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Patients with complex regional pain syndrome (CRPS) and
intractable pain showed a shrinkage of cortical maps on
primary (SI) and secondary somatosensory cortex (SII)
contralateral to the affected limb. This was paralleled by
an impairment of the two-point discrimination thresholds.
Behavioral treatment over 1 to 6 months consisting of
graded sensorimotor retuning led to a persistent decrease
in pain intensity, which was accompanied by a restoration
of the impaired tactile discrimination and regaining of cor-
tical map size in contralateral SI and SII. This suggests
that the reversal of tactile impairment and cortical reorga-
nization in CRPS is associated with a decrease in pain.
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Complex regional pain syndrome (CRPS) is a serious
complication that occurs with (type II) or without
(type I) apparent peripheral nerve lesion after an often
disproportionate trauma of a limb.1,2 Several theories
proposed the existence of pathophysiological mecha-
nisms of central origin.3–8 Recent findings provide ev-
idence for a shrinkage of cortical maps on primary so-
matosensory cortex (SI) contralateral to the CRPS
affected limb.3,6,7 The degree of reduction thereby ap-
peared to be linked to pain intensity.6,7

In this study, we sought to determine whether behav-
ioral treatment implicating the reinforcement of sensory
feedback mechanisms may alter cortical reorganization
and also pain perception. In six patients with intractable

pain due to CRPS type I of one upper limb, drug ther-
apy was accompanied by a pain adapted sensorimotor
training program consisting of graded desensitization
protocols and motor tasks in ascending difficulty. To as-
sess possible alterations of cortical maps in SI and SII
(primary and secondary somatosensory cortex) (Table 1),
patients were subjected to functional magnetic resonance
imaging (fMRI) during electrical stimulation of the in-
dex finger (IF) before and after therapy. We combined
each fMRI session with measurements of the two-point
discrimination thresholds on the tip of the IF to assess
therapy-induced changes in tactile perception.

Patients and Methods
Informed consent was obtained from all patients, and the
study was approved by the local ethics committee. All pa-
tients first underwent electroneurographic and clinical neu-
rological examination to exclude a peripheral nerve injury
(CRPS type II) as another possible origin of cortical reorga-
nization.9 Patients with cutaneous damage and edema of the
CRPS affected IF were excluded to avoid erroneous high-
stimulation intensities during fMRI because of peripheral
disturbances. Only patients in whom signs of CRPS affected
the whole hand including all digits were recruited. In all pa-
tients, we found an increased bone metabolism of the af-
fected hand as shown by three-phase scintigraphy.10 All pa-
tients fulfilled the revised criteria of CRPS I (clinical signs of
patients as listed in Table 2: hyperalgesia: Patients 1–6; al-
lodynia: Patients 1 and 6; skin color changes: Patients 1–6,
sweating changes: Patients 2, 5; tremor: Patient 5; dystonia:
none; trophic changes: Patients 1–6, temperature asymme-
try: Patients 1, 4, 5).2 Before each measurement, patients es-
timated their pain intensity experienced during the last 4
weeks as well as the pain intensity felt directly before the
fMRI session on a numeric rating scale (NRS: ranging from
0 � no pain to 10 � most extreme pain). In addition, the
patients rated the degree of immobility (mean degree during
last 4 weeks as well as actual degree) in percentages (100 �
no immobility, 0 � complete immobility).

Pain-adapted sensorimotor treatment protocols were ap-
plied to the patients 3 to 4 days a week and in two to three
sessions lasting at least 15 to 30 minutes over a period rang-
ing from 1 to 6 months. Drug therapy was not changed dur-
ing this period (celecoxib 400mg daily: Patients 1, 3–5;
valdecoxib 40mg daily: Patient 6; gabapentin 1,800mg daily:
Patients 2, 5, 6).

fMRI measurements were performed with a whole-body
1.5 T scanner (Magnetom Symphony, Siemens Medical Sys-
tems, Germany) equipped with a high-power gradient system
(30mT/m/sec; SR 125T/m/sec). We acquired blood oxygen
level dependent (BOLD) sensitive images with a single-shot
spin-echo echo planar imaging sequence (TR, 1,600 millisec-
onds; TE, 60 milliseconds; matrix, 64 � 64; field of view,
224mm; 5mm slice thickness; 1mm gap between slices, voxel
3.5 � 3.5 � 5mm). Sixteen transaxial slices that covered the
whole brain excluding cerebellum were adjusted according to
the anterior commissure–posterior commissure connection.
Each fMRI session consisted of nine blocks of rest and eight
blocks of stimulation, each of which contained 40 scans.
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BOLD signals during strictly nonpainful electrical stimula-
tion applied with 2Hz were received for each IF in separate
sessions. Data were analyzed using the Statistical Parametric
Mapping software package 99 (Wellcome Department of
Cognitive Neurology, London, UK).11

As a marker of peripheral tactile acuity, two-point discrim-
ination thresholds on the tip of the IFs were assessed using the
method of constant stimuli. One single needle and seven pairs
of needles (separated by a distance of 1.0, 1.4, 1.8, 2.2, 2.6,
3.2, and 4mm) were tested in randomized order. After each
presentation, the patient had to report the sensation of one or
two needles by answering immediately “one” or “two.” Each
distance was presented seven times resulting in 56 single deci-
sions. The summed responses were plotted against distance as
a psychometric function for absolute threshold and were fitted
by a binary logistic regression (SPSS; SPSS, Chicago, IL).
Threshold was taken from the fit at the distance at which 50%
correct responses were reached.12

Results
Behavioral treatment over 1 to 6 months led to a per-
sistent decrease in pain intensity (NRS scores: first
measurement: 5 � 2.9 [mean � standard deviation];
second measurement: 1.2 � 1.4; Wilcoxon signed rank
test: Z � �1.9, p � 0.04), which was accompanied by
a restoration of the impaired tactile discrimination
(CRPS normalized to healthy side: first measurement:
65 � 18.7%; second measurement: 88 � 7.8%; Z �
�2.2, p � 0.02) and a regain of BOLD contrast in
contralateral SI (first measurement: 9 � 12.4%; second
measurement: 66 � 52.2%; Z � �2.2, p � 0.02) and
SII (first measurement: 13 � 24.2%; second measure-
ment: 40 � 36%; Z � �2, p � 0.04, Kendall �-b
correlation between SI and SII changes: r � 0.86, p �
0.01, n � 6; Fig). To assess the influence of an in-

Fig. Changes in primary somatosensory cortex (SI) representation, pain intensity, and discrimination ability during course of therapy.
BOLD contrast received from cortical maps on postcentral gyrus (SI) contralateral to the healthy (left image) and to the complex
regional pain syndrome (CRPS) affected side (right: images of three consecutive measurements). SPM contrast maps are shown from
above projected on the individual rendered T1-weighted magnetic resonance imaging data set. The diagram below shows two-point
discrimination thresholds of both sides (left: healthy index finger [IF], red column: mean value, whiskers: standard deviation; right
columns: CRPS affected IF) and intensity of CRPS pain (yellow rhombus, three consecutive evaluations). Corresponding clinical
parameters and data of cortical maps on SII are listed in Table 2 (Patient 1).
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creased motor practice on discrimination performance
and cortical maps, we performed a motor task of P0
(Table 1) of the healthy hand during each therapy ses-
sion. However, we found no changes of spatial discrim-
ination performance (first measurement: 2.1 �
0.3mm; second measurement: 2.1 � 0.3mm; Z �
�0.1, p � 0.9) and cortical representations of the
healthy IF (Z � �1.1, p � 0.2 [SI]; Z � �0.1, p �
0.9 [SII]). Before therapy, we found a significant cor-
relation between two-point discrimination thresholds
and mean sustained pain levels indicating that patients
with most severe pain showed greatest impairment of

tactile discrimination (r � �0.78, p � 0.01). How-
ever, we found no correlation between tactile discrim-
ination and mean degree of immobility (pre: r �
�0.27, p � 0.44; post: r � 0.2, p � 0.57).

Discussion
Here, we show that cortical reorganization, sensory im-
pairment, and pain in CRPS I is reversible after graded
sensorimotor retuning. The repetitive application of
graded desensitization, motor tasks, or the combination
of both might be considered to explain the observed
effects. To assess the influence of an increased motor

Table 1. Four Levels of Sensorimotor Protocols for the Treatment of CRPS Pain

Level of Therapy p0 p1 p2 p3

Including criterion No pain under adequate strain Pain only during movement Pain less or equal than 5
on the NRS

Pain stronger than 5
on the NRS

Aim Reestablishment of propriocep-
tive abilities

Reducing the tactile in-
duced pain training mo-
tor functions

Reducing the tactile in-
duced pain

Pain reduction

Loosening up exercises of con-
tractible joints

Reestablishment of proprio-
ceptive abilities

Moving toward a func-
tional position of the
hand

Exercises with resistance
Increasing fine-motor abilities

and strength
Sensory tasks Continuation of secondary

desensitization (see p1)
Secondary desensitization Primary desensitization Soft cushioning

Harder paint brushes Immersing the hand in
substances which are
perceived as comfort-
able, soft paint
brushes

Bandaging

Household brushes Cotton wool
Hedgehog balls Soft fabrics
Immersion in materials per-

ceived as uncomfortable
Application of warmth

or coolness
Identification of surface

structures without visual
assistance

Identification of forms
without visual assistance

Stereognosy exercises
Coordination exercises

Motor tasks Exercises using increasing
amounts of resistance

Grasping/taking hold of
bigger structures initially

Immobilization

Training of differentiated fine-
motor abilities

ADL (eg, cutlery with
thickened hilts/grips, get-
ting dressed, body hy-
giene)

Achieving independence/more
independence in carrying
out ADL (see p1)

Swinging movements and
writing exercises

Testing how much strain the
hand can bear, using arts
and crafts techniques

Making use of appropriate
arts and crafts techniques

Exercises featuring the use
of light resistance

Splint Weaning the hand off the
splint

Splint is to be worn only
occasionally

Correction of splint’s
position toward a
functional position

Fixing the hand in a
pain-free position
by means of a
splint

Patients were assigned to each level according to their current pain intensity ( p � pain adapted level of therapy). The nonaffected hand
underwent motor task of p0 during each therapy session.
CRPS � complex regional pain syndrome; NRS � numeric rating scale; ADL � activities of daily living.
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practice on perceptual and cortical changes, we also
had patients exercise the nonaffected side during each
therapy session. However, we found no changes of
two-point discrimination thresholds, and cortical rep-
resentations of the nonaffected IF as a possible indica-
tor that repetitive practice of motor tasks alone did not
affect peripheral tactile acuity or cortical representa-
tion. This absence of perceptual and cortical changes
for the healthy IF also indicates the lack of unspecific
side effects under ongoing drug therapy.

Results of correlation analyses moreover suggest that,
before therapy, mean sustained pain but not impaired
mobility seems to be linked to peripheral sensory im-
pairment. If this impairment of tactile perception and
pain intensity were, in turn, correlated to changes in
BOLD area size or intensity remains speculative be-
cause at least one patient showed a lack of cortical re-
sponses in the first or second measurement, and corre-
lation analyses therefore missed sufficient explanatory
power. Interestingly, this lack of regional activity oc-
curred whenever patients experienced maximum pain.
Thus, these findings seem to support the hypothesis
that the degree of reduction in somatosensory represen-
tation in CRPS I appeared to be linked to pain inten-
sity.6,7

Previously, changes in somatosensory maps of ampu-
tees were demonstrated to correlate with the intensity
of phantom limb pain.13,14 Different approaches of be-
havioral treatment that reversed cortical reorganization,
for example, sensory discrimination training15 or myo-
electric prostheses,16 were thereby associated with a de-
crease in pain. In contrast with amputees, CRPS I oc-

curs without apparent peripheral nerve lesion. Thus,
our findings suggest that pain, cortical reorganization,
and sensory impairment seem to be reversible also in
the absence of any deafferentation of peripheral nerves.

The marked decrease in pain induced by graded sen-
sorimotor treatment protocols and the parallel restora-
tion of cortical maps of SI and SII may offer a new
promising treatment direction. The mechanisms medi-
ating the beneficial effects may involve sequential acti-
vation of areas in the brain that subserve the affected
limb.17 The presented therapeutic regimen improved
discrimination performance as indicated by diminished
two-point discrimination thresholds. This together
with the increasing reinforcement of motor function
might strengthen sensory and proprioceptive feedback
mechanisms that, in turn, compete with nociceptive in-
puts and interact with relays of pain processing and
cortical maps in contralateral SI and SII.
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A Mutant PSEN1 Causes
Dementia with Lewy
Bodies and Variant
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We report early-onset parkinsonism and dementia of 18
years’ duration in a 52-year-old man whose grandfather
and father had suffered from a similar neurological dis-
ease. In this patient, we found neuronal loss in various
brain regions including the substantia nigra and cerebral
cortex, Lewy bodies, cotton wool plaques, corticospinal
tract degeneration, cerebral amyloid angiopathy, and a
novel three–base pair deletion in exon 12 of the
presenilin-1 (PSEN1) gene. We considered that the mutant
PSEN1 might play an important role in the pathogenetic
process of both aggregation of �-synuclein into Lewy bod-
ies and deposition of �-amyloid into cotton wool plaques.
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Alzheimer’s disease (AD) and dementia with Lewy
bodies (DLB) are the two most common neurodegen-
erative diseases characterized by progressive dementia.
In AD, mutations in the presenilin-1 (PSEN1)1,2 and
presenilin-2 (PSEN2)3,4 and amyloid precursor protein
(APP)5 genes have been identified as causative genetic
abnormalities in patients with familial AD. Interest-
ingly, in patients with some mutations of PSEN1, oc-
currence of variant AD with spastic paraparesis (VAD)
has been reported.6–9 It is also known that DLB can
occur as an autosomal dominant trait.10–12 Recently,
triplication13,14 and missense mutation15 of the
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