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Abstract: Dysfunction in the central nervous system is thought to underlie the movement disorders that
commonly occur in complex regional pain syndrome (CRPS), with much of the literature focusing on
reorganization of the primary motor cortex (M1). Presumed changes in the M1 representation of the
CRPS-affected body part have contributed to new CRPS treatments, which are increasingly being
integrated in the clinic. We systematically investigated the evidence for altered M1 function in CRPS.
We adhered to rigorous systematic review procedure in our search strategy, risk-of-bias appraisal, and
data extraction. Eighteen studies comprising 14 unique data sets were included. The included studies
used several neuroimaging techniques, whose outcomes we grouped into M1 cortical excitability, spatial
representation, reactivity, and glucose metabolism, and conducted meta-analyses where possible.
Risk of bias across studies was high, mainly due to missing data and unblinded assessment of outcomes.
No definitive conclusions can be drawn regarding M1 spatial representation, reactivity, or glucose
metabolism in CRPS. There is limited evidence for bilateral M1 disinhibition in CRPS of the upper limb.
Perspective: Despite widely held assumptions of primary motor cortex dysfunction in complex
regional pain syndrome, there is only evidence to support bilateral disinhibition, and there is high
risk of bias across the literature.
ª 2013 by the American Pain Society
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D

iagnosis of complex regional pain syndrome (CRPS)
is made on the basis of ongoing pain and dysfunction in several body systems, including the motor
system. Movement disorders such as weakness, poor motor
control, and/or dystonia are common in CRPS, particularly
as the disease progresses.37,62 The reported prevalence of
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movement dysfunction in CRPS varies61; one prospective
study into the neurologic symptoms of CRPS reported
that 97% of 145 patients had motor disturbances of the
affected limb.2 Another, a retrospective study, reported
that movement disorders were present in more than 65%
of their sample of 185 CRPS patients, with dystonia the
most common of these disorders.62 Dysfunction in the central nervous system is thought to underlie the motor
changes seen in CRPS.13,19,37 Although it is highly unlikely
that this dysfunction arises from a single structure alone,
much of the existing literature focuses on functional
reorganization of the primary motor cortex (M1).
Evidence of change in M1 function, not only in CRPS but
also in other pain states such as low back pain59 and phantom pain,6 has contributed to noninvasive management
strategies in CRPS, such as graded motor imagery44 and
mirror therapy.39
Despite the accumulating evidence for motor disorders in CRPS, and the emerging evidence in support
of motor-based treatments, there is no published
systematic review of the literature. Without a formal

Di Pietro et al
interrogation of the literature, using an a priori defined
search strategy and quality appraisal of studies, there is a
clear risk that we have come to biased conclusions
regarding the role of the motor cortex in this disorder.
We aimed to determine the extent of altered function
in the primary motor cortex in CRPS using a systematic
review and meta-analysis of the literature. In light of
the results of our recent systematic review into the
function of the primary somatosensory cortex (S1) in
CRPS,10 we were specifically interested in the evidence
for disinhibition and altered spatial representation
in M1.
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and findings in M1 (eg, motor-evoked potentials
(MEPs), size of M1 cortical representation, M1 reactivity). Where a study included follow-up data, only
baseline imaging data were extracted. Where a
study reported on more than 1 control group, we
extracted data from the pain-free control group only.
If required data were not reported, we requested the
data from study authors, contacting them a maximum
of 3 times.
We based a risk of bias form on the STROBE
statement64 and items relevant to case-control studies
from the Cochrane Collaboration tool for assessing risk
of bias20,48 (see Supplemental Table 1).

Methods
Search Strategy and Screening
Key words and Medical Subject Headings (MeSH)
related to CRPS and its synonyms, neuroimaging, and
the brain were used in Medline, Embase, and Web of
Science (Appendix A), up to March 6, 2013. The
reference lists of reviews in the field19,37,52,54,58 were
searched for any additional titles. Two independent
investigators from within the team screened titles
and abstracts, extracted data, and appraised risk
of bias, with a third investigator from within the
team involved in the process when consensus was not
reached.

Study Eligibility
Inclusion in the current review required studies to
investigate the function of the primary motor cortex,
use neuroimaging, report on adult humans with CRPS,
and compare M1 function in CRPS to controls
(ie, healthy participant or the unaffected side of CRPS
patients). Neuroimaging was defined here as any
experimental method by which images of human
brain function are created, including, for example,
magnetic resonance imaging (MRI), positron emission
tomography (PET), magnetoencephalography (MEG),
and transcranial magnetic stimulation (TMS). In-press
or accepted studies were included. No restriction was
placed on year or language of publication. Case
studies (and studies that provided imaging findings for
only 1 participant), studies with incidental M1 findings
(eg, activations in M1 that resulted from a paradigm
primarily conducted to assess the sensory system), and
studies in which CRPS patients did not make up at least
50% of the patient group were excluded from the
current review.

Data Extraction and Appraising Risk of
Bias
Data extraction forms were custom-designed, piloted
on 2 studies, and then used to extract the following
data: study design, inclusion and exclusion criteria,
source of study participants, participants’ age and
gender, CRPS diagnostic criteria, pain intensity, CRPS
duration, other clinical information given (eg, handedness), neuroimaging method, specifics of the investigative paradigm (eg, type and location of stimulation),

Data Analysis
We grouped the included studies according to the
outcomes they reported. Four main outcomes resulted:
M1 cortical excitability, M1 spatial representations, M1
reactivity, and M1 glucose metabolism. The standardized
mean difference (Hedge’s g, the difference between
means of each group divided by the pooled standard
deviation) was calculated using Revman 5.0 (Cochrane
Collaboration8), software used to construct and manage
systematic reviews. This allowed for comparison of M1
function between CRPS patients and controls between
studies. Effect estimates were interpreted according
to Cohen’s guidelines for effect sizes: #.2 = small,
.5 = moderate, $.8 = large.7 Using a random-effects
model, data were pooled for an outcome if we had
access to data from at least 2 studies addressing that
outcome. The c2 test was used to detect statistically
significant heterogeneity and the I2 statistic to estimate
the amount of heterogeneity. Statistically significant
heterogeneity was considered present when c2 P < .10.
Substantial heterogeneity was considered present
when I2 > 60%.21 All data are presented as effect
estimates (95% confidence intervals).

Results
A total of 1,038 studies were identified by the database
search and hand-searching the reference lists of potentially eligible studies and 6 reviews.19,37,52,54,58 After
screening the title and abstract of all records, the full
texts for 75 studies were sourced. Eighteen studies,
comprising 14 unique data sets, met the inclusion
criteria. The inclusion process is detailed in Fig 1; notably,
we excluded 12 case studies or studies with no healthy
control group (or studies that only provided imaging
data for 1 participant), 12 studies that were not conducted
to primarily assess the motor system/did not use motor
paradigms (ie, studies evaluating sensory function, even
if they presented M1 findings), 12 studies that did not
investigate the function in M1 (ie, they were investigating
structure or function of other brain areas), and 16 studies
with no neuroimaging or no neuroimaging at baseline
(including reviews or letters). (See Appendix B for a list
of these excluded studies.) There were 4 samples that
were reported on by 2 studies each: the samples of Gieteling et al,15 Sinis et al,56 Krause et al,30 and Morgante et al42
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1038 records identified
through searching of
databases and
reference lists of
reviews

745 records after
duplicates removed

745 records screened
for title and abstract

75 full-text studies
assessed for eligibility

18 studies included in
systematic review
(14 unique datasets)

670 records excluded on the
basis of title and abstract

57 studies excluded:
-Case studies or no healthy control group: 12
-Studies of sensory function (even if they have
‘incidental’ M1 findings): 12
-Not adults: 1
-Not functional imaging M1 (e.g. thalamus): 12
-No baseline neuroimaging (incl. reviews and
letters):16
-Sample not containing >50% CRPS: 4

14 unique datasets included in review:
TMS:

Eisenberg, et al. 2005^
Krause, et al. 2004
Krause, et al. 2005^
Krause, et al. 2006b^
Mbizvo, et al. 2011^
Naro, et al. 2011
Schwenkreis, et al. 2003^
Turton, et al. 2007^

fMRI:

Gieteling, et al. 2008
Gustin, et al. 2010
Maihöfner, et al. 2007

MEG:

Juottonen, et al. 2002
Kirveskari, et al. 2010

PET:

Shiraishi, et al. 2006

6 studies included in
meta-analysis^

(^ denotes inclusion in meta-analysis)

Figure 1. Flow diagram detailing the screening and inclusion process for studies.
were included by Gieteling et al,14 Gustin et al,16 Krause
et al,31 and Naro et al,46 respectively. Therefore, although
18 studies are included in the current review, risk of bias
appraisal and data extraction were performed on 14
studies (see Fig 1 for list of included studies and those
included in meta-analysis).

Study Characteristics
All 18 of the included studies investigated CRPS of the
upper limb, with 2 of these studies also recruiting people
with CRPS of the lower limb.11,55 The studies reported on
a total of 169 cases of CRPS and 282 controls (unaffected

side or healthy controls). Ten studies used TMS to
investigate excitability or spatial representation in the
motor cortex11,28-31,38,42,46,51,60; 5 studies used functional
MRI (fMRI) to investigate activation patterns with motor
paradigms and map spatial representation in the motor
cortex14-16,34,56; 2 studies used MEG to investigate motor
cortex rhythms25,26; 1 study used PET to investigate
widespread glucose metabolism.55 Of the studies
administering peripheral stimulation (including movement),14-16,25,26,34,56,60 3 studies administered stimulation
that was perceived as painful by participants.14,15,26 See
Table 1 for study demographic information.
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Studies’ Risk of Bias
There was an overall high risk of bias across the 14
studies (see Table 2). Excepting the conference abstracts,
Naro et al 46 and Mbizvo et al,38 and the letter, Krause
et al,28 from the appraisal, the bias across the remaining
studies mainly arose from unblinded assessment of
outcomes (ie, those who analyzed/interpreted the
images were not blinded to the status of participants,
or to which hemisphere was CRPS-affected) and from
missing data. The 2 studies at lowest risk of bias overall
were Krause et al31 and Turton et al.60 Notably, the
only study to report consecutive sampling of participants
was Eisenberg et al.11
There was a variety of CRPS diagnostic criteria used by
the studies. Six studies16,25,26,34,51,60 cited Stanton-Hicks
et al,57 with 1 of these26 also citing Harden et al,18 1
study55 cited Harden et al17 and Boas,3 3 studies11,29,31
cited Bruehl et al,5 and 1 study14 cited Merksey and Bogduk.40 The letter28 and the 2 conference abstracts38,46 did
not state the criteria used for diagnosis of their CRPS
participants.

Outcomes
Cortical Excitability: TMS Studies
Ten studies investigated different parameters of
cortical excitability using TMS. Six studies reported on
the amplitude of the MEP at peripheral target forearm
and hand muscles after stimulation of the motor
cortex.28,29,31,38,51,60 Five studies compared within
participants, that is, between hemispheres (see Fig 2).
There was no difference in MEP amplitude between
hemispheres in CRPS patients, with a pooled effect
estimate of –1.69 (–3.43, .05). Six studies compared
participants with healthy controls (see Fig 2). There was
no difference in the MEP amplitude between CRPS
patients and healthy controls, with a pooled effect
estimate of –.75 (–1.54, .05).
Three studies reported on motor threshold,28,31,51 that
is, the lowest TMS intensity needed to evoke MEPs in the
target muscle when stimuli are applied to the motor
cortex (refer to27 for a review of TMS methods)
(see Fig 3). Two of these studies compared findings
within participants who had chronic CRPS; the pooled
effect estimate of –.19 (–.63, .26) indicating no difference
between sides in the CRPS patients. Comparing chronic
CRPS with healthy controls (see Fig 3) resulted in a
pooled effect estimate of .24 (–.24, .72), indicating no
difference in motor threshold between the 2 groups.
Three studies used paired-pulse stimulation paradigms
of the motor cortex, with a 1- to 4-ms interstimulus
interval (ISI), to evaluate short-interval intracortical
inhibition11,46,51 (see Fig 4).11,46,47,54 In addition,
Eisenberg et al11 presented data for the interaction of
indirect waves (I-waves), also measuring cortical
excitability via paired-pulse TMS with ISIs less than
4 ms. There was no difference when comparing hemispheres in participants with upper-limb CRPS (pooled
effect estimate .63 [–.28, 1.55]) or when comparing
hemispheres in participants with lower-limb CRPS
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(pooled effect estimate .49 [.33, 1.31]). Comparing
upper-limb CRPS with healthy controls (see Fig 4)
resulted in a pooled effect estimate of .89 (.38, 1.40),
indicating a bilaterally higher MEP amplitude ratio of
the test MEP in patients than in controls, that is, evidence
of disinhibition. Consistent with these findings were
those of Naro et al,46 who reported significantly
reduced short-interval intracortical inhibition in the
CRPS-affected arm than in the healthy controls. No
difference was demonstrated in the comparison of
lower-limb CRPS with healthy controls, with a pooled
effect estimate of .69 (–.31, 1.69).
Krause et al29 investigated the silent period, normally
defined as the time between the stimulus delivery and
the return of voluntary activity, a measure believed to
reflect inhibitory mechanisms at the motor cortex. They
reported no difference in contralateral (patient mean
52.62 6 11.9 ms, control mean 53.34 6 11.2 ms) or
ipsilateral (patient mean 38.03 6 12.8 ms, control mean
27.63 6 11.4 ms) cortical silent periods between CRPS
and healthy controls.
Schwenkreis et al51 examined intracortical facilitation
using paired-pulse stimulation with a longer ISI
(8–20 ms). They found no significant difference in intracortical facilitation between hemispheres of CRPS
patients (affected hemisphere mean amplitude ratio
136.7 6 96% vs 141.1 6 69.8% for unaffected hemisphere), or between CRPS patients and control participants (controls mean amplitude ratio 136 6 37.2%).
Turton et al60 used TMS coupled with peripheral
nerve stimulation, compared to the electromyographic
response to TMS alone, in order to investigate sensorimotor
interaction. They reported no difference (patients 52.2 6
20.1% vs controls, 53.7 6 16.5%), thus demonstrating no
evidence of abnormal suppression of electromyographic
response in CRPS compared with healthy controls.

Spatial Representations:
Studies

TMS

and

fMRI

Two studies used TMS to map the size and volume of the
representation of the CRPS-affected hand in M1,
comparing this with the unaffected hand and with healthy
controls.31,38 There was no difference when comparing
the spatial representation of the CRPS-affected hand
with that of the unaffected hand, with a pooled effect
estimate of –.53 (–1.42, .36) (see Fig 5). Similarly, there
was no difference between CRPS and healthy controls,
with a pooled effect estimate of .39 (–.23, 1.00)
(see Fig 5). These 2 studies into spatial representation
also mapped the center-of-gravity x- and y-coordinates
for both patients and controls. Krause et al31 reported
larger variability in the center-of-gravity coordinates in
CRPS, but no difference between hemispheres or groups.
Mbizvo et al38 reported on the difference between hemispheres, noting a greater asymmetry in the CRPS-affected
hemisphere than the unaffected, and a tendency toward
a lateral shift of the center of gravity in the CRPSaffected hemisphere.
Three studies investigated the M1 representation
of the CRPS-affected hand with fMRI (measuring

Study Demographics
CRPS PARTICIPANTS

Eisenberg et al11

MODALITY USED
TMS; figure-of-8 coil

OUTCOMES ASSESSED

TMS applied to optimal rMT; aMT;
scalp position M1.

MEP/M-wave

CONDITION AND
COMPARISON

STUDY SIZE
(M/F)

MEAN AGE IN
YEARS

MEAN RESTING
PAIN SCORE
AT BASELINE

MEAN SYMPTOM
DURATION

MOTOR IMPAIRMENTS
(OBJECTIVE)

12 total:

Hand:

VAS 0–10

Hand:

Motor/trophic

et al5) of the upper

Hand (4/2)

33 6 10

Hand:

31 6 41 months

changes

Foot (5/1)

Foot:

7.3 6 3.1

Foot:

32 6 9

Foot:

20 6 21 months

CRPS-type 1 (Bruehl

MEPs recorded with

amplitude ratio;

or lower limb vs

surface EMG from

CMCT; ICF; SICI;

unaffected side and

APB muscles of

LICI; I-wave

healthy controls

both wrists. Use of a

facilitation

matched for age,

6.7 6 2.3

STUDY SIZE (M/F)

MEAN AGE IN
YEARS

14 (10/4)

30.9 6 12.7

3 (gender not

Not reported

in 11/12 subjects;
immobility of
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Table 1.

affected limb in
11/12

gender, handedness

single- and pairedpulse paradigm
Gieteling

fMRI

,
et al,15* y

Execution (painful)

Cerebral activation,

and imagined

particularly in

dystrophy of the

movement of wrist

parietal cortex

upper limb with

flexion/extension,
fMRI at 3 T

Execution (painful)

fMRI at 3 T

Not reported

Not reported

Not reported

reported)

Presence of dystonia
in all subjects

CRPS (Merksey and

8 (1/7)

46.4 6 6.0

Not reported

8.5 6 3.0 years

Presence of tonic

and imagined

activation in

Bogduk40) and tonic

dystonia in at least

movement of wrist

regions

dystonia of the right

the right UL in all

flexion/extension,

supporting

hand vs healthy

subjects

both hands

primary motor

controls matched for

function and

age. NB. Several

higher-order

patients had >1

Fist clenching of the

reported)

‘‘normal’’ subjects
Detection of

motor control
Gustin et al16

4 (gender not

dystonia and

both hands
Gieteling et al14

Reflex sympathetic

Detection of

17 (2/15)

42.9 6 9.2

CRPS-affected limb.
CRPS of the upper

affected and

activation in pain

limb (Stanton-Hicks

unaffected hands

processing,

et al57)

particularly

CRPS 1: 15

sensory-

CRPS 2: 5

20 (8/12)

50.9 6 11.7

VAS 0–10
6.1 6 2.3

16 6 10 months Reduced ROM in
all subjects

Opposite limb
used as control

areas (before and
after drug therapy)
Juottonen
et al25

306-channel
MEG

Compressed-air-driven

Reactivity of the

CRPS of the upper

tactile stimulation

20-Hz

limb (Stanton-Hicks

to index finger of

motor cortex

both hands.

rhythm (amplitude

6 (0/6)

45.4 6 8.4

VAS 0–100
57.5 6 17.8

42 6 26 months Loss of strength,

et al57) vs

tremor and

(range)

unaffected side and

restricted

and duration of

healthy controls

AROM in all

rebound) at rest

matched for age

subjects

stimulus

and to tactile

and gender

(1 somatosensory
neuroimaging
investigation, not
included here)

stimulation

45.1
(34–55)

concentrate on the

Instructed to

6 (0/6)

joint stiffness,

Primary Motor Cortex Function in CRPS

discriminative,

Continued
CRPS PARTICIPANTS

STUDY
Kirveskari et al26

MODALITY USED
306-channel MEG

BASICS OF STIMULATION/
PARADIGM
Single-pulse painful

OUTCOMES ASSESSED
Reactivity of the

Control Participants

CONDITION AND
COMPARISON

STUDY SIZE
(M/F)

MEAN AGE IN
YEARS

MEAN RESTING
PAIN SCORE
AT BASELINE

MEAN SYMPTOM
DURATION

CRPS of the upper limb

8 (0/8)

45.5 6 10.5

VAS 0–10

5.5 6 3.1 years

laser stimulation to

20-Hz motor

(Stanton-Hicks

the dorsum of both

cortex rhythm

hands. Controls had

6.4 6 1.8

MOTOR IMPAIRMENTS
(OBJECTIVE)
Motor deficits in all

STUDY SIZE (M/F)
8 (0/8)

Di Pietro et al

Table 1.

MEAN AGE IN
YEARS
46.3

subjects: reduced

(28–52)

et al57 and Harden

strength; ROM;

(range)

(amplitude and

et al18) vs unaffected

difficulty in fine

2 stimulation

duration of rebound

side and healthy

motor tasks

sessions: high

and suppression) at

controls matched for

intensity (VAS

rest and to painful

age and gender

matched with

stimulation

patients) and low
intensity (stimulation
energy matched)
Krause et al28

TMS; circular coil

(letter)

TMS applied to optimal rMT, MEP

CRPS 1 of the upper

scalp position M1.

limb vs unaffected

MEPs recorded with

side and healthy

surface EMG from

controls

11 (gender not Not reported

Not reported

Not reported

Not reported

reported)

10 (gender not

Not reported

reported)

long extensor
muscles of both
forearms
Krause et al29

TMS; circular coil

TMS applied to optimal MEP; iCSP; cCSP

CRPS 1 of upper limb

12 (2/10)

48.2 6 15.6

Not reported for

<6 months

Reduced AROM and

scalp position M1.

(before and after a

(Bruehl et al5) vs

MEPs recorded with

conditioning

unaffected side and

subjects; tremor

surface EMG from

repetitive magnetic

healthy controls

in 3 subjects

long extensor

stimulation

muscles of both

program)

all patients

weakness in 10/12

10 (gender not
reported)

42.4 (only mean
given)

forearms
Krause

TMS; figure-of-8 coil

et al30y

TMS applied to hot spot Spatial representation

CRPS 1 (Bruehl et al5) of

13 (4/9)

37

on the motor cortex,

in M1 (ie, size,

the upper limb vs

(18–72)

MEPs recorded with

volume); MEP; MT

unaffected side and

(range)

EMG from long

Not reported for
all patients

8 were <6
months
5 were >6

healthy controls

months

Reduced AROM in

10 (4/6)

38

8/14 subjects;

(24–63)

weakness in 4;

(range)

tremor in 2; hand

extensor muscles of

closure in 1;

both forearms

reduced force in 2

TMS; figure-of-8 coil

TMS applied to optimal Spatial representation

CRPS of the upper limb

14 (4/10)

37

in M1 (ie, size,

(Bruehl et al5) vs

(17–72)

MEPs recorded with

volume, COG, x- and

unaffected side and

(range)

surface EMG from

y-coordinates); MEP;

healthy controls

long extensor

MT

scalp position M1.

Not reported for
all patients

8 were <6
months
6 were >6
months

Reduced AROM
in 9/14 subjects;
weakness in 4;
tremor in 2;
hand closure in 1;

muscles of both

reduced force in 2

forearms

subjects

10 (gender not
reported)

38
(24–63)
(range)
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CRPS PARTICIPANTS

MODALITY USED

€fner et al34 fMRI at 1.5 T
Maiho

OUTCOMES ASSESSED

CONDITION AND
COMPARISON

Finger-tapping task at

Detection of activation

1-Hz frequency,

within the motor

CRPS 1 of the upper
limb (Stanton-Hicks

sequences of index

system during motor

et al57)

finger to little finger

performance

vs unaffected side

reversed and

and healthy controls

repeated

matched for age and

STUDY SIZE
(M/F)

MEAN AGE IN
YEARS

12 (2/10)

41.2 6 8.7

MEAN RESTING
PAIN SCORE
AT BASELINE

MEAN SYMPTOM
DURATION

NRS 0–10

52.2 6 111

3.92 6 .7

weeks

MOTOR IMPAIRMENTS
(OBJECTIVE)
Paresis present in all

STUDY SIZE (M/F)

MEAN AGE IN
YEARS

12 (2/10)

43.2 6 8.7

9 (gender not

Not reported

subjects; tremor
present in 1 subject

The Journal of Pain
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BASICS OF STIMULATION/
PARADIGM

Control Participants

gender
Mbizvo et al38*

TMS

TMS applied over motor Spatial representation

CRPS of the upper limb

hot spot. Peripheral

in M1 (ie, size,

vs unaffected side

measurements at

volume, center-

and healthy controls

first dorsal

position); MEP

5 (2/3)

50.6 6 10.16

VAS 0-10
Not reported

29.2 6 28.8
months

for all

Weakness in 2 subjects;
dystonia in 1 subject;

reported)

mild stiffness in 2
subjects; no motor

interosseus muscles,

features in 1 subject

both hands
Morgante

TMS

Peripheral recording

et al42*,y

ICI; ICF; sensorimotor

CRPS 1 of the upper

from APB and FDI of

integration through

limb vs unaffected

both hands

SAI; synaptic

side and healthy

plasticity through

controls

10 (1/9)

55.5 6 9.3

Not reported

1.1 6 .6 years

Fixed posture of the

10 (1/9)

49.8 6 4.5

10 (1/9)

49.8 6 4.5

hand in all subjects

PAS
Naro et al46*

TMS

Peripheral recording

ICI; ICF; sensorimotor

CRPS 1 of the upper

from APB and FDI of

integration through

limb vs unaffected

both hands

SAI; synaptic

side and healthy

plasticity through

controls

10 (1/9)

55.5 6 9.3

Not reported

1.1 6 .6 years

Fixed posture of the
hand in all subjects

PAS
Schwenkreis

TMS; circular coil

TMS applied over the

et al51

MT, MEP, ICI, ICF

CRPS 1 of the upper

25 (9/16)

50 (median)

limb (Stanton-Hicks

(29—80)

recorded with

et al57) vs unaffected

(range)

surface EMG from

side and healthy

FDI; both sides in

controls

VAS 0–10
3.5 6 3.2

26.1 6 47.0
months

Tremor in 5/25 subjects;

20 (10/10)

dystonia in 1 subject

49
(median)
(20–78)
(range)

patients and right
hand only in
controls. Use of a
single- and pairedpulse paradigm
Shiraishi et al55

PET

18

F-fluorodeoxyglucose Identification of
PET

CRPS patients

active brain areas,

upper and

via glucose

lower limb

metabolism

(Harden et al17;
Boas3) vs healthy
controls

18 (10/8)

40.7 6 11.1

Not reported

49.8 6 59.2
months

Not reported

13 (11/2)

38.7
(27–58)
(range)

Primary Motor Cortex Function in CRPS

vertex. MEPs

Continued
CRPS PARTICIPANTS

STUDY
Sinis et al56y

MODALITY USED
fMRI BOLD at 3T;
(MEGz)

BASICS OF STIMULATION/
PARADIGM
Fist clenching of the

OUTCOMES ASSESSED
Identification of BOLD

affected and

signal, pre-and post-

unaffected hands;

treatment with

(air-puff stimulation

memantine

CONDITION AND
COMPARISON

STUDY SIZE
(M/F)

MEAN AGE IN
YEARS

MEAN RESTING
PAIN SCORE
AT BASELINE

MEAN SYMPTOM
DURATION

CRPS of the upper limb

3 (2/1)

56 years

VAS 0–10

Not reported

vs unaffected side

9

for all patients

Control Participants

MOTOR IMPAIRMENTS
(OBJECTIVE)
Reduced ROM and

STUDY SIZE (M/F)

Di Pietro et al

Table 1.

MEAN AGE IN
YEARS

None

force in all
subjects

of digits 1 and 5z)
Turton et al60

TMS; figure-of-8 coil

TMS applied to optimal Investigating

CRPS 1 of the upper

scalp position M1.

modulation of EMG

limb (Stanton-Hicks

MEPs recorded with

responses to TMS

et al57) vs healthy

surface EMG from

induced by

controls matched for

APB muscle on

concomitant median

age, gender,

affected side in

nerve stimulation,

handedness

patients; matching

SAI.

8 (1/7)

45 6 13

VAS 0–10
6.3 6 1.4

6.6 6 4.9 years

Motor/trophic

8 (1/7)

45 6 13

changes in all
subjects

side in controls.
Recording EMG
response to median
nerve stimuli paired
with subsequent
TMS. Compared
paired stimulation
with TMS alone.

Abbreviations: EMG, electromyography; APB, abductor pollicis brevis muscle; rMT, resting motor threshold; aMT, active motor threshold; CMCT, central motor conduction time; ICI, intracortical inhibition; ICF, intracortical facilitation; SICI,
short-interval intracortical inhibition; LICI, long-interval intracortical inhibition; VAS, visual analog scale; UL, upper limb; fMRI, functional MRI; ROM, range of motion; AROM, active range of motion; FDI, first dorsal interosseous muscle; SAI:
short-latency afferent inhibition; PAS, paired-associative stimulation; iCSP, ipsilateral cortical silent period; cCSP, contralateral cortical silent period; COG, center of gravity; NRS, numerical rating scale; BOLD, blood oxygen-level dependent; 3T,
3 Tesla.
NOTE. All data reported as mean and standard deviation unless otherwise stated. All stimulation paradigms were nonpainful unless otherwise stated.
*Conference abstract.
yIncluded in the current review but no data extraction or bias appraisal was completed, because the data set was duplicated by another study in the current review.
zSomatosensory study; study outcomes not included in the current review.
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Table 2.

Risk of Bias of Included Studies
SELECTION
BIAS

STUDY

STATISTICAL
METHODS

BLINDING

REPORTING
BIAS
PERFORMANCE BIAS

CRPS
SAMPLING REPRESENTATIVE
DIAGNOSIS OUTCOME STUDY SIZE BASELINE PATIENT CONFOUNDING MINIMAL MISSING
OF CRPS
METHOD
DIAGNOSIS CONTROLS ASSESSORS CALCULATION CHARACTERISTICS
VARIABLES
DATA
✔
?
?
?
?
?
?
?
?
?
?
?
?
?

✘
✘
✔
✘
✘
?
?
✔
✔
?
✘
✔
?
✘

✔
✔
✔
✔
✔
?
✔
✔
✔
?
?
✔
✔
✔

?
?
✔
?
?
?
✔
?
✔
?
?
?
✔
✔

?
?
?
?
?
?
?
?
?
?
?
?
?
?

NOTE. ✔ = yes, or low risk of bias; ✘ = no, or high risk of bias; ? = unclear; N/A = criterion not applicable.

?
?
?
?
?
?
?
?
?
?
?
?
?
?

✔
✔
✔
✔
✔
✘
✘
✔
✔
✘
✔
✘
✘
✔

✔
✔
✔
✔
✔
✘
✔
✔
✔
✔
✘
✔
✘
✔

✔
✔
✘
✔
?
?
✔
✔
?
?
?
?
✔
✔

MISSING DATA
OUTCOME
METHODS
DESCRIBED? REPORTING
N/A
N/A
✘
N/A
✘
✘
N/A
N/A
✘
?
✘
✘
N/A
N/A

✘
✔
✔
✔
✔
?
✔
✔
✔
✘
✘
✔
?
✔

FUNCTIONAL
TEST
✔
?
✔
✔
✔
✔
✔
✔
✔
✔
?
✔
✔
✔
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Eisenberg et al11
Gieteling et al14
Gustin et al16
Juottonen et al25
Kirveskari et al26
Krause et al28 (letter)
Krause et al29
Krause et al31
€fner et al34
Maiho
Mbizvo et al38 (conference abstract)
Naro et al46 (conference abstract)
Schwenkreis et al51
Shiraishi et al55
Turton et al60

DETECTION
BIAS

Di Pietro et al

The Journal of Pain
CRPS

Study or Subgroup

Controls

SD Total Mean

Mean

Std. Mean Difference

SD Total Weight

IV, Random, 95% CI
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Std. Mean Difference
IV, Random, 95% CI

1.1.1 CRPS affected side vs. unaffected side
Krause 2005

0.15

0.1

12

0.17

0.08

12

28.2%

-0.21 [-1.02, 0.59]

Krause 2006

1.7

0.1

14

2.8

0.15

10

16.9%

-8.64 [-11.43, -5.85]

0.92 0.42

5

1.26

0.71

5

25.8%

-0.53 [-1.80, 0.75]

1 0.54

25
56

1.07

0.61

25 29.1%
52 100.0%

-0.12 [-0.67, 0.44]
-1.69 [-3.43, 0.05]

Mbizvo 2011

Schwenkreis 2003
Subtotal (95% CI)

Heterogeneity: Tau² = 2.63; Chi² = 34.64, df = 3 (P < 0.00001); I² = 91%
Test for overall effect: Z = 1.91 (P = 0.06)
1.1.2 CRPS vs. healthy controls
Krause 2005

0.15

0.1

12

0.36

0.07

10

18.7%

-2.30 [-3.43, -1.18]

Krause 2006

1.7

0.1

7

2.8

1.9

5

17.6%

-0.84 [-2.06, 0.38]

Krause 2006

1.7

0.1

7

2.4

1.2

5

17.6%

-0.85 [-2.07, 0.37]

1 0.54

25

1.12

0.44

20

25.7%

-0.24 [-0.83, 0.35]

8 20.5%
48 100.0%

0.19 [-0.79, 1.18]
-0.75 [-1.54, 0.05]

Schwenkreis 2003
Turton 2007
Subtotal (95% CI)

193.8

166

8 164.7 115.6
59

Heterogeneity: Tau² = 0.55; Chi² = 13.01, df = 4 (P = 0.01); I² = 69%

Test for overall effect: Z = 1.84 (P = 0.07)

-10
-5
0
5
10
Controls higher MEP CRPS higher MEP

Test for subgroup differences: Chi² = 0.93, df = 1 (P = 0.33), I² = 0%

Figure 2. MEP amplitudes: a forest plot of standardized mean differences. The effect estimate of each study (standardized mean
difference) is indicated by a box and its 95% confidence intervals (CIs) are marked with a horizontal line. The pooled effect estimate,
and its 95% CIs, is denoted by the diamond. Results are displayed for comparisons between hemispheres in CRPS patients, and
comparisons between CRPS patients and non-CRPS controls.
blood oxygen-level dependent [BOLD] contrast).14,16,35
Gieteling et al14 compared the activation that resulted
from imagined and executed movements of both hands
in CRPS patients and healthy controls. Patients demonstrated less activation than controls in the affected
sensorimotor cortex during imagining of movement of
the affected hand (study data were not available upon

CRPS
Study or Subgroup

Mean

Controls

our request). No between-group differences were found
in any other conditions. Gustin et al16 also compared
movement of the CRPS-affected hand with that of the
unaffected hand. They reported that movement of the
CRPS-affected hand activated sensory regions relevant
to pain processing; movement of both hands elicited
activation in areas associated with motor function.

Std. Mean Difference

SD Total Mean SD Total Weight

IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

3.1.2 CRPS affected side vs. unaffected side
Krause 2006

41.4

7.8

14

44.8 7.5

14

35.3%

-0.43 [-1.18, 0.32]

Schwenkreis 2003
Subtotal (95% CI)

51.6

9.2

25
39

52.1

25 64.7%
39 100.0%

-0.05 [-0.61, 0.50]
-0.19 [-0.63, 0.26]

10

Heterogeneity: Tau² = 0.00; Chi² = 0.64, df = 1 (P = 0.42); I² = 0%
Test for overall effect: Z = 0.81 (P = 0.42)
3.1.4 CRPS vs. healthy controls
Krause 2006

41.4

7.8

7

40.8 5.2

5

17.4%

0.08 [-1.07, 1.23]

Krause 2006

41.4

7.8

7

40.5 3.1

5

17.3%

0.13 [-1.02, 1.28]

Schwenkreis 2003
Subtotal (95% CI)

51.6

9.2

25
39

48.7 9.2

20 65.3%
30 100.0%

0.31 [-0.28, 0.90]
0.24 [-0.24, 0.72]

Heterogeneity: Tau² = 0.00; Chi² = 0.16, df = 2 (P = 0.92); I² = 0%
Test for overall effect: Z = 0.98 (P = 0.33)

-4
-2
0
2
4
Controls higher threshold CRPS higher threshold

Test for subgroup differences: Chi² = 1.62, df = 1 (P = 0.20), I² = 38.2%

Figure 3. Motor thresholds: a forest plot of standardized mean differences. The effect estimate of each study (standardized mean
difference) is indicated by a box and its 95% confidence intervals (CIs) are marked with a horizontal line. The pooled effect estimate,
and its 95% CIs, is denoted by the diamond. Results are displayed for comparisons between hemispheres in CRPS patients, and
comparisons between CRPS patients and non-CRPS controls.
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CRPS

Study or Subgroup

Mean

Controls

SD Total Mean

Std. Mean Difference

SD Total Weight

IV, Random, 95% CI

Std. Mean Difference

IV, Random, 95% CI

5.1.1 CRPS affected side vs. unaffected side_ hands

Eisenberg 2005

140 110

5

40

30

5

25.6%

1.12 [-0.27, 2.51]

Eisenberg 2005 (I-wave)

280 110

5

155

40

5

24.1%

1.36 [-0.09, 2.82]

Schwenkreis 2003
Subtotal (95% CI)

49.8

25 50.3%
35 100.0%

0.04 [-0.52, 0.59]
0.63 [-0.28, 1.55]

34

25
35

48.5 33.6

Heterogeneity: Tau² = 0.36; Chi² = 4.24, df = 2 (P = 0.12); I² = 53%
Test for overall effect: Z = 1.35 (P = 0.18)
5.1.2 CRPS affected side vs. unaffected side _feet

Eisenberg 2005
Eisenberg 2005 (I-wave)
Subtotal (95% CI)

60

40

6

50

25

200

70

6
12

160

20

51.9%

0.28 [-0.86, 1.42]

6 48.1%
12 100.0%

6

0.72 [-0.47, 1.90]
0.49 [-0.33, 1.31]

Heterogeneity: Tau² = 0.00; Chi² = 0.28, df = 1 (P = 0.60); I² = 0%
Test for overall effect: Z = 1.17 (P = 0.24)
5.1.3 CRPS affected side vs. healthy controls_hands
Eisenberg 2005

140 110

3

45

25

7

9.7%

1.45 [-0.13, 3.03]

Eisenberg 2005

140 110

2

35

15

7

5.8%

2.13 [0.08, 4.18]

Eisenberg 2005 (I-wave)

280 110

3

150

40

7

8.5%

1.81 [0.11, 3.50]

Eisenberg 2005 (I-wave)

280 110

2

210

100

7

9.3%

0.61 [-1.00, 2.23]

Schwenkreis 2003
Subtotal (95% CI)

49.8

25
35

31.1

22

20 66.7%
48 100.0%

0.63 [0.02, 1.23]
0.89 [0.40, 1.39]

34

Heterogeneity: Tau² = 0.00; Chi² = 3.86, df = 4 (P = 0.42); I² = 0%
Test for overall effect: Z = 3.55 (P = 0.0004)
5.1.4 CRPS affected side vs. healthy controls_feet
Eisenberg 2005

60

40

3

35

15

Eisenberg 2005
Subtotal (95% CI)

60

40

3
6

45

25

7

47.3%

0.95 [-0.51, 2.40]

7 52.7%
14 100.0%

0.46 [-0.92, 1.84]
0.69 [-0.31, 1.69]

Heterogeneity: Tau² = 0.00; Chi² = 0.23, df = 1 (P = 0.63); I² = 0%
Test for overall effect: Z = 1.35 (P = 0.18)

-4
-2
0
2
4
Controls more excitability CRPS more excitability

Test for subgroup differences: Chi² = 0.79, df = 3 (P = 0.85), I² = 0%

Figure 4. Short-interval intracortical inhibition: a forest plot of standardized mean differences. The effect estimate of each study
(standardized mean difference) is indicated by a box and its 95% confidence intervals (CIs) are marked with a horizontal line.
The pooled effect estimate, and its 95% CIs, is denoted by the diamond. Results are displayed for comparisons between hemispheres
in CRPS patients, and comparisons between CRPS patients and non-CRPS controls. Data are further divided into upper- and lower-limb
CRPS.

Because of a lack of formal statistical comparison
between hemispheres for motor function activation,
this study provides little information to characterize
motor function in CRPS.
€ fner et al35 compared the BOLD response to
Maiho
finger tapping in the CRPS-affected hand with that of
the unaffected and with controls. They demonstrated
more activation in M1 bilaterally during finger tapping
on the CRPS-affected hand versus the unaffected hand
(difference in cluster size in contralateral M1: 3,142,
P < .0001; ipsilateral M1: 554, P = .0001) and the right
hand in controls (difference in contralateral M1: 1,769,
P = .0002; ipsilateral M1: 3,250, P = .0003).

M1 Reactivity: MEG Studies
Two studies used MEG to investigate for abnormalities
in the 20-Hz rhythm that arises predominantly from the
motor cortex.23 Kirveskari et al26 and Juottonen et al25
investigated the spontaneous activity and changes in
the reactivity of the 20-Hz rhythm to tactile25 and
noxious26 laser stimulation. Both studies compared

within participants and to healthy controls. There was
no difference between hemispheres or groups in the
resting peak amplitude of the 20-Hz rhythm before
stimulation in either of the 2 studies. Juottonen et al25
reported no difference between hemispheres in the
20-Hz rebound duration after stimulation, or between
hemispheres or groups for the average rebound
amplitude. There was, however, evidence of a significantly
shorter 20-Hz rebound duration in patients than healthy
controls (P < .03).
In the second study,26 there were large differences in
pain threshold between CRPS patients and healthy
controls; therefore, the healthy controls in this study
underwent 2 separate stimulation paradigms: a highintensity stimulation (matched for visual analog scale
scores with the patients), and a low-intensity stimulation
(matched for stimulation energy with the patients). This
study provided rebound amplitude and duration data,
and suppression amplitude and duration data. The sum
of these was expressed as reactivity amplitude. There
was no difference between hemispheres in patients in
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Study or Subgroup

Mean

Controls
SD Total Mean

Std. Mean Difference

SD Total Weight

IV, Random, 95% CI
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Std. Mean Difference
IV, Random, 95% CI

9.1.1 CRPS-affected side vs. unaffected side

Krause 2006, Size of rep
Krause 2006,Volume of rep
Mbizvo 2011 Size of rep

8.2

3.3

14

15.6

8.2

14

12.12

1.9

4.6

2.8

Mbizvo 2011 Volume of rep
Subtotal (95% CI)

5

14

29.4%

-1.10 [-1.90, -0.30]

32.5 18.6

13

14

29.3%

-1.14 [-1.95, -0.33]

5

19.7%

1.18 [-0.22, 2.59]

5 21.6%
38 100.0%

-0.50 [-1.77, 0.78]
-0.53 [-1.42, 0.36]

5 10.17
5
38

6.4

0.9
3.7

Heterogeneity: Tau² = 0.54; Chi² = 9.04, df = 3 (P = 0.03); I² = 67%
Test for overall effect: Z = 1.17 (P = 0.24)
9.1.3 CRPS vs. healthy controls
Krause 2006, Size of rep

8.2

3.3

7

5.5

2.2

5

23.3%

0.86 [-0.37, 2.08]

Krause 2006, Size of rep

8.2

3.3

7

5.8

2.4

5

24.0%

0.75 [-0.46, 1.95]

Krause 2006,Volume of rep

15.6

8.2

7

15.3

5.3

5

26.4%

0.04 [-1.11, 1.19]

Krause 2006,Volume of rep
Subtotal (95% CI)

15.6

8.2

7
28

16.8

7.6

5 26.3%
20 100.0%

-0.14 [-1.29, 1.01]
0.35 [-0.24, 0.94]

Heterogeneity: Tau² = 0.00; Chi² = 2.05, df = 3 (P = 0.56); I² = 0%
Test for overall effect: Z = 1.17 (P = 0.24)

-4
-2
0
2
4
Controls larger representation CRPS larger representation
Test for subgroup differences: Chi² = 2.62, df = 1 (P = 0.11), I² = 61.9%

Figure 5. Spatial representation in M1: a forest plot of standardized mean differences. Data for representation size and volume are
given. The effect estimate of each study (standardized mean difference) is indicated by a box and its 95% confidence intervals (CIs) are
marked with a horizontal line. The pooled effect estimate, and its 95% CIs, is denoted by the diamond. Results are displayed for
comparisons between hemispheres in CRPS patients, and comparisons between CRPS patients and non-CRPS controls.
any of these parameters, or between CRPS and healthy
controls (either of the 2 stimulation conditions) in the
rebound duration, the suppression duration, or the
suppression amplitude. There was, however, a significant difference between the affected side of CRPS
patients and the matched side of healthy controls
undergoing the high-intensity stimulation in rebound
amplitude (P = .05) and in the summed reactivity
amplitude (P = .03).

M1 Glucose Metabolism: A PET Study
Shiraishi et al55 investigated the whole brain activity
with 18F fluorodeoxyglucose (FDG)-PET in CRPS patients
and healthy controls. Regarding M1, they stated
that patients showed contralaterally decreased glucose
metabolism compared with controls.

Discussion
We aimed to evaluate the evidence for altered
function in the primary motor cortex in CRPS using a
systematic review and meta-analysis of the literature.
The findings suggest that there is no difference in the
MEPs, motor thresholds, or cortical silent periods when
comparing hemispheres in CRPS or comparing CRPS
patients with healthy controls. Although there is no
difference in intracortical inhibition between hemispheres, there is limited evidence of bilateral motor
cortex disinhibition in CRPS of the upper limb, but not
the lower limb. It is worth noting that the 1 TMS study
that investigated lower-limb CRPS tested MEPs at an
upper-limb site for all participants (ie, for upper- and
lower-limb CRPS). It is possible that significant differences were not found for the lower-limb group because

disinhibition is specific to the M1 region representing the
CRPS-affected body part. There is weak evidence of no
abnormality in intracortical facilitation or suppression
of the electromyographic response to paired-pulse
stimulation in CRPS. There is no significant difference
in size, volume, or center-of-gravity location between
hemispheres or between groups. The fMRI studies
investigating movement and imagined movement of
the CRPS-affected hand reported on different outcomes;
it was not suitable to pool their findings. The 2 MEG
studies reporting on various components of the
reactivity of the 20-Hz rhythm yielded mixed results. No
definitive conclusion can be drawn from a single PET
study on glucose metabolism.
As well as quantifying various aspects of motor cortex
function in CRPS, an important aim of this review was
to appraise the risk of bias in the existing literature. The
variety in CRPS diagnosis employed by the studies might
have moderated the results of the review. To address
the potential problem of clinical heterogeneity in the
pooled outcomes, we conducted sensitivity analyses
based on disease duration and motor impairment. No
differences in outcomes were seen based on these
analyses (see Appendix C). The major issue that arose
was the lack of blinding reported by the studies. That
none of the studies in the current review, and only 1
study50 in our recent review of S1 function,10 reported
on blinded statistical analysis might reflect the relative
early stages we are currently at in functional neuroimaging analysis. It is well established, outside the world of
neuroimaging, that blinded statistical analysis reduces
the risk of bias in a study’s results.41 The lack of adequate
methods for addressing missing data in neuroimaging
studies was also highlighted in this review. There is a
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high risk of bias in the conclusions of a study if only a
nonrandom contingent of the recruited participants is
included.
This review is the first to provide a comprehensive
picture of the current state of functional imaging
evidence in M1 for CRPS. Although we exhaustively
searched the literature, we identified a limited number
of original studies. This should be taken into account
when interpreting the findings of our review. Because
many different technologies and outcomes were
included, the possibility of pooling the data was limited.
Further, we were unable to obtain extra data from some
authors.
We found no evidence of abnormality in MEPs or
motor threshold. However, this finding cannot be
interpreted to suggest that there is no change in cortical
excitability levels—MEPs recorded at the periphery after
M1 stimulation and the lowest TMS intensity needed to
evoke consistent MEPs in peripheral target upper-limb
muscles are not measures of cortical excitability; rather
these single control stimuli reflect activity of the motor
system in general.6,22,28 This concept is important for
the current review. The TMS studies varied in how
clearly they stipulated their stimulation parameters; in
some studies’ methods it was not clear which outcomes
were specifically being assessed and which physiologic
mechanisms underpin these outcomes.
Motor cortex excitability is more appropriately
addressed through paired-pulse stimulation paradigms
that combine a subthreshold conditioning stimulus
and a suprathreshold test stimulus at different ISIs to
investigate intracortical inhibitory and facilitatory
mechanisms.22,27,32,49 In the current review, the pooled
results of 2 such studies demonstrate evidence of a
bilateral reduction in motor cortex inhibition in
upper-limb CRPS.11,51 Although there were only 3
studies that investigated this,11,46,51 strength is added
to the argument for motor cortex reorganization
when these findings are interpreted alongside the
evidence for bilaterally increased signal with
movement of the CRPS-affected hand as detected
with fMRI,34 and bilaterally shorter rebound of the
20-Hz motor cortex rhythm in CRPS patients as detected
with MEG.25 That this functional reorganization seems
to affect both hemispheres is interesting; Schwenkreis
et al53 compared motor cortex excitability in chronic
neuropathic pain with that in chronic nociceptive pain
and demonstrated that intracortical inhibition was
unilateral, only affecting the hemisphere contralateral
to the painful arm (after peripheral nerve lesion). The
question is then, what is the difference between CRPS
and other chronic painful conditions? What is observed
clinically in CRPS—for instance, spreading of pain to
other limbs, notably crossing the midline12—may be
associated with the bilateral motor cortex effects seen
here.
Evidence of bilateral motor cortex disinhibition conflicts with the existing evidence regarding disinhibition
in the primary somatosensory cortex.10 Lenz et al33 found
bilateral S1 cortical disinhibition compared with healthy
controls (note however that there is also contention as to

Primary Motor Cortex Function in CRPS
whether or not this is in fact cortically mediated47),
whereas van Rijn et al63 demonstrated no difference in
spatiotemporal interaction between CRPS and healthy
controls, suggesting against S1 cortical disinhibition in
CRPS. Despite conflicting results then, between S1 and
M1, it seems that these changes, or lack thereof, are
consistently bilateral.
Our recent systematic review demonstrated consistent evidence of a smaller S1 spatial representation of
the CRPS-affected hand; in fact this was the only
outcome that was significantly different between
CRPS and non-CRPS controls.10 It is intriguing then
that we found no such difference in spatial representation in the primary motor cortex. This may be due to
the nature of the stimulus used in a motor study,
particularly with fMRI; a movement task of a CRPSaffected hand is arguably more difficult to standardize
across participants than a sensory stimulation paradigm, and the mixed results in M1 spatial representation might reflect this. However it is also possible
that spatial representation in M1, in contrast to S1, is
not important with regards to CRPS signs and symptoms. Perhaps the motor dysfunction in CRPS is better
characterized by changes in excitability and reactivity.
There also remains the question of what is happening
in the central nervous system in CRPS of the lower
limb. The current review, together with our recent S1
review,10 included only 3 studies that specifically
recruited participants with lower-limb CRPS,11,36,55
investigating different outcomes on a total of only 13
participants.
The aims of the fMRI investigations, though on the
whole clearly stated, were different across the included
studies and it was not feasible to pool findings. Two
studies reported on the motor cortex as 1 part of widespread activations with given conditions.14,16 When
fMRI studies simply list the brain regions that activate
or reach a certain threshold with a given condition, it
is difficult to appreciate the reported effects or
absence of effects. Indeed, there is a possibility that
our search strategy did not source studies that may
have in fact found activation in M1 but did not report
on it. Also important in our critical appraisal is the
statistical analyses used by the included fMRI studies,
specifically the problem of correction for multiple
comparisons. The 3 studies interpreted their results
according to uncorrected, albeit conservative,
probability values. In this way, the reader is not given
an estimate of the percentage of false positives,1
arguably crucial if we are comparing the results of the
studies.
This review raises new questions concerning the
efficacy of CRPS interventions that target the
motor system. Graded motor imagery (GMI), which
involves a progression from limb laterality training,
to imagined movements and later to mirror movements, has supportive evidence from randomized
controlled trials43,44 and systematic reviews,4,9
although it might be less effective when combined
with a multimodal approach or when implemented
incompletely.24 GMI is based on the idea that implicit
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motor imagery provides subthreshold inputs to M1
and reinstates normal inhibition.45 The current
finding seems consistent with that idea, although,
importantly, the effect of graded motor imagery on
disinhibition has not been evaluated. Clearly, further
work is required, but the current review suggests
that further investigation of bilateral motor cortex
disinhibition might reveal important insights into
how rehabilitation works when it does.
It seems that dysfunction of the motor cortex may
be a bilateral phenomenon. As well as identifying the

surprisingly sparse literature that has so significantly
contributed to our knowledge of motor cortex function
in CRPS, the current review has highlighted the high risk
of bias across the included studies, which needs to be
addressed in future work.
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Appendix C: Sensitivity Analyses
For each of the pooled outcomes, we evaluated
whether there were differences between the individual
studies in either disease duration or motor impairments
of the complex regional pain syndrome (CRPS) sample.
Because of the highly ambiguous way that motor
impairments were reported by many studies, we had
no reason to believe that the studies differed in their
samples with regard to motor impairments. However,
to combat the potential problem of heterogeneity or
inappropriate pooling, we conducted a sensitivity
analysis on an outcome when we were unsure as to
whether there were meaningful differences in disease
duration. Comparison of the pooled effect size with
and without the study in question informed our decision
as to whether pooling for that outcome was appropriate.
There were 2 outcomes for which sensitivity analyses
were considered. Of these 2 outcomes, a formal sensitivity analysis was performed on one. Below we outline
the decision making process for these outcomes.
Motor-evoked potential (MEP) amplitudes (Fig 2):
 All studies recruited chronic CRPS populations with the
exception of Krause et al,29 in which patients with CRPS
of less than 6 months’ disease duration were recruited.
We constructed a forest plot without this sample present (see Fig C1 below). We compared the pooled
effect estimates from the plot below with those from
the existing forest plot, with its pooled effect estimate
between sides: –1.69 (–3.43, .05) and between groups:
–.75 (–1.54, .05). Because there was no substantial
change to the pooled effect estimates resulting from
removal of this study, a decision was made to retain
the data from Krause et al29 in the MEP forest plot.
 Krause et al31: Although this study recruited both an
acute CRPS and a chronic CRPS group, the study’s
authors found no difference in interhemispheric
asymmetry between the groups and therefore
simply compared patients with controls. Hence, we
did not conduct a sensitivity analysis with omission
of this sample.
Motor thresholds (Fig 3):
 Krause et al31: See explanation above.

1288

The Journal of Pain

Primary Motor Cortex Function in CRPS

Figure C1. MEP amplitudes forest plot, omitting the data from Krause et al.29

