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Abstract: It is widely accepted that complex regional pain syndrome (CRPS) is associated with shrinkage of the primary somatosensory cortex (S1) representation of the affected limb. However, supporting
evidence is surprisingly limited and may be compromised by high risk of bias. This study compared
the S1 spatial representation of the hand in 17 patients with upper-limb CRPS to 16 healthy controls,
using functional MRI. Innocuous vibration was delivered to digits one (D1) and five (D5) in a blockdesign. Resultant activation maxima were located within a bilateral S1 mask, determined a priori. Distance between D1 and D5 activation maxima, calculated for both hands, was used as a measure of S1
representation. Analyses were blinded to group and hand. In patients, S1 representation was smaller
for the affected hand than it was for the healthy hand (t(11) 5 2.02, P 5 0.03), as predicted. However,
S1 representation of the affected hand was no different to that of either hand in controls. Critically, S1
representation of the healthy hand of patients was larger than that of controls’ hands. CRPS seems to
be associated with an enlarged representation of the healthy hand, not a smaller representation of the
affected hand. These findings raise important questions about neuroplasticity in CRPS. Hum Brain
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would be smaller than that of the healthy hand, and
smaller than that of either hand of controls. The secondary
aims were to determine: whether our results are affected
by adhering to strict criteria for CRPS diagnosis [Harden
et al., 2007]; whether there are differences in the intensity
of the tactile-evoked fMRI signal in S1 between the
affected and healthy hand, and between CRPS patients
and healthy controls; and whether S1 representation is
associated with pain intensity or duration.

INTRODUCTION
It is widely accepted that ongoing, or chronic, pain is
associated with maladaptive “neuroplastic” changes to the
functional organization of the primary somatosensory cortex (S1), particularly to the representation of the painful
body part [Flor et al., 1997, 2006; Maih€
ofner et al., 2003].
The vast majority of evidence for this view comes from
studies on phantom limb pain and complex regional pain
syndrome (CRPS). CRPS is a debilitating disorder that is
characterized by autonomic, sensory, and perceptual problems, but the cardinal feature is severe pain (see Marinus
et al. [2011] for review of pathophysiology and Moseley
et al. [2012] for a conceptual integrative model). Chronic
CRPS has been proposed to be a neurological disease
[J€anig and Baron, 2002].
Several studies of upper limb CRPS have reported that
the S1 representation of the CRPS-affected hand is smaller
than that of the healthy hand [Juottonen et al., 2002;
Maih€
ofner et al., 2003; Pleger et al., 2004; Vartiainen et al.,
2008; see Di Pietro et al. [2013] for meta-analysis]. These
studies underpin the view that the representation of the
CRPS-affected hand has “shrunk.” Indeed, normalization
of S1 representation has been proposed as a mechanism of
popular treatments such as mirror therapy [McCabe et al.,
2003] and as a viable therapeutic target in newly developed treatments such as tactile discrimination training and
sensorimotor retuning [Moseley and Flor, 2012; Pleger
et al., 2005]. However, a recent systematic review and
meta-analysis [Di Pietro et al., 2013] highlighted important
shortcomings of the pertinent literature. For example, the
imaging studies have used either electroencephalography
(EEG) or magnetoencephalography (MEG), which depend
on a priori assumptions to estimate dipole locations, and
have relatively poor spatial resolution when compared
with functional MRI (fMRI) [Brett et al., 2002; Dale et al.,
2000; Dale and Sereno, 1993]; they had limited comparison
between CRPS and healthy controls; and carried a high
risk of bias [Di Pietro et al., 2013].
We aimed to address some of the weaknesses in the
existing literature by investigating the S1 spatial representation of the CRPS-affected hand relative to the representation of the healthy hand, and also to the representation of
the hands of healthy pain-free controls, using the benefits
of enhanced spatial resolution afforded by fMRI. We
removed potentially important sources of bias by blinding
the diagnosis of CRPS to clinical features that would be
consistent with S1 reorganization, and by blinding the
analysis of data to group and affected hand. We hypothesized that the S1 representation of the CRPS-affected hand
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MATERIALS AND METHODS
Participants
We aimed to recruit a convenience sample of 18 people
who had received a diagnosis of upper-limb CRPS from a
pain physician, hand therapist, general practitioner or
physiotherapist, and 18 healthy pain-free control participants. Our sample size was determined a priori, based on
detecting an interhemispheric difference in S1 hand representation size of 5 mm, assuming a standard deviation of
6 mm [Juottonen et al., 2002; Maih€
ofner et al., 2003], with
power 5 0.80 and a 5 0.05. Healthy control participants of
similar age and gender-mix were recruited from the general community. Participants attended one testing session.
All participants gave informed written consent. All procedures conformed to the Declaration of Helsinki and
approval was granted by the Institutional Research Ethics
Committee.
Although CRPS participants had been diagnosed by
their treating clinician, individual presentations of this
condition are highly variable. We aimed to determine
whether differences in somatosensory representation might
exist as a function of the diagnostic criteria used. The following relates to our independent assessment and diagnosis of the CRPS participants. Clinical assessment of signs
and symptoms was undertaken by an investigator who
was not involved in the fMRI image analysis (investigator:
TRS). This data was then used for diagnosis, which was
made by an investigator who also was not involved in the
fMRI image analysis (investigator: GLM). The diagnosis of
CRPS was therefore blinded to patient factors that are not
captured in the diagnostic criteria. Diagnosis of CRPS,
according to the International Association for the Study of
Pain (IASP) CRPS diagnostic criteria [Harden et al., 2007],
requires the presence of signs in at least two of four sign
categories and symptoms in at least three of four symptom
categories for a diagnosis with sensitivity of approximately
0.85 and specificity of approximately 0.69 (See Appendix).
We considered blinding of the researchers who assessed
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ical Institute. Images were smoothed with a Gaussian kernel (full-width half-maximum) of 5 mm [Ball et al., 2012].

and diagnosed CRPS to be important because aspects of
the clinical presentation, most notably tactile dysfunction,
which can inform about the likelihood of S1 changes, represent a potentially significant source of bias. Healthy controls underwent the same diagnostic assessment to rule
out the presence of CRPS. CRPS participants’ pain duration and pain intensity (average pain at rest over the past
48 h on a 0–10 numerical rating scale) were also collected.

Method for Evaluation of S1 Spatial
Representation of the Hand
First-level statistics were employed uniformly across the
left-hand and right-hand sessions for all participants.
Using a bilateral mask of the primary somatosensory cortices [Eickhoff et al., 2005], the highest-activated voxel
within the two-fold standard deviation range of the D1
and D5 somatotopic S1 representations (between 140 and
167 in the z-direction) reported by Weibull et al. [2008],
were identified. Euclidean distances between the activation
maxima of D1 and D5 were calculated as a measure of
hand representation size, as has been done in past studies
of S1 spatial representation in CRPS [Juottonen et al., 2002;
Maih€
ofner et al., 2003; Vartiainen et al., 2008]. Activation
maxima of the highest activated voxels in the contralateral
S1 within the given somatotopic range, and their corresponding beta estimates (P < 0.05 uncorrected), were later
analyzed as a measure of the intensity of the evoked fMRI
signal (“intensity data” below). Analysis was undertaken
by an investigator with extensive experience in SPM
(investigator: ML), who was blinded to group (CRPS or
healthy control) and therefore to the affected hand of
patients. Once spatial and intensity data were calculated,
results were decoded for statistical analysis by a separate
investigator (investigator: FDP).

MR Image Acquisition
Echoplanar images (EPI) were acquired on a 3T MRI scanner (Philips Achieva; Neuroscience Research Australia, Sydney), using a 32-channel head coil. Two sessions (left and
right hand), each comprising 460 echo-planar volumes,
were collected. Each image volume contained 32 axial slices
(whole brain; repetition time (TR) 2,000 ms; time to echo
(TE) 30 ms; flip angle 70 ; field of view (FOV) 250 mm2;
acquisition matrix 100 3 100; voxel volume 2.5 3 2.5 3
3 mm). A T1-weighted anatomical scan was also collected
(TR 5.4 ms; TE 2.4 ms; flip angle 8 ; FOV 256 mm2; acquisition matrix 256 3 256; 180 slices; voxel volume 1.0 mm3).

Sensory Stimulation for S1 Mapping
MRI-compatible vibrotactile stimulation (Piezotactile Stimulator PTS-C2, http://dancerdesign.co.uk), was run through
a custom-written script using Matlab, version 7.10 (MathWorks, Natick, MA), and involved two probes fixed over the
volar tip of the thumb (D1) and little finger (D5). The functional imaging protocol was based on previous block designs
that exposed fine digit somatotopy in the postcentral gyrus
[Nelson and Chen, 2008] and consisted of randomized 20second blocks of innocuous stimulation of D1 (11 blocks), D5
(11 blocks), or rest (24 blocks). Stimulation frequency was 23
Hz [Jones and Lederman, 2006; Nelson and Chen, 2008; Tommerdahl et al., 1999] at the optimal voltage required to drive
the device at a fixed amplitude of 280 microns [Butterworth
et al., 2003; Francis et al., 2000; Nelson et al., 2004]. Participants were instructed to concentrate on the vibrotactile stimulation [Juottonen et al., 2002; Vartiainen et al., 2008],
although this was not formally evaluated. Onset times for D1
and D5 stimulation were later used for model specification.

Statistical Analysis
Analyses were undertaken with SPSS Version 21 (IBM
Corporation, New York). All data were checked for normality with Q-Q plots and the Shapiro–Wilk statistic. Data
were normally distributed with the exception of: the hand
representation size in the nondominant hemisphere of controls; the D5 intensity data in the dominant hemisphere of
controls; D1 intensity data in both hemispheres of CRPS
participants; and pain duration in CRPS participants.
Normally-distributed data were analyzed using paired t
tests between hemispheres and independent t tests
between groups. Because there is a compelling argument
to predict S1 representation to be smaller for the affected
hand than for the healthy hand [Juottonen et al., 2002;
Maih€
ofner et al., 2003; Pleger et al., 2004; Vartiainen et al.,
2008], a one-tailed test was used to test the primary
hypothesis in the CRPS patient group. Two-tailed tests
were used for all other analyses, unless otherwise stated.
Non-normally distributed data were analyzed using Wilcoxon signed-rank (between hemispheres) or Mann–Whitney tests (between groups). Correlations were tested using
Pearson’s correlation for parametric data and Spearman’s
rho for nonparametric data. For effect sizes, we used
Cohen’s d (parametric) and effect size r (nonparametric)
tests.

MR Image Processing
fMRI data were analyzed using Statistical Parametric
Mapping version 8 software (Wellcome Trust Centre for
Neuroimaging, University College London, UK), running
on Matlab version 7.10 (MathWorks, Natick, MA). Rightand left-hand sessions were evaluated separately. The first
three EPIs for each session were discarded to account for
blood oxygen-level dependent spin saturation effects.
Images were realigned, and then a mean image was calculated for each session and coregistered to each participant’s anatomical scan, before normalizing the realigned
images to the standard template of the Montreal Neurolog-
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TABLE I. Demographics and clinical information of CRPS participants
Patient number,
gender, age
#1 Female 43 y/o
#2 Male 36 y/oc
#3 Female 28 y/o
#4 Female 45 y/oc
#5 Female 39 y/oc
#6 Female 46 y/oc
#7 Female 52 y/oc
#8 Male 66 y/oc
#9 Female 73 y/o
#10 Male 34 y/oc
#11 Female 60 y/oc
#12 Female 56 y/oc
#13 Female 44 y/oc
#14 Female 53 y/oc
#15 Female 74 y/oc
#16 Male 53 y/o
#17 Male 30 y/o

Reported
primary
CRPS location

CRPS
locationa

Pain
duration
(months)

Pain
intensity
(0—10)b

Hand
dominance
(reported)

Pain in other locations

Diagnosis of
CRPS in other
locationsa

R
L
R
R
L
R
R
L
R
L
R
R
L
R
R
L
R

R
L
Bil.
R
L
None
R
None
Bil.
L
R
None
None
R
None
Bil.
R

5
30
128
42
2
2
29
120
288
3
180
25
48
19
4
31
8

7
8
7
6
5
2
8
4
5
3
7.5
2
7
4
3
8
6

R
R
R
R
R
R
R
R
R
Ambidextrous
R
R
R
R
L
L
R

None
R UL and L LL
L UL and bilateral LLs
R face
None
None
L UL, R side face, R LL
R UL, LBP
L UL, bilateral LLs
None
L UL, L LL
None
Bilateral LL
None
None
R UL, both sides of face, L LL
L UL, bilateral LLs

—
—
—
—
—
—
——
—
L LL
—
—
—
—
—
—
L LL
—

a

Independent diagnosis according to IASP revised diagnostic criteria [Harden et al., 2007].
Resting average pain intensity over last two days. “How would you rate your average pain at rest over the last two days? Please rate
from 0 to 10, with 0 being no pain at all and 10 being the worst pain you can imagine.”
c
Data from this patient included in data analysis.
CRPS, complex regional pain syndrome; R, right; L, left; Bil., bilateral; UL, upper limb; LL, lower limb; LBP, low back pain.
b

tion. First-level analysis was conducted on 16 participants
in each group. Six patients (#1, #7, #10, #14, #16, and #17)
reported that the stimulation evoked pain. Our independent diagnosis according to IASP criteria resulted in 11
“ResearchCRPS” and five “Pain” participants (see below:
The effect of CRPS diagnostic criteria).

CPRS participants who at our assessment met the IASP
CRPS diagnostic criteria [Harden et al., 2007] (herein
called “ResearchCRPS”; see Appendix) were compared to
those who did not (herein called “Pain”). To compare
hand representation differences between hemispheres
between groups, we planned a 2 3 2 repeated-measures
analysis of variance (ANOVA) (affected vs. healthy hemispheres; “ResearchCRPS” vs. “Pain”). As we did not
include our full target sample in the analyses however,
there was an increased risk of being underpowered and
thus we decided to investigate this secondary aim using
paired t tests (one-tailed test in the “ResearchCRPS”
group, as above for the comparison of hand representation
size in the original CRPS group).

Spatial Representation of the Hand
In four patients (#1, #3, #16, and #17) and five healthy
controls, suprathreshold clusters of activity could not be
identified for both D1 and D5 bilaterally within the S1
mask (P < 0.05 uncorrected). Data from one control participant were excluded because of biologically implausible
activation maxima (>12 SDs above the mean). Data from
both hemispheres of the remaining participants (12 CRPS
and 10 controls) were analyzed.
Normally distributed data are presented as mean 6 SD,
non-normally distributed data as median 6 IQR, unless
otherwise stated. In people with CRPS, S1 hand representation was smaller for the affected hand (15.02 mm 6 5.08)
than it was for the healthy hand [19.98 mm 6 7.14;
t(11) 5 2.02, P 5 0.03, d 5 0.80] (Fig. 1A,B; Table II). In
healthy controls, S1 hand representation was smaller for
the nondominant hand (12.21 mm 6 3.91) than it was for
the dominant hand (18.09 mm 6 4.45; Z 5 2.7, P 5 0.007,
r 5 0.49). There was no difference between the representation of the CRPS-affected hand and those of controls
[dominant hand t(20) 5 1.49, P 5 0.15; nondominant hand

RESULTS
Participants
Forty-three people with suspected CRPS were screened
for inclusion (Supporting information Fig. 1). Due to practical constraints, the intended sample size of 18 CRPS participants and 18 healthy controls was not achieved.
Seventeen participants diagnosed clinically with CRPS (5
male, 12 female; age 48.9 6 13.9 years; 2 left-handed, one
ambidextrous; Supporting information Table 1) and 16
healthy control participants from the general community
(5 male, 11 female; age 43.9 6 11.7; 2 left-handed) were
recruited (Table I). Data were not collected from one CRPS
patient (#9) due to the inability to tolerate hand stimula-
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Figure 1.
A: A representative CRPS patient and a healthy control, each displaying the typical patterns of S1 representation seen in the sample. B: Mean hand representation size in S1. n 5 12 CRPS patients,
n 5 10 healthy controls. C: Mean hand representation size in S1:
patients with CRPS of the dominant hand only. n 5 7 CRPS
patients, n 5 10 healthy controls. D: Mean hand representation

size in S1: according to IASP CRPS diagnostic criteria (Harden,
Bruehl et al., 2007). n 5 7 “ResearchCRPS” patients, n 5 5 “Pain”
patients. All data presented are mean and SD.  CRPS affected
hand, 䊏 CRPS healthy hand, 䊊 Control dominant hand, and
Control nondominant hand. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

U 5 41.0, P 5 0.23]. The representation of the CRPS
patients’ healthy hand was larger than that of the controls’
nondominant hand (U 5 25.0, P 5 0.02, r 5 0.50), but not
their dominant hand [t(20) 5 0.73; P 5 0.48]. To iterate,
only five out of 12 CRPS participants had an affected nondominant hand.

Posthoc Sensitivity Analysis on the Effect of
Hand Dominance

r



Because we found a difference in S1 hand representation
size between the dominant and nondominant hemispheres
in controls, we performed a sensitivity analysis to
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d 5 1.35

ND

d 5 0.85

ND

d 5 0.37

ND

“Pain” affected
versus healthy

—

Dominant >
nondominant
r 5 0.49

d 5 0.40

ND

d 5 0.04

“ResearchCRPS”
affected
versus “Pain”
affected
ND

d 5 0.29

ND

d 5 0.64

ND

d 5 0.58

ND

d 5 0.32

“ResearchCRPS”
affected
versus “Pain”
healthy
ND

r 5 0.43

ND

r 5 0.20

ND

CRPS affected
versus control
nondominant

d 5 2.60

“ResearchCRPS”
healthy > controls

d 5 1.55

“ResearchCRPS”
healthy > controls

“ResearchCRPS” healthy
versus “Pain” affected

d 5 1.1

CRPS healthy > controls

d 5 0.32

ND

CRPS healthy versus
control dominant

d 5 0.12

ND

d 5 0.60

ND

“ResearchCRPS”
healthy versus
“Pain” healthy

r 5 0.75

CRPS healthy
> controls

CRPS healthy
> controls
r 5 0.50

CRPS healthy versus
control nondominant

Comparison of healthy hemisphere with controls

CRPS, complex regional pain syndrome; >, larger representation size than; ND, no significant difference; d, effect size for normally-distributed data (difference in means
divided by pooled standard deviation); r, effect size for non-normally distributed data (Z-score divided by the square root of the sample size).

“ResearchCRPS” of
dominant hand only
n 5 5 “ResearchCRPS”
n 5 2 “Pain”
(Supporting
Information Fig 3)

Posthoc:

d 5 1.10

Healthy > affected

“ResearchCRPS”
affected versus
healthy

d 5 1.26

ND

d 5 0.80

Healthy > affected

Controls dominant
versus nondominant

CRPS affected
versus healthy

CRPS affected
versus control
dominant

Comparison of affected
hemisphere with controls

Di Pietro et al.

n 5 7 “ResearchCRPS”
n 5 5 “Pain”
(Fig 1D)

Diagnostic criteria applied:

CRPS of the dominant
hand only
n 5 7 CRPS
n 5 10 controls
(Fig 1C)

Posthoc:

Original analysis:
n 5 12 CRPS
n 5 10 controls
(Fig 1B)

Controls

CRPS

TABLE II. Comparisons of hand representation size

r
r

r
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TABLE III. Intensity of the evoked fMRI signal, raw beta values
Group and hemisphere
CRPS (n 5 12)
Healthy controls (n 5 10)

Affected/dominant hemisphere

Healthy/nondominant hemisphere

D1: 0.540 6 0.496 D5: 0.389 6 0.099
D1: 0.677 6 0.309 D5: 0.441 6 0.415

D1: 0.489 6 0.185 D5: 0.569 6 0.329
D1: 0.655 6 0.330 D5: 0.478 6 0.220

No differences noted (P > 0.05 for all comparisons).

“ResearchCRPS” group was larger than that of the affected
hand [21.83 mm 6 5.84 vs. 15.18mm 6 1.66, t(10) 5 2.45,
P 5 0.03, d 5 1.55] but not the healthy hand in the “Pain”
group [t(10) 5 1.07, P 5 0.31]. The results of a posthoc sensitivity analysis on the effect of hand dominance are
reported in Supporting information Results (Supporting
information Fig. 3) and Table II.

investigate whether the results in the CRPS group were
dependent on dominance. The five participants with CRPS
of their nondominant hand (#2, #5, #8, #13, and #15) were
removed (Fig. 1C; Table II), such that we compared seven
dominant (affected) CRPS hands to dominant control
hands, and seven nondominant (healthy) CRPS hands to
nondominant control hands. There was no difference in
the dominant (affected) hand representation size between
patients and controls [CRPS: 16.67mm 6 5.46 vs. controls:
18.09 mm 6 4.45; t(15) 5 0.59, P 5 0.56], implying that the
affected hand representation is not smaller. In contrast, the
nondominant (healthy) hand representation was larger in
patients than it was in controls (CRPS: 23.97 mm 6 6.09 vs.
controls: 12.21 mm 6 3.91; U 5 5.0, P 5 0.002, r 5 0.75),
implying that the healthy hand representation is enlarged.
Remarkably, the nondominant (healthy) hand was also
larger than the dominant hand in controls in this analysis
[t(15) 5 2.31, P 5 0.04, d 5 1.1]. A difference between hemispheres was no longer detectable in these seven CRPS participants [t(6) 5 1.94, P 5 0.1]. An exploration into the five
participants with CRPS of the nondominant hand, compared to the healthy controls, revealed that a difference
was no longer detectable between the dominant (healthy)
hand in CRPS participants and the dominant hand in controls [t(13) 5 1.54, P 5 0.15], and that there was still no difference between the nondominant (affected) hand in CRPS
participants and the nondominant hand in controls
[t(13) 5 0.13, P 5 0.90] (Supporting information Fig. 2).

Intensity of the Evoked fMRI Signal
There were no differences between hemispheres or groups
in the intensity of the stimulus-evoked fMRI signal in S1 (See
Supporting information Results and Table III for raw values).

Relationship Between Pain and Duration and S1
Spatial Representation
The representation of the affected hand was not related
to pain intensity (Pearson’s r: 20.17, P 5 0.60) or duration
(Spearman’s rho: 20.11, P 5 0.75). The healthy hand representation was not related to pain intensity (20.12;
P 5 0.70) or duration (20.14; P 5 0.66).

DISCUSSION
We hypothesized that S1 representation would be smaller
for the CRPS-affected hand than it was for the healthy hand,
or either hand of controls. Our results are partly supportive
of this hypothesis: the representation was smaller for the
affected hand than it was for the healthy hand. However,
the affected hand representation was not smaller than that
of healthy controls. In contrast to our hypothesis, the representation of the healthy hand in CRPS participants was
larger than that of controls. This contradicts the view that
CRPS is associated with shrinkage of the S1 representation
of the affected hand. Posthoc sensitivity analyses exclude
the possibility that the effects are simply due to dominance.
Whether or not the patients fulfilled the strict CRPS diagnostic criteria on blinded assessment was also important: the
interhemispheric difference was more pronounced in those
who met the criteria (d 5 1.10, vs. d 5 0.80 in the original
CRPS comparison), and absent in those who did not meet
the criteria (i.e., the “Pain” group). That there was no difference in the intensity of the evoked fMRI signal from hand
stimulation, in any comparison, is consistent with previous
studies, which have yielded mixed and inconclusive results
[Di Pietro et al., 2013].

The Effect of CRPS Diagnostic Criteria
Data for seven of the 11 participants in the
“ResearchCRPS” group and all five participants in the
“Pain” group were available for analysis (i.e., suprathreshold clusters were not identified in S1 in four of the
“ResearchCRPS” participants). In the “ResearchCRPS”
group, the effects were more pronounced. That is, S1 representation of the affected hand was smaller than that of
the healthy hand [affected: 14.90 mm 6 6.74 vs. healthy:
21.83mm 6 5.84, t(6) 5 2.42, P 5 0.025, d 5 1.10]. In contrast,
in the “Pain” group, there was no longer a difference in S1
hand representation between hemispheres [affected: 15.18
mm 6 1.66 vs. healthy: 17.39 mm 6 8.63, t(4)50.5, P 5 0.6]
(Fig. 1D; Table II). The representation size of the affected
hand in the “ResearchCRPS” group was not different to
that of the affected [t(10) 5 0.09, P 5 0.93] or the healthy
hand [t(10) 5 0.56, P 5 0.59] in the “Pain” group. However,
the representation of the healthy hand in the
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caused by CRPS [Harris, 1999; McCabe and Blake, 2007;
Moseley and Flor, 2012]. The notion that reduced use of
the affected hand leads to a shrinkage in representation
[Juottonen et al., 2002; Vartiainen et al., 2008] is so intuitively sensible, that it might explain this assumption.
There is also evidence from phantom upper limb pain of
invasion in S1 of the hand region by the lip region, which
implies that the phantom limb representation has become
smaller [Flor et al., 2006], but does not prove it—to do so
would require the stimulation of a missing limb. Reports
of neglect-like findings in CRPS [Frettl€
oh et al., 2006;
Lewis et al., 2007; Moseley, 2004] also seemed consistent
with a shrunken representation of the affected hand in S1.
Interestingly, however, and perhaps pertinent to keep in
mind given that our findings do not implicate the S1 representation of the affected hand, neglect-like findings are
probably more dependent on spatial, and not purely on
somatotopic, maps as was once thought [Moseley et al.,
2009; Moseley et al., 2013]—which is consistent with poststroke neglect (Vallar and Perani, 1986). That enlarged S1
representation in the healthy hemisphere might be maladaptive seems consistent with the principles of interhemispheric rivalry [Murase et al., 2004], and the association
between poor recovery after stroke and maladaptive reorganization of the healthy hemisphere [Manganotti et al.,
2008]. In that group, inhibitory stimulation of the intact
hemisphere aids rehabilitation [Dimyan and Cohen, 2011],
which clearly raises the possibility of a new approach to
CRPS rehabilitation. Just as reduced use of the affected
hand might be implicated in the apparent shrinkage in its
S1 representation, it follows that increased—that is, compensatory—use of the healthy hand might underlie the
enlargement in S1 representation that we have identified
here. That we found no relationship between the size of
the healthy hand S1 representation and pain duration
would imply that the asymmetry between hemispheres in
the patients does not emerge as a function of adaptation
induced by persistent compensatory use of the healthy
hand—or even maladaptive processes related to the disorder. Gathering information related specifically to the
healthy hand in CRPS would help clarify this. Clearly
such questions of use-dependent neuroplasticity in this
disorder warrant further investigation.
Our study raises new questions about CRPS. The main
result appeared more pronounced in the “ResearchCRPS”
group than it was in the “Pain” group. Although similar
pain levels between groups suggests that the difference is
not simply due to pain, or to differential hand use in the
two groups, these possibilities do remain. Does the interhemispheric difference reflect reorganization from baseline
or does it reflect baseline, pre-CRPS, differences? If the
answer is reorganization, is that a result of pain or of
some other pathophysiological characteristic of CRPS?
Could the larger S1 representation be a biomarker for
CRPS? Is the reorganization limited to S1, or is there wider
reorganization, as is suggested by widespread disruption
of systems of regulation and protection [Moseley et al.,

To our knowledge, this is the first study to demonstrate
a larger healthy hand S1 representation, rather than a
smaller affected hand S1 representation, in people with
CRPS, as compared to healthy controls. There are several
reasons we can be confident in our findings even though
they contrast with previous work. First, the design of our
study was informed by the findings of a recent systematic
review [Di Pietro et al., 2013] that identified several threats
to the validity of previous studies, for example, limitations
of MEG and EEG, nonblinding in data analysis, and failure to report on healthy control participants. Of the previous investigations of S1 representation in CRPS [Juottonen
et al., 2002; Maih€
ofner et al., 2003; Pleger et al., 2004; Vartiainen et al., 2008], only two studies reported on healthy
controls [Pleger et al., 2004; Vartiainen et al., 2008] and
only one statistically compared patients to controls [Pleger
et al., 2004]. In that study of seven CRPS (the dominant
hand was affected in four) and seven control participants,
the authors stimulated median and ulnar nerves, rather
than digits. They reported that the S1 representation of the
CRPS-affected hand was smaller than that of either hand
of controls, and that there was no difference between the
healthy hand representation of patients and that of either
hand of controls [Pleger et al., 2004]. They undertook a
sensitivity analysis using the four patients with their dominant hand affected versus those with their nondominant
hand affected and reported that there was no effect of
dominance, although they do not provide values for this
comparison. They reported no difference between dominant and nondominant hands of controls. Perhaps the different stimulation approach, the smaller sample, or the use
of EEG versus our use of fMRI, explains the difference in
results between that study and ours; clearly further work
is required to clarify the discrepancy. Regarding the lateralization of function in the healthy human brain, less is
known about the somatosensory system than is known
about motor or language systems. There have been few
studies that have mapped the S1 spatial representation of
the hands as we have done here. In their MEG investigation into cortical asymmetries (using Euclidean distance
calculations) in healthy right- and left-hand dominant subjects, S€
or€
os et al. [1999] found that the S1 representation of
the right (dominant) hand was consistently larger than
that of the left (nondominant) hand in right-handed subjects. The asymmetry results were less consistent in lefthanded subjects [S€
or€
os et al., 1999]. It would appear, from
these results at least, that normal cortical asymmetry cannot explain our main result; indeed, in the majority of our
sample the healthy hand was not the subject’s dominant
hand.
That CRPS is associated with a shrinkage in S1 hand
representation is widely accepted [Henry et al., 2011;
Maih€
ofner et al., 2010; Marinus et al., 2011; Schwenkreis
et al., 2009; Swart et al., 2009], despite surprisingly little
direct supportive evidence [Di Pietro et al., 2013]. Indeed,
the only debate around this issue has concerned whether
the smaller representation contributes to CRPS, or is
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S1 data reflect nociceptive as well as non-nociceptive maps in
those participants [Mancini et al., 2012]. However, visual
input alone can provoke pain in people with CRPS [Acerra
and Moseley, 2005], and in those with pre-CRPS wrist pain
[Moseley et al., 2014], which supports our assertion that the
somatosensory stimuli used here were not nociceptive. Further work is required to fully exclude the possibility of nociceptive activation in these participants.
In conclusion, our results clearly support the side-toside differences in S1 representation in people with CRPS
of the upper limb. However, they also clearly suggest that
this difference is best explained by a larger than normal
representation of the healthy, unaffected hand, not a
smaller than normal representation of the CRPS-affected
hand, a possibility that has not hitherto been considered.
Indeed, this finding is in contrast to the widely accepted
view and strongly suggests we need to reconsider the
nature of cortical reorganization in people with CRPS.

2012]? If S1 differences were instead present before CRPS,
might they represent a vulnerability to the disorder? These
questions are speculative but not outrageous, and critically
they are eminently testable.
Although we overcame some of the methodological limitations of previous studies, limitations remain. Our sample
was smaller than we projected—we aimed for 18 participants in each group but only had 16 in each group. We
may have been underpowered to detect differences in
some of the planned comparisons, particularly given that
suprathreshold activity within the S1 mask was not identified in all participants, despite every effort to optimize the
stimulation paradigm. It is difficult to ascertain why the
S1 response to peripheral stimulation in some participants
was weaker than in others [Bushnell et al., 1999], but as
can be seen in Table I, it seems that there were no systematic differences in the clinical characteristics of those who
did and did not reach threshold. The issue of sample size
does not threaten the validity of the main finding: the largest difference in S1 representation size between patients
and controls clearly involved the healthy hand, not the
affected one. Further, the four patients in whom suprathreshold activity was not identified were in the
“ResearchCRPS” group, not the “Pain” group. The larger
effect observed in the “ResearchCRPS” group suggests that, if
anything, not including those participants decreased the
effect rather than increased it. In fact, that our main results
came from a small and clinically heterogeneous sample
makes them more compelling. Having said this, although our
sample was larger than any previous investigation of this
question, it was still small and, as with any scientific findings,
replication would provide more confidence in the current
findings—particularly replication with a larger sample. With
larger samples it will be more viable to implement other analyses, for instance to investigate for interactions [Nieuwenhuis
et al., 2011] rather than compare groups as we have done
here, and as has been done in past studies in this field [Juottonen et al., 2002; Maih€
ofner et al., 2003; Pleger et al., 2004; Vartiainen et al., 2008]. Finally, we identified activation maxima
in the contralateral S1, and their corresponding beta estimates, using a threshold of P < 0.05 uncorrected. We accept
that false positives are a problem in fMRI studies that involve
multiple testing of vast quantities of data [Bennett et al.,
2009], but some protection is offered by an a priori hypothesis, which related to a specific functional region, being S1,
and somatotopic boundaries of S1 that were specified a priori,
based on coordinates reported by previous work [Weibull
et al., 2008]. For this same reason, it is also unlikely that medications imparted an effect on the results. Although a variety
of medication use was reported across the sample, there was
no systematic use of medication according to hand dominance, or whether or not participants met the strict CRPS criteria. Moreover, a biologically plausible mechanism by which
CRPS medications could differentially modulate S1 spatial
representation in predefined areas of cortex is very unlikely.
A final consideration relates to the provocation of pain in a
subgroup of participants, which raises the possibility that our
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APPENDIX : CRPS DIAGNOSTIC CRITERIA

1. Continuing pain, which is disproportionate to any inciting
event
2. Must report at least one symptom in three of the four
categories below:
Sensory
Reports of hyperesthesia and/or allodynia
Vasomotor
Reports of temperature asymmetry and/or
skin color changes and/or skin color
asymmetry
Sudomotor/Oedema Reports of oedema and/or sweating changes
and/or sweating asymmetry
Motor/Trophic
Reports of decreased range of motion
and/or motor dysfunction (weakness,
tremor, and dystonia) and/or trophic
changes (hair, nail, and skin)
3. Must display at least one sign at time of evaluation in two
or more of the following categories:
Sensory
Evidence of hyperalgesia (to pinprick)
and/or allodynia (to light touch
and/or temperature sensation and/or
deep somatic pressure and/or
joint movement)
Vasomotor
Evidence of temperature asymmetry
(>1 C) and/or skin color changes
and/or asymmetry
Sudomotor/Oedema Evidence of oedema and/or sweating
changes and/or sweating asymmetry
Motor/Trophic
Evidence of decreased range of motion
and/or motor dysfunction (weakness,
tremor, and dystonia) and/or trophic
changes (hair, nail, and skin)
4. There is no other diagnosis that better explains the
signs and symptoms
From Harden et al., [2007]
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