramp [70].

5. Tinnitus

Tinnitus is characterized by the perception of audi-
tory signals in the absence of any internal or external
source of sound. Several studies showed that the au-
ditory cortex is overactive in these patients and that
there are alterations in the tonotopic map that are not
only explained by hearing loss and that are correlated
with tinnitus severity [16,69,75] and that there is also
altered motor cortex excitability [47]. Thus, training
procedures that normalize the tonotopic map and re-
duce cortical hyperexcitablity seem feasible. In an au-
ditory discrimination training patients had to discrimi-
nate pairs of tones and received feedback on their per-
formance [25] similar to trainings in animals [78]. The
results showed a positive dose response effect of audi-
tory discrimination training. Similarly, Searchfield et
al. [87] reported positive effects of an object identifica-
tion and attention training for tinnitus. In several stud-
ies TMS over the auditory cortex was used to influence
tinnitus (for a review see[44,48]). For example, repet-
itive TMS was performed at 1 Hz at the patients cor-
tical areas with excessive tinnitus-related activity indi-
vidually navigated as assessed by [**O]H,O positron-
emission tomography (PET) [75]. A dose-dependent
attenuation of tinnitus severity after stimulation of the
individual tinnitus-related areas was found. Kleinjung
etal. [43] combined low-frequency temporal with high-
frequency frontal TMS based on the finding that frontal
areas are also altered in tinnitus (e.g. [99]) and achieved
major changes in tinnitus at a 3-month follow-up peri-
od. These training and stimulation protocols may di-
rectly affect tinnitus-related activity rather than amelio-
rating interference related to tinnitus. These approach-
es could be augmented by brain stimulation (e.g. [13]),
neurofeedback [18], extinction training [90] or virtual
reality applications.

6. Discussion and conclusion

Based on neuroscientific evidence on alterations in
the primary sensory and motor areas in sensory and
motor disorders such as chronic pain, hemipareses after
stroke, focal dystonias or tinnitus sensory and motor
training methods have been developed. They include

training of perceptual abilities, motor function, direct
cortical stimulation as well as behavioral approaches
and have been shown to reorganize altered sensory and
motor maps. In addition, treatments that combine sev-
eral modalities such as imagery or mirror treatment as
well as use of prostheses seem to have beneficial effects.
Direct brain stimulation methods such as TMS [3,43,
70,73,75] or transcranial direct current stimulation (tD-
CS) [26,27,81,100] have also been employed success-
fully in these disorders. Neurofeedback has been used
with EEG [18,37,40], or fMRI [14,15]. These are also
very promising approaches. This review has several
limitations. First, we have only discussed a selected
group of disorders where cortical reorganization oc-
curs. Second, we have only described these changes in
humans and have focused on implications for treatment
rather than explaining mechanisms. Third, we have not
been exhaustive with respect to the stimulation-related
approaches but have only described exemplary results.
For more comprehensive reviews see [100]. Finally,
much work still needs to be done to demonstrate the
efficacy of these plasticity-related treatment approach-
es, which were usually tested in small heterogeneous
samples without adequate controls. However, they may
point out new approaches to treatment of chronic disor-
ders and rehabilitation for the future. Future research
should explore additional benefits which might arise
from using brain stimulation methods in conjunction
with behavioral trainings, virtual reality applications or
plasticity-modifying pharmacological interventions.

Acknowledgements

The completion of this article was facilitated by
the Bundesministerium fiir Bildung und Forschung
(01EMO0512, German Research Network on Neuro-
pathic Pain, DFNS), the Tinnitus Research Initia-
tive and The State of Baden-Wiirttemberg Research
Prize. Further support of this study was provided by
the SOMAPS project, which receives research fund-
ing from the European Community’s Sixth Frame-
work Programme (FP6-NEST 043432 SOMAPS) and
the PHANTOM MIND project, which receives re-
search funding from the European Community’s Sev-
enth Framework Programme (FP7/2007-2013) / ERC
grant agreement n°® 230249. This manuscript reflects
only the author’s views and the Community is not li-
able for any use that may be made of the information
contained therein.



24

H. Flor and M. Diers/ Sensorimotor training and cortical reorganization

References

[1]

[2]

(3]

(4]

[5]

[6]

[7]

(8]

[0

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

E.L. Altschuler, S.B. Wisdom, L. Stone, C. Foster, D.
Galasko, D.M. Llewellyn and V.S. Ramachandran, Rehabil-
itation of hemiparesis after stroke with a mirror, Lancet 353
(1999), 2035-2036.

W. Bara-Jimenez, M.J. Catalan, M. Hallett and C. Gerloff,
Abnormal somatosensory homunculus in dystonia of the
hand, Ann Neurol 44 (1998), 828-831.

M. Borich, S. Arora and T.J. Kimberley, Lasting effects of
repeated rTMS application in focal hand dystonia, Restor
Neurol Neurosci 27 (2009), 55-65.

E.E. Brodie, A. Whyte and C.A. Niven, 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 11 (2007), 428-436.

E. E. Brodie, A. Whyte and B. Waller, Increased motor con-
trol of a phantom leg in humans results from the visual feed-
back of a virtual leg, Neurosci Lett 341 (2003), 167-169.
N.N. Byl, M.M. Merzenich and W.M. Jenkins, A primate
genesis model of focal dystonia and repetitive strain injury:
I. Learning-induced dedifferentiation of the representation
of the hand in the primary somatosensory cortex in adult
monkeys, Neurology 47 (1996), 508-520.

V. Candia, T. Elbert, E. Altenmuller, H. Rau, T. Schafer
and E. Taub, Constraint-induced movement therapy for focal
hand dystonia in musicians, Lancet 353 (1999), 42.

V. Candia, J. Rosset-Llobet, T. Elbert and A. Pascual-Leone,
Changing the brain through therapy for musicians’ hand dys-
tonia, AnnN Y Acad Sci 1060 (2005), 335-342.

V. Candia, T. Schafer, E. Taub, H. Rau, E. Altenmuller, B.
Rockstroh and T. Elbert, Sensory motor retuning: a behav-
ioral treatment for focal hand dystonia of pianists and gui-
tarists, Arch Phys Med Rehabil 83 (2002), 1342-1348.

V. Candia, C. Wienbruch, T. Elbert, B. Rockstroh and W.
Ray, Effective behavioral treatment of focal hand dystonia in
musicians alters somatosensory cortical organization, Proc
Natl Acad Sci U SA 100 (2003), 7942-7946.

B.L.Chan, R. Witt, A.P. Charrow, A. Magee, R. Howard, P.F.
Pasquina, K.M. Heilman and J.W. Tsao, Mirror therapy for
phantom limb pain, N Engl J Med 357 (2007), 2206-2207.
L.G. Cohen, S. Bandinelli, T.W. Findley and M. Hallett,
Motor reorganization after upper limb amputation in man,
Brain 114 (1991), 615-627.

D. De Ridder, G. De Mulder, E. Verstraeten, M. Seidman, K.
Elisevich, S. Sunaert, S. Kovacs, K. Van der Kelen, P. Van
de Heyning and A. Moller, Auditory cortex stimulation for
tinnitus, Acta Neurochir Suppl 97 (2007), 451-462.

R.C. deCharms, Applications of real-time fMRI, Nat Rev
Neurosci 9 (2008), 720-729.

R.C. deCharms, F. Maeda, G.H. Glover, D. Ludlow, J.M.
Pauly, D. Soneji, J.D. Gabrieli and S.C. Mackey, Control
over brain activation and pain learned by using real-time
functional MRI, Proc Natl Acad Sci U S A 102 (2005),
18626-18631.

E. Diesch, M. Struve, A. Rupp, S. Ritter, M. Hulse and H.
Flor, Enhancement of steady-state auditory evoked magnetic
fields in tinnitus, Eur J Neurosci 19 (2004), 1093-1104.

C. Dohle, J. Pullen, A. Nakaten, J. Kust, C. Rietz and H.
Karbe, Mirror Therapy Promotes Recovery From Severe
Hemiparesis: A Randomized Controlled Trial, Neurorehabil
Neural Repair (2008).

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

K. Dohrmann, N. Weisz, W. Schlee, T. Hartmann and T.

Elbert, Neurofeedback for treating tinnitus, Prog Brain Res
166 (2007), 473-485.

J.P. Donoghue, Plasticity of adult sensorimotor representa-
tions, Curr Opin Neurobiol 5 (1995), 749-754.

T. Elbert, V. Candia, E. Altenmuller, H. Rau, A. Sterr, B.
Rockstroh, C. Pantev and E. Taub, Alteration of digital rep-
resentations in somatosensory cortex in focal hand dystonia,
Neuroreport 9 (1998), 3571-3575.

T.R. Elbert, H. Flor, N. Birbaumer, S. Knecht, S. Hamp-
son, W. Larbig and E. Taub, Extensive reorganization of the
somatosensory cortex in adult humans after nervous system
injury, Neuroreport 5 (1994), 2593-2597.

L. Ersland, G. Rosén, A. Lundervold, A. I. Smievoll, T.

Tillung, S. Hugdahl and K. Hugdahl, Phantom limb imag-
inary fingertapping causes primary motor cortex activation:
an fMRI study, Neuro Report 8 (1996), 207-210.

H. Flor, C. Denke, M. Schaefer and S. Griisser, Effect of
sensory discrimination training on cortical reorganisation and
phantom limb pain, The Lancet 375 (2001), 1763-1764.

H. Flor, T. Elbert, S. Knecht, C. Wienbruch, C. Pantev, N.
Birbaumer, W. Larbig and E. Taub, Phantom-limb pain as a
perceptual correlate of cortical reorganization following arm
amputation, Nature 375 (1995), 482-484.

H. Flor, D. Hoffmann, M. Struve and E. Diesch, Auditory
discrimination training for the treatment of tinnitus, Appl
Psychophysiol Biofeedback 29 (2004), 113-120.

F. Fregni, S. Freedman and A. Pascual-Leone, Recent ad-
vances in the treatment of chronic pain with non-invasive
brain stimulation techniques, Lancet Neurol 6 (2007), 188-
191.

F. Fregni, R. Gimenes, A.C. Valle, M.J. Ferreira, R.R. Rocha,

L. Natalle, R. Bravo, S.P. Rigonatti, S.D. Freedman, M.A.
Nitsche, A. Pascual-Leone and P.S. Boggio, A randomized,
sham-controlled, proof of principle study of transcranial di-
rect current stimulation for the treatment of pain in fibromyal-
gia, Arthritis Rheum 54 (2006), 3988-3998.

M.1. Garry, A. Loftus and J.J. Summers, Mirror, mirror on

the wall: viewing a mirror reflection of unilateral hand move-
ments facilitates ipsilateral M1 excitability, Exp Brain Res
163 (2005), 118-122.

E.W. Gieteling, M.A. van Rijn, B.M. de Jong, J.M. Hoog-
duin, R. Renken, J.J. van Hilten and K.L. Leenders, Cerebral
activation during motor imagery in complex regional pain
syndrome type 1 with dystonia, Pain 134 (2008), 302-309.

P. Giraux and A. Sirigu, Illusory movements of the paralyzed
limb restore motor cortex activity, Neuroimage 20(Suppl 1)
(2003), S107-S111.

B. Godde, J. Ehrhardt and C. Braun, Behavioral significance
of input-dependent plasticity of human somatosensory cor-
tex, Neuroreport 14 (2003), 543-546.

B. Godde, F. Spengler and H.R. Dinse, Associative pairing of
tactile stimulation induces somatosensory cortical reorgani-
zation in rats and humans, Neuroreport 8 (1996), 281-285.

B. Godde, B. Stauffenberg, F. Spengler and H.R. Dinse, Tac-
tile coactivation-induced changes in spatial discrimination
performance, J Neurosci 20 (2000), 1597-1604.

P.W. Halligan, M. Hunt, J.C. Marshall and D.T. Wade, When
seeing is feeling; acquired synaesthesia or phantom touch?
Neurocase 2 (1996), 21-29.

J.P. Hunter, J. Katz and K.D. Davis, The effect of tactile and
visual sensory inputs on phantom limb awareness, Brain 126
(2003), 579-589.



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

H. Flor and M. Diers/ Sensorimotor training and cortical reorganization 25

E. Huse, H. Preissl, W. Larbig and N. Birbaumer, Phantom
limb pain, Lancet 358 (2001), 1015.

M.P. Jensen, S. Hakimian, L.H. Sherlin and F. Fregni, New
insights into neuromodulatory approaches for the treatment
of pain, JPain 9 (2008), 193-199.

K. Juottonen, M. Gockel, T. Silen, H. Hurri, R. Hari and
N. Forss, Altered central sensorimotor processing in patients
with complex regional pain syndrome, Pain 98 (2002), 315-
323.

A. Karl, N. Birbaumer, W. Lutzenberger, L.G. Cohen and
H. Flor, Reorganization of motor and somatosensory cortex
in upper extremity amputees with phantom limb pain, The
Journal of Neuroscience 21 (2001), 3609-3618.

S. Kayiran, E. Dursun, N. Ermutlu, N. Dursun and S. Kara-
mursel, Neurofeedback in fibromyalgia syndrome, Agri 19
(2007), 47-53.

J.J. Kew, M.C. Ridding, J.C. Rothwell, R.E. Passingham, P.N.
Leigh, S. Sooriakumaran, R.S. Frackowiak and D.J. Brooks,
Reorganization of cortical blood flow and transcranial mag-
netic stimulation maps in human subjects after upper limb
amputation, J Neurophysiol 72 (1994), 2517-2524.

Y.H. Kim, JW. Park, M.H. Ko, S.H. Jang and P.K. Lee,
Plastic changes of motor network after constraint-induced
movement therapy, Yonsel Med J 45 (2004), 241-246.

T. Kleinjung, P. Eichhammer, M. Landgrebe, P. Sand, G.
Hajak, T. Steffens, J. Strutz and B. Langguth, Combined
temporal and prefrontal transcranial magnetic stimulation for
tinnitus treatment: a pilot study, Otolaryngol Head Neck Surg
138 (2008), 497-501.

T. Kleinjung, T. Steffens, A. Londero and B. Langguth, Tran-
scranial magnetic stimulation (TMS) for treatment of chron-
ic tinnitus: clinical effects, Prog Brain Res 166 (2007),
359-367.

B. Kopp, A. Kunkel, W. Muhlnickel, K. Villringer, E. Taub
and H. Flor, Plasticity in the motor system related to therapy-
induced improvement of movement after stroke, Neuroreport
10 (1999), 807-810.

A. Kunkel, B. Kopp, G. Muller, K. Villringer, A. Villringer,
E. Taub and H. Flor, Constraint-induced movement therapy
for motor recovery in chronic stroke patients, Arch PhysMed
Rehabil 80 (1999), 624-628.

B. Langguth, P. Eichhammer, M. Zowe, T. Kleinjung, P. Ja-
cob, H. Binder, P. Sand and G. Hajak, Altered motor cortex
excitability in tinnitus patients: a hint at crossmodal plastic-
ity, Neurosci Lett 380 (2005), 326-329.

B. Langguth, G. Hajak, T. Kleinjung, S. Pridmore, P. Sand
and P. Eichhammer, Repetitive transcranial magnetic stimu-
lation and chronic tinnitus, Acta Otolaryngol Suppl (2006),
102-105.

J. Liepert, H. Bauder, H.R. Wolfgang, W.H. Miltner, E. Taub
and C. Weiller, Treatment-induced cortical reorganization
after stroke in humans, Sroke 31 (2000), 1210-1216.

J. Liepert, W.H. Miltner, H. Bauder, M. Sommer, C.
Dettmers, E. Taub and C. Weiller, Motor cortex plasticity dur-
ing constraint-induced movement therapy in stroke patients,
Neurosci Lett 250 (1998), 5-8.

K.P. Liu, C.C. Chan, T.M. Lee and C.W. Hui-Chan, Mental
imagery for promoting relearning for people after stroke:
a randomized controlled trial, Arch Phys Med Rehabil 85
(2004), 1403-1408.

M. Lotze, H. Flor, W. Grodd, W. Larbig and N. Birbaumer,
Phantom movements and pain. An fMRI study in upper limb
amputees, Brain 124 (2001), 2268-2277.

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

M. Lotze, W. Grodd, N. Birbaumer, M. Erb, E. Huse and H.
Flor, Does use of a myoelectric prostesis prevent cortical re-
organisation and phantom limb pain? Nature Neuroscience
2(1999), 501-502.

M. Lotze, P. Montoya, M. Erb, E. Hiillsemann, H. Flor, U.
Klose, N. Birbaumer and W. Grodd, Activation of cortical
and cerebellar motor areas during executed and imagined
hand movements: an fMRI study, Journal of Cognitive
Neuroscience 11 (1999), 491-501.

A.R. Luria, Restoration of Function After Brain Injury,
(Pergamon, Oxford, England), 1973.

K. Maclver, D.M. Lloyd, S. Kelly, N. Roberts and T. Nur-
mikko, Phantom limb pain, cortical reorganization and the
therapeutic effect of mental imagery, Brain 131 (2008),
2181-2191.

C. Maihofner, R. Baron, R. DeCol, A. Binder, F. Birklein,
G. Deuschl, H.O. Handwerker and J. Schattschneider, The
motor system shows adaptive changes in complex regional
pain syndrome, Brain 130 (2007), 2671-2687.

C. Maihofner and R. DeCol, Decreased perceptual learning
ability in complex regional pain syndrome, Eur J Pain 11
(2007), 903-909.

C. Maihofner, H.O. Handwerker and F. Birklein, Functional
imaging of allodynia in complex regional pain syndrome,
Neurology 66 (2006), 711-717.

C. Maihofner, H.O. Handwerker, B. Neundorfer and F.
Birklein, Patterns of cortical reorganization in complex re-
gional pain syndrome, Neurology 61 (2003), 1707-1715.

C. Maihofner, H.O. Handwerker, B. Neundorfer and F.
Birklein, Cortical reorganization during recovery from com-
plex regional pain syndrome, Neurology 63 (2004), 693-701.
A.L. McKenzie, S.S. Nagarajan, T.P. Roberts, M.M.
Merzenich and N.N. Byl, Somatosensory representation of
the digits and clinical performance in patients with focal hand
dystonia, AmJ Phys Med Rehabil 82 (2003), 737-749.

C. Mercier, K.T. Reilly, C.D. Vargas, A. Aballea and A.
Sirigu, Mapping phantom movement representations in the
motor cortex of amputees, Brain 129 (2006), 2202-2210.
W.H. Miltner, H. Bauder, M. Sommer, C. Dettmers and E.
Taub, Effects of constraint-induced movement therapy on pa-
tients with chronic motor deficits after stroke: a replication,
Stroke 30 (1999), 586-592.

G.L. Moseley, Graded motor imagery is effective for long-
standing complex regional pain syndrome: a randomised
controlled trial, Pain 108 (2004), 192-198.

G.L. Moseley, Is successful rehabilitation of complex region-
al pain syndrome due to sustained attention to the affected
limb? A randomised clinical trial, Pain 114 (2005), 54-61.
G.L. Moseley, Graded motor imagery for pathologic pain:
a randomized controlled trial, Neurology 67 (2006), 2129-
2134.

G.L. Moseley, N.M. Zalucki and K. Wiech, Tactile discrimi-
nation, but not tactile stimulation alone, reduces chronic limb
pain, Pain 137 (2008), 600-608.

W. Muhlnickel, T. Elbert, E. Taub and H. Flor, Reorganiza-
tion of auditory cortex in tinnitus, Proc Natl Acad Sci U SA
95 (1998), 10340-10343.

N. Murase, J.C. Rothwell, R. Kaji, R. Urushihara, K. Naka-
mura, N. Murayama, T. Igasaki, M. Sakata-lgasaki, T. Mi-
ma, A. Ikeda and H. Shibasaki, Subthreshold low-frequency
repetitive transcranial magnetic stimulation over the premo-
tor cortex modulates writer’s cramp, Brain 128 (2005), 104—
115.



26

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

H. Flor and M. Diers/ Sensorimotor training and cortical reorganization

S.J. Page, P. Levine and A.C. Leonard, Effects of mental
practice on affected limb use and function in chronic stroke,
Arch Phys Med Rehabil 86 (2005), 399-402.

S.J. Page, P. Levine, S. Sisto and M.V. Johnston, A random-
ized efficacy and feasibility study of imagery in acute stroke,
Clin Rehabil 15 (2001), 233-240.

B. Pleger, F. Janssen, P. Schwenkreis, B. Volker, C. Maier and
M. Tegenthoff, Repetitive transcranial magnetic stimulation
of the motor cortex attenuates pain perception in complex
regional pain syndrome type |, Neurosci Lett 356 (2004),
87-90.

B. Pleger, M. Tegenthoff, P. Ragert, A.F. Forster, H.R. Dinse,
P. Schwenkreis, V. Nicolas and C. Maier, Sensorimotor retun-
ing [corrected] in complex regional pain syndrome parallels
pain reduction, Ann Neurol 57 (2005), 425-429.

C. Plewnia, M. Reimold, A. Najib, B. Brehm, G. Reischl,
S.K. Plontke and C. Gerloff, Dose-dependent attenuation of
auditory phantom perception (tinnitus) by PET-guided repet-
itive transcranial magnetic stimulation, Hum Brain Mapp 28
(2007), 238-246.

D.D. Price, G.N. Verne and J.M. Schwartz, Plasticity in brain
processing and modulation of pain, Prog Brain Res 157
(2006), 333-352.

V.S. Ramachandran, D. Rogers Ramachandran and S. Cobb,
Touching the phantom limb, Nature 377 (1995), 489-490.
G.H. Recanzone, C.E. Schreiner and M.M. Merzenich, Plas-
ticity in the frequency representation of primary auditory cor-
tex following discrimination training in adult owl monkeys,
J Neurosci 13 (1993), 87-103.

I.H. Robertson and J.M. Murre, Rehabilitation of brain dam-
age: brain plasticity and principles of guided recovery, Psy-
chol Bull 125 (1999), 544-575.

1. Rock and J. Victor, Vision and Touch: An Experimental-
ly Created Conflict between the Two Senses, Science 143
(1964), 594-596.

S. Roizenblatt, F. Fregni, R. Gimenez, T. Wetzel, S.P. Rigo-
natti, S. Tufik, P.S. Boggio and A.C. Valle, Site-specific ef-
fects of transcranial direct current stimulation on sleep and
pain in fibromyalgia: a randomized, sham-controlled study,
Pain Pract 7 (2007), 297-306.

F.E. Roux, D. lbarrola, Y. Lazorthes and I. Berry, Virtual
movements activate primary sensorimotor areas in amputees:
report of three cases, Neurosurgery 49 (2001), 736-742.
F.E. Roux, J.A. Lotterie, E. Cassol, Y. Lazorthes, J.C. Sol and
1. Berry, Cortical areas involved in virtual movement of phan-
tom limbs: comparison with normal subjects, Neurosurgery
53 (2003), 1342-1353.

K. Sathian, A.l. Greenspan and S.L. Wolf, Doing it with mir-
rors: a case study of a novel approach to neurorehabilitation,
Neurorehabil Neural Repair 14 (2000), 73-76.

J.D. Schaechter, E. Kraft, T.S. Hilliard, R.M. Dijkhuizen, T.
Benner, S.P. Finklestein, B.R. Rosen and S.C. Cramer, Motor
recovery and cortical reorganization after constraint-induced
movement therapy in stroke patients: a preliminary study,
Neurorehabil Neural Repair 16 (2002), 326-338.

P. Schwenkreis, F. Janssen, O. Rommel, B. Pleger, B. \olker,
I. Hosbach, R. Dertwinkel, C. Maier and M. Tegenthoff,
Bilateral motor cortex disinhibition in complex regional pain
syndrome (CRPS) type | of the hand, Neurology 61 (2003),
515-519.

G.D. Searchfield, J. Morrison-Low and K. Wise, Object iden-
tification and attention training for treating tinnitus, Prog
Brain Res 166 (2007), 441-460.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

A. Sterr, T. Elbert, I. Berthold, S. Kolbel, B. Rockstroh and E.
Taub, Longer versus shorter daily constraint-induced move-
ment therapy of chronic hemiparesis: an exploratory study,
Arch Phys Med Rehabil 83 (2002), 1374-1377.

J.A. Stevens and M.E. Stoykov, Simulation of bilateral move-
ment training through mirror reflection: a case report demon-
strating an occupational therapy technique for hemiparesis,
Top Sroke Rehabil 11 (2004), 59-66.

M. Struve, E. Diesch and H. Flor, Extinction training for
tinnitus, Prog Brain Res 166 (2007), 461-466.

S. Sutbeyaz, G. Yavuzer, N. Sezer and B.F. Koseoglu, Mirror
therapy enhances lower-extremity motor recovery and motor
functioning after stroke: a randomized controlled trial, Arch
Phys Med Rehabil 88 (2007), 555-559.

.M. Tarkka, M. Kononen, K. Pitkanen, J. Sivenius and
E. Mervaalat, Alterations in cortical excitability in chronic
stroke after constraint-induced movement therapy, Neurol
Res 30 (2008), 504-510.

E. Taub, Movement in nonhuman primates deprived of so-
matosensory feedback, Exerciseand Sports Science Reviews
4 (1977), 335-374.

E. Taub, Somatosensory deafferentation research with mon-
keys: implications for rehabilitation medicine, in: Behav-
ioral Psychology in Rehabilitation Medicine: Clinical Ap-
plications, W.A. Wilkins, ed., (L.P. Ince, Baltimore), 1980,
pp. 371-401.

E. Taub, N.E. Miller, T.A. Novack, E.W. Cook, 3rd, W.C.
Fleming, C.S. Nepomuceno, J.S. Connell and J.E. Crago,
Technique to improve chronic motor deficit after stroke, Arch
Phys Med Rehabil 74 (1993), 347-354.

E. Taub and G. Uswatte, Constraint-induced movement ther-
apy: bridging from the primate laboratory to the stroke reha-
bilitation laboratory, J Rehabil Med (2003), 34-40.

E. Taub, G. Uswatte and R. Pidikiti, Constraint-Induced
Movement Therapy: a new family of techniques with broad
application to physical rehabilitation — a clinical review, J
Rehabil Res Dev 36 (1999), 237-251.

T. Weiss, W.H. Miltner, T. Adler, L. Bruckner and E. Taub,
Decrease in phantom limb pain associated with prosthesis-
induced increased use of an amputation stump in humans,
Neurosci Lett 272 (1999), 131-134.

N. Weisz, S. Moratti, M. Meinzer, K. Dohrmann and T. EI-
bert, Tinnitus perception and distress is related to abnor-
mal spontaneous brain activity as measured by magnetoen-
cephalography, PLoSMed 2 (2005), e153.

J. A. Williams, M. Imamura and F. Fregni, Updates on the
use of non-invasive brain stimulation in physical and reha-
bilitation medicine, J Rehabil Med 41 (2009), 305-311.

C. Xerri, M.M. Merzenich, B.E. Peterson and W. Jenkins,
Plasticity of primary somatosensory cortex paralleling sen-
sorimotor skill recovery from stroke in adult monkeys, J
Neurophysiol 79 (1998), 2119-2148.

T.T. Yang, C. Gallen, B. Schwartz, F.E. Bloom, V.S. Ra-
machandran and S. Cobb, Sensory maps in the human brain,
Nature 368 (1994), 592-593.

G. Yavuzer, R. Selles, N. Sezer, S. Sutbeyaz, J.B. Bussmann,
F. Koseoglu, M.B. Atay and H.J. Stam, Mirror therapy im-
proves hand function in subacute stroke: a randomized con-
trolled trial, Arch Phys Med Rehabil 89 (2008), 393-398.
K.E. Zeuner, W. Bara-Jimenez, P.S. Noguchi, S.R. Goldstein,
J.M. Dambrosia and M. Hallett, Sensory training for patients
with focal hand dystonia, Ann Neurol 51 (2002), 593-598.



H. Flor and M. Diers/ Sensorimotor training and cortical reorganization 27

[105] K.E. Zeuner and M. Hallett, Sensory training as treatment Thornton, J.M. Dambrosia and M. Hallett, Motor training as
for focal hand dystonia: a 1-year follow-up, Mov Disord 18 treatment in focal hand dystonia, Mov Disord 20 (2005),
(2003), 1044-1047. 335-341.

[106] K.E. Zeuner, H.A. Shill, Y.H. Sohn, F.M. Molloy, B.C.



