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a b s t r a c t
Complex Regional Pain Syndrome (CRPS) is a neuropathic disease that presents a continuing challenge in
terms of pathophysiology, diagnosis, and treatment. Recent studies of neuropathic pain, in both animals
and patients, have established a direct relationship between abnormal thalamic rhythmicity related to
Thalamo-cortical Dysrhythmia (TCD) and the occurrence of central pain. Here, this relationship has been
examined using magneto-encephalographic (MEG) imaging in CRPS Type I, characterized by the absence
of nerve lesions. The study addresses spontaneous MEG activity from 13 awake, adult patients (2 men, 11
women; age 15–62), with CRPS Type I of one extremity (duration range: 3 months to 10 years) and from
13 control subjects. All CRPS I patients demonstrated peaks in power spectrum in the delta (<4 Hz) and/or
theta (4–9 Hz) frequency ranges resulting in a characteristically increased spectral power in those ranges
when compared to control subjects. The localization of such abnormal activity, implemented using independent component analysis (ICA) of the sensor data, showed delta and/or theta range activity localized
to the somatosensory cortex corresponding to the pain localization, and to orbitofrontal–temporal cortices related to the affective pain perception. Indeed, CRPS Type I patients presented abnormal brain activity typical of TCD, which has both diagnostic value indicating a central origin for this ailment and a
potential treatment interest involving pharmacological and electrical stimulation therapies.
Ó 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction
Chronic pain may be due to an ongoing pathological process,
such as cancer, or ‘may be initiated or caused by a primary lesion
or dysfunction in the nervous system’ [51]. The latter, known as
‘‘neuropathic pain”, is particularly difﬁcult to treat. Its pathophysiology, as that of pain processes in general, remains a matter of active study with several theoretical frameworks being considered
[1,29,57,75].
Our approach is electrophysiological and focuses on the presence of abnormal, low frequency CNS oscillatory activity [35,39].
Aberrant, intrinsic electrical activity in the thalamocortical loop
system has been shown to generate these abnormal rhythms
[26,36]. Such conditions, addressed as Thalamo-cortical Dysrhythmia (TCD) [39], have been reported in neuropathic pain
[26–28,69,70] and other disorders [9,26,36,67,77]. Here, we present the results indicating the likelihood that Complex Regional
Pain Syndrome Type I (CRPS I), a chronic, neurogenic disorder of
CNS origin [23,24], may share some characteristics with TCD.

* Corresponding author. Tel.: +1 212 263 5415.
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The diagnostic criteria for CRPS have evolved recently from a
non-standardized and idiosyncratically diagnosed set of unrelated
maladies to a well-deﬁned clinical syndrome [21]. The latest diagnostic criteria require pain that is disproportionate to the precipitating event and should coexist with a set of related sensory
abnormalities (allodynia or hyperalgesia), edema, autonomic dysfunction, motor symptoms and/or trophic changes [21]. Based on
the injury type, two classes of CRPS are recognized by the International Association for the Study of Pain (IASP): CRPS I where pain
occurs in the absence of nerve lesion, and CRPS II where obvious
nerve damage is recognized.
Partly due to diagnostic variations, the CNS pathophysiology
underlying this set of disorders has been investigated only recently
[5]. Functional imaging techniques provide clear data concerning
CNS alterations, particularly in CRPS I, as elegantly reviewed recently [71]. These studies have shown asymmetries in evoked
CNS electrical activity and a functional reorganization of somatosensory and motor brain regions. An important element in these
studies concerns the possibility of establishing an objective causal
relation of such changes to the subjective clinical ﬁndings. Such
differences have been directly related to hyperalgesia surface area
[43,59] and to the degree of sensory impairment [58] but not to
motor symptoms [41], or to use reduction [42]. The
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electrophysiological ﬁndings have been correlated with the presence and overall intensity of chronic pain but not with pain intensity at the time of the recording [30,43,58,60]. Further, both MEG
and fMRI response abnormalities seen in CRPS I correlate well with
the degree of therapeutic effectiveness [44,49,55,59].
Diagnosis requires that the observed CNS abnormalities be related to the chronic state and that the underlying neuronal mechanisms be present and active during the resting state as well as
under conditions of sensory stimulation or movement. Here, we
examine the possibility that abnormal spontaneous brain activity,
in the resting state, may be a common denominator in these patients and thus provide direct insight into the underlying CNS
abnormalities. Some results have appeared in the abstract form
[11,18].

Table 1
Patient demographics and clinical characteristics.
Session

Age

Sex

Medications

1° Pain localization
(original injury site)

Duration
(months)

P15
P16
P24
P25
P29
P30
P34
P35

19
15
23
50
48
25
62
17

F
F
F
M
M
F
F
F

A, AC,
A, AC,
A, AC,
AC
A, AC,
A, AC,
N, O
A, AC,

7
4
11
120
14
46
30
48

P37

38

F

A, AC, N

P38

17

F

AC, M, N

2. Methods

P44
P45

61
54

F
F

AC, N, O
A, AC, O

2.1. Participants

P47

44

F

A, AC, N, O

Lf leg
Lf foot
Lf leg (Lf leg)
Lf hand
Rt leg (Rt knee)
Rt leg (Rt ankle)
Lf foot and ankle (Lf foot)
Bi lower back to toes
(Lf knee)
Bi ankle and foot
(Bi ankles)
Lf arm, chest, neck and
upper back (Lf arm)
Lf foot (Lf foot)
Rt forearm and wrist
(Rt shoulder)
Rt lower leg (Rt knee)

The database for this study comprised 11 women and 2 men
(36.4 ± 4.9 years) diagnosed with CRPS I and an equal number of
healthy women and men (35.4 ± 3.5 years). All patients referred
to us had upper or lower extremity disease and met the revised
IASP diagnostic criteria for CRPS I [21]. They all are presented with
(1) A precipitating event that was disproportionate according to
the present clinical condition. (2) The presence of spontaneous
pain and mechanical allodynia. (3) The presence of trophic changes
such as edema, change in skin temperature, and sudomotor abnormality in the distal part of the affected limb. (4) Exclusion of other
diagnoses.
The NYU Institutional Review Board approved the study and an
informed written consent was obtained from all subjects before
the MEG recordings. During the MEG recordings, all patients reported spontaneous pain and there was no elicited allodynia.
2.2. MEG data acquisition
All MEG recordings were carried out in a mu-metal magnetically shielded room. A set of three MEG recordings, each lasting
7 min, was made from each subject. Two sets of recordings were
made with the eyes closed (EC) and one with the eyes open (EO).
The subjects were asked to relax, but to stay awake. The location
of the head was monitored during the recordings using electrodes
placed at three standard ﬁducial marker points (left and right preauricular points, and the nasion). The head shape, including the
location of the three ﬁducial markers, was obtained for each subject using a 3D tracking system by moving a stylus to each ﬁducial
point and over the surface of the head (Fastrak, Polhemus, Colchester, VT).
MEG recordings were carried out using one of the two whole
head magnetometer systems. One instrument had 148 channels
(4D Neuroimaging) and recordings were made while the subject
was lying down (6 patients P15–P30 in Table 1). The other MEG
had 275 channels (CTF Systems) and the subject sat in an upright
position (7 patients P34–P47 in Table 1 and all 13 controls).
2.3. MEG data analysis of power spectra
Recordings made with the 4D instrument were corrected for
ECG and other artifacts following our published protocols [70].
Such artifacts and distant noise for recordings made with the CTF
instrument were reduced using a 3rd order gradient [50]. The noise
of the CTF instrument was recorded before each session. Only sensors with noise below 10 fT at P2.5 Hz were accepted and included
in the analysis. All raw data were inspected visually and movement

M, O
N, O
M, N
O
O
N

7
10
3
8
27

A, anti-depressants; AC, anti-convulsant; M, muscle relaxant; N, NSAIDS; O, opiates;
Bi, bilateral; Lf, left; Rt, right.

artifacts or periods of large amplitude slow waves were eliminated
from further analysis.
Since we were interested in ﬁnding if abnormal brain rhythms
were present in patients with CRPS I, the energy of the MEG signal
as a function of frequency, the power spectral density (including
data from all the accepted sensors) was calculated for each recording session. We used a multi-taper approach, which provides reduced-variance calculations of frequency [39,52]. The power
spectrum was normalized at 1 Hz to eliminate the differences in
baseline power that can change according to how close the head
is to the imaging sensors.
To quantifying the relative spectral power distribution between
groups, the mean spectral energy (MSE) [47] was calculated from
the overall spectra by dividing the total power in each band by
the bandwidth in Hertz. The results are expressed as a ratio of
the MSE in Band I (4–8 Hz) and Band II (8–12 Hz). Statistical significance of MSE values was calculated using a Wilcoxon–Mann–
Whitney U test, given the non-Gaussian distribution of the data.
2.4. MEG-independent component analysis
The power spectrum provides information about the dominant
frequencies of the signals that arise from the interaction of many
neuronal circuits acting as separate independent sources. To identify and characterize the spectral characteristics of these independent sources, we used a technique known as independent
component analysis (ICA). ICA is a mathematic methodology that
can disentangle each independent component from the rest, based
on their particular electrical signature [4]. Such analysis, when applied to the MEG recordings, generates a set of electrical pattern
groups or independent components (ICs). Other approaches, such
as the beamformer technique in which a frequency band chosen
as a ﬁrst step, were not used here, as ICA is a more thorough approach to evaluate the complete physiological range of frequencies.
ICA was implemented on the MEG recordings using the Infomax
EEGLab algorithm [46] as described in Schulman et al. [70]. For
each recording, this method generated a set of ICs that are ranked
according to their projected variance, which reﬂects their contribution to the overall signal. The component with the lowest variance,
IC01, contributes the most to the total signal projected to the MEG
sensors. The contribution for IC01 was 5.0 ± 1.0% (n = 7) for the patients and 9.5 ± 1.17% (n = 7) for the controls (p < 0.05, student’s ttest) that is a rather substantial signal level. Each of these ICs can
then be localized anatomically.
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2.5. Localization of independent components

The second set of questions addressed dominant frequency and
was independent of location. They concerned two frequency
ranges (delta/theta) and (alpha). Concerning activity in the delta/
theta range, they were (1) Are any ICs characterized by activity
in the delta, <4 Hz, and/or theta, 4–9 Hz, frequency ranges? (2) If
present, where is the low frequency activity localized?
Concerning activity in the alpha frequency range they were (1)
Are any ICs dominated by alpha range activity (9–13 Hz)? (2)
Where is this activity localized? Activity in the alpha range is the
dominant activity in awake, healthy adults [56]. This allowed us
to ﬁnd if such normal activity was present in CRPS I patients and
if its localization was similar to that of healthy controls.
This approach generated three IC images for each of the 7 patients and included one somatosensory IC, one low frequency IC,
and one alpha frequency IC. If more than one IC had a similar localization or dominant frequency, the IC with the lowest variance was
selected.

ICs meeting the following criteria were localized for each subject: (1) the frequency of the IC corresponded to a dominant peak
in the power spectrum (see Fig. 2 for examples), (2) the sensor distribution of the IC had a dipolar magnetic conﬁguration, and (3) the
IC had a low projected variance (rank <40). The contribution to the
overall projection of IC01–IC40 was 48 ± 1.8% (n = 14). Each component was localized onto a population-average T1 MRI using the
information from the ﬁducial markers and head shape as described
in Schulman et al. [70]. Brieﬂy, a volumetric source space was constructed from a population-averaged MRI [48]. This probabilistic
source space was transformed onto a subject-speciﬁc coordinate
system (using the head shape data) and scaled to match the distances between the nasion and two periauricular points of each
individual subject (using the ﬁducial marker information). The
leadﬁeld matrix was calculated for each experiment using a spherical volume conductor model and inverse solutions were calculated
for components of interest [19,61]. For visualization, the results
were smoothed with a three-dimensional Gaussian kernel and linearly interpolated on the reconstructed gray-matter surface of a
high resolution population-averaged MRI previously segmented
into gray and white matters with the FreeSurfer software package
[12]. The results were projected onto partially inﬂated brains.
When activity was localized to a sulcus, activity was also projected
onto a completely inﬂated brain (as in Fig. 3B). Matlab (The Mathworks, Natick MA, USA) and custom in-house software were used
for all analyses. JMP (SAS Institute, Cary NC, USA) was used for
the statistical analysis, all results are given as mean ± SEM, Student’s t-test was used to determine statistical signiﬁcance.

3. Results
3.1. Clinical description
The demographics and clinical description of the patients are
summarized in Table 1. CRPS I was related to the upper extremity
in 3 patients (P25, P38, and P45) and to the lower extremity in 8
patients. In 2 patients (P35 and P37) the disease had spread to both
lower extremities. At the time of the MEG recording all the patients
had signiﬁcant pain; complaints measuring >6 on the unidimensional 100-mm visual analog scale (VAS). The duration of the disease spanned from 3 to 120 months, with a mean of
25.8 ± 8.9 months. All the patients were taking one or several of
the following medications at the time of the MEG recording:
anti-convulsants (12), anti-depressants (9), a non-steroidal antiinﬂammatory (NSAID) (8), opioids (7), and/or muscle relaxants
(3) (Table 1).
The summary data obtained from MEG recordings for all the patients are given in Table 2. Table 2 also includes which MEG instrument was used for the recording. Basic MEG data analysis was
made on all patients. Given that the resolution of the data recorded
with the CTF instrument was better than that recorded with the 4D
instrument (due to the increased number of channels and higher

2.6. Selection of independent components
An individual unfamiliar with the actual peripheral localization
or nature of the patient’s pain examined the localized ICs. Two sets
of questions were addressed. The ﬁrst concerned an unbiased
determination of localization, that is, (1) Are any ICs localized to
primary somatosensory cortex (S1)? Following its localization
two further questions were asked: (2) Does this activity correspond to the cortical region corresponding to the reported pain
site? (3) What was the frequency of the somatosensory activity?

Table 2
Global power spectrum and selected independent component (IC) data for patients.
Pt

MEG

Power spectra peak

Somatosensory ICs (Fig. 3)

Delta/theta ICs (Fig. 4)

Alpha ICs (Fig. 5)

<4 Hz

4–8 Hz

9–12 Hz
EO/EC

Freq.
(Hz)

Region

Freq.
(Hz)

Region

Freq.
(Hz)

Region

7.6, 16
7.9, 15.8

Right S1, M1, SA
Rt S1, M1

2–5, 7
3, 15

Bilateral OFCT
Bilateral OFTC

10.4
10.8

Bilateral S1

2.6, 8.5

Bilateral OFTC, Rt TP

10.3

Right occipital
Bilateral mesial occipital,
Sup parietal
Bilateral mesial occipital

Rt S1, M1
Bilateral S1, M1

2.3, 7, 13
2.3–9.4

Bilateral OFC, Rt TP
Bilateral OFC. Lf TP

9.9
9.8

Lf S1, M1
Bilateral S1, SA Sup
parietal

2.3–8.2
<4, 9

Bilateral OFTC; frontal pole
Bilateral OFTC and Sup parietal

9.1
9.1

P15
P16
P24
P25
P29

4D
4D
4D
4D
4D

No
No
No
Yes
No

Yes
Yes
Yes
No
Yes

–
–
0.73
0.75
0.89

P30
P34
P35

4D
CTF
CTF

No
Yes
Yes

No
Yes
Yes

0.56
0.29
0.54

P37

CTF

Yes

Yes

0.18

P38
P44

CTF
CTF

Yes
No

Yes
Yes

0.71
1.1

10.5
(7–12)
<4, 12.3
<4, 8.2

P45
P47

CTF
CTF

Yes
Yes

Yes
Yes

0.56
0.73

7.6
<4, 8.7

Rt occipital
Bilateral mesial occipital,
Sup parietal
Lf occipital, Rt Sup parietal
Bilateral occipital, Sup parietal

9–12 Hz EO/EC, ratio of mean power spectra at 9–12 Hz with eyes open (EO) to eyes closed (EC); Inf, inferior; OFTC, orbitofrontal–temporal cortex; Rt, right; Lf, left; SA,
somatosensory associate cortex; Sup, superior; TP, temporal pole. Peaks calculated for 2.5–20 Hz using algorithm (Igor Pro).
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signal to noise ratio), the data recorded with the CTF instrument
were selected for inclusion in the ﬁgures.
3.2. Power spectra
We found that abnormal brain rhythms were present in CRPS
patients. This was determined by comparing the global power
spectra for the patients and controls. The individual power spectra
from 7 controls with their eyes closed are superimposed in Fig. 1A.
Note that the dominant peak is in the alpha frequency range
(9–13 Hz) as normally seen in healthy adults [56]. Individual
power spectra for 7 CTF patients are superimposed in Fig. 1B. Note
that (a) the dominant peak is at a lower frequency than for the controls, (b) peaks are present at low frequencies (<5 Hz), and (c) there
is more variability among the patients than the controls. The difference between the two groups is clearly seen in Fig. 1C where the
group mean power spectra are superimposed. The mean MSE ratio
(Fig. 1D) was larger in the CRPS patients than in the controls. Comparisons using a non-parametric Mann–Whitney U test indicated
that the differences in MSE ratios between the two groups were
statistically signiﬁcant (*p < 0.009).
The power spectra shown in Fig. 1B are shown individually in
Fig. 2 for EC (red traces) and EO (blue traces) recordings. Note that
in the EC recordings there are low frequency peaks () as well as a
clear alpha peak (d). In one case (P44, Fig. 2D) there were several
theta range peaks (one is marked) and in another (P47, Fig. 2F) the
low frequency peak was on the rising phase of the alpha peak.
Thus, there was abnormal low frequency rhythmic activity present

in the brains of these patients while they were sitting quietly. Typically, the main difference between the EC and EO power spectrum
in healthy adults is a reduction in the dominant alpha peak amplitude in the EO condition [56]. This reduction, expressed as the
EO:EC power ratio at 9–12 Hz (Table 2), was seen in all but one patient (P44, Fig. 2D and Table 2). There were two notable differences
between the EC and EO power spectra in patients: (1) the low frequency peaks were not sensitive to whether the recordings were
made with the EC or the EO (Fig. 2), and (2) in the absence of delta
peaks, the power spectra at low frequencies (<5 Hz) increased in
the EO condition (Fig. 2A, D–F, blue arrowheads).
3.3. Independent components and their localization
To better understand these ﬁndings in terms of neuronal function, we asked which brain areas were generating this rhythmic
activity. Toward this end, we implemented ICA localization of the
MEG data recorded with the eyes closed. Of the ICs generated for
each recording fulﬁlling our criteria, we selected three ICs as given
in Section 2.6. First, we show the data for one patient in detail
(Fig. 3). This is followed by the localization of the selected somatosensory ICs (Fig. 4), low frequency ICs (Fig. 5), and alpha frequency
ICs (Fig. 6).
As an illustrative example of the procedures followed, three selected ICs for one patient (P34) and the projection of each IC onto a
standard semi-inﬂated brain are shown in Fig. 3. Since one of the
criteria for selecting ICs for detailed analysis was their correspondence to major power spectra peaks, these ICs are superimposed

Fig. 1. Spectral analysis of spontaneous activity for patients and controls. (A) Superposition of power spectra mean power of spontaneous brain activity recorded from all the
MEG sensors as a function of frequency; (units, 10  log fT/sqrt(Hz)) recorded from 7 controls when their eyes were closed using the CTF MEG instrument. Note the major
peak of brain activity is in the alpha frequency range (9–13 Hz). (B) Superposition of the mean power spectra recorded from 7 CRPS I patients under the same conditions as the
controls. Note that in addition to the alpha peak, there is activity at lower frequencies and there is more variability in the spectra. (C) Plot of mean power spectra for patients
(red) and controls (black). This shows that the brain activity is shifted to a lower frequency in the patients compared to the controls. (D) Mean spectral energy ratio for Band I
(4–8 Hz) vs. Band II (8–12 Hz) was larger in the CRPS patients (0.72 ± 0.12, n = 12) than in the controls (0.40 ± 0.06, n = 13) (p < 0.009 Wilcoxon–Mann–Whitney U test).
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Fig. 2. Spectral analysis of patients. The power spectra for the recording with the eyes closed (EC, red) and the eyes open (EO, blue) are shown for 7 patients (units, 10  log fT/
sqrt(Hz)). In addition to the normal activity in the alpha frequency range (d), there is clear, abnormal activity at lower frequencies in all patients. In ﬁve cases clear peaks of
activity are present (A–E, G, ). In one case, (F) the peak is on the rising phase of the alpha peak. When the recordings were made with the EC (blue traces), the alpha peak
decreased in all but one case (D, P44). Note, however, that the low frequency peaks were not as affected and for those without delta peaks, activity in the delta range (<4 Hz)
increased in the EC recordings (A, E, F, arrowheads).

on the power spectrum (Fig. 3A, C, E; ICs black traces, power spectrum, red traces).
The selected somatosensory IC, IC01, corresponds most strongly
to the theta peak in the power spectrum (Fig. 3A, ). There is also

activity at 4–5 Hz (j) and increased power in the higher, beta frequency range (13–20 Hz, j). As shown in Fig. 3B, this activity was
localized to right S1 within the central sulcus (CS) and post-central
sulcus (PCS) and posterior to this in somatosensory association
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Fig. 3. Three selected independent components (ICs) and their localization for a patient with pain in her left foot and ankle (P34). IC localization is projected onto a partially
inﬂated standardized brain. The brain surface that best illustrates the localization of the selected IC is shown. When the activity is in a sulcus, an inset shows the localization
in a fully inﬂated brain (gray areas are sulci). (A, C, and E) Superposition of the power spectrum (red; units 10  log fT/sqrt(Hz)) and IC (black; arbitrary units). (A) Selected
somatosensory IC (IC01) with a peak near 7 Hz () and lower levels of activity in delta (<4 Hz, j) and beta (13–20 Hz, j) ranges. (B) Localization of IC01 to right S1 and M1
along CS and PCS extending to the mesial surface and over the right SA in the superior parietal cortex (see expanded views). (C) Selected low frequency IC (IC13) with increased
low frequency activity (<5 Hz) and peak in theta range (). (D) Localization of IC13 to OCF bilaterally and left TP. (E) Selected alpha IC (IC03) with peak corresponding to the
major peak in the power spectrum. (E) Localization of IC03 to right occipital cortex. Abb. CS, central sulcus; L, left; M1, primary motor cortex; OFC, orbital frontal cortex; R,
right; S1, primary somatosensory cortex; SA, association somatosensory sensory cortex; TP, temporal pole.

cortex (SA). Within the CS there is also activity in primary motor
cortex (M1) as shown in the dorsal and mesial brain views and
the inserts showing the localizations on the fully inﬂated brain.
These localizations corresponded well with the left foot and ankle
pain in this patient (Table 1).
The selected delta/theta component, IC13, has two elements
(Fig. 3C, black trace), corresponding to the theta peak () and increased delta power (<5 Hz) in the absence of peaks. As shown in
Fig. 3D, this low frequency activity was localized to ventromedial
prefrontal cortex (VMPFC), speciﬁcally the mesial and ventral orbitofrontal cortex (OFC) bilaterally and to the left temporal pole (TP).
The selected alpha component, IC03, has a major peak at 10 Hz
(Fig. 3E, d) with no low frequency activity. Its shape is very similar
to the major component of the power spectrum. This 10 Hz activity
was localized to the right occipital cortex as seen on the lateral and
dorsal views of the brain (Fig. 3F).

3.4. Somatosensory-independent components
IC localized to S1 is shown in Fig. 4 for the other patients. Activity was localized to the central sulcus (CS, Fig. 4B–E) and included
primary motor cortex (M1) in some cases (Fig. 4A–D). Such activity
was unilateral in four cases (Fig. 4A–C) and bilateral in three cases
(Fig. 4D–F). In P47 (Fig. 4F) there was, in addition, activity in SA and
superior parietal cortex bilaterally. These localizations correlated
well with the region of pain reported by the patients (Table 1).
Considering the frequency proﬁle (lower part of each panel), in
three cases the dominant peak of rhythmic activity was in the theta range (Fig. 4A, B, and D). In those cases with a dominant alpha
range peak (Fig. 4C, E, and F) low frequency activity was also present in the delta (Fig. 4C and F) or theta (Fig. 4E) range. The localization and frequency of the major elements of each IC are given in
Table 2.
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Fig. 4. Somatosensory-independent components (ICs) and their projected localization on a partially inﬂated standardized brain. When the activity is in a sulcus, an inset
shows the localization in a fully inﬂated brain (gray areas are sulci). The IC is shown at the bottom of each panel. (A) Localization of IC in a woman with right forearm and
wrist pain. Activity largely in left S1 and M1 extending into right premotor cortex is shown in dorsal and posterior views. (B) Localization of IC in a woman with left knee
injury and bilateral leg pain. This activity, in the theta, alpha, and beta frequency ranges, was localized over right S1, M1, and right mesial supplemental motor cortex (shown
in mid-sagittal view). (C) Localization of an IC in a woman with pain on the left side of her body. This IC, with activity in the delta, theta and alpha ranges, was localized to
right S1 and M1 as shown in dorsal and right lateral views. (D) Localization of an IC in a woman with pain on the dorsal aspect of her left foot. This IC, with delta, theta and
alpha range activity, was localized to mesial S1 bilaterally and extended across the right CS (arrowheads) to M1. (E) Localization of an IC in a woman with bilateral pain in her
ankles and feet. This IC, with a broad peak spanning theta and alpha ranges, was localized to mesial S1 and mesial occipital cortex bilaterally. (F) Localization of an IC in a
woman with pain in her right knee. This activity, in the delta and theta ranges, was localized bilaterally to S1, SA and superior parietal cortex. Abbreviations as in Fig. 3.

3.5. Low frequency-independent components

3.6. Alpha frequency-independent components

ICs with dominant activity in the delta and theta frequency
ranges were found in every patient as shown in Fig. 5 (and
Fig. 3B for P34). In every case, this activity was localized to the
orbitofrontal cortex (OFC, labeled in panel B) and the temporal pole
(TP, labeled in panels A and B). In one patient (P47) activity also
projected bilaterally to SA cortices in the region of the marginal
branch of the cingulate sulcus (Fig. 5F, CingS).
The ICs are shown in the lower right part of each panel in Fig. 5.
There is a large delta range component and theta range activity in
each case. There is a large alpha component in P47 (Fig. 5F). The
localization and frequency of the major elements of each component is given in Table 2.

ICs with dominant activity in the alpha frequency range were
found in all the patients and controls. For each patient, the component is shown under its projected localization (Figs. 6 and 3C). The
peak in each case was near 10 Hz (Table 2). The alpha activity was
localized to the right or left occipital cortex in three patients (Figs.
3F and 6A and C) and bilaterally on the mid-sagittal plane in others. In P44 and P47 (Fig. 6D and F) the activity extended across
the parieto-occipital sulcus (OPS, marked in A and B) into the SA
in the medial or superior parietal cortex. Thus, as typically seen
in normal adults [56], alpha range activity in these patients was
localized to posterior regions of the brain. The localization and frequency of the selected alpha peak components are given in Table 2.
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Fig. 5. Low frequency-independent components (ICs) and their projected localization. Each panel shows a mid-sagittal view of the partially inﬂated standardized brain and
the ventral view including the OFC and TP. Each IC is shown in the lower right of each panel. (A–F) Note that all patients have activity in the mesial OFC bilaterally that
extends to the medial aspect of the ventral OFC. TP activity is on the right side in 3 patients (B, C, and E), on the left side in one patient (A), and bilateral in one patient (F). In
P47 (F) there is also activity bilaterally in the sensory association cortices in the region of the marginal branch of the cingulate sulcus (CingS). The IC includes activity in the
delta and theta frequency ranges. Alpha range activity is also present in one patient (F, P47). Abbreviations as in Fig. 3.

4. Discussion
The main common thread in this study concerns the presence of
spontaneous abnormal low frequency rhythmic magneto-encephalographic activity in CRPS I patients. They all had signiﬁcant intractable chronic neuropathic pain (NPP) that was resistant to classic
neuropathic medications and all reported pain during the MEG
recording sessions. MEG recordings showed low frequency rhythmic activity localized to somatosensory and limbic brain regions.
This is helpful in providing an objective common denominator
for the diagnosis of NPP in CRPS I patients. The dynamics of this
abnormal rhythmic activity sheds light on the neuronal basis for
such altered CNS function.
4.1. Spontaneous rhythmic activity
MEG power spectra, reﬂecting activity in the entire brain, were
characterized by the presence of well-deﬁned peaks or increased
power in the delta, theta, and alpha frequency ranges (Figs. 1
and 2). The abnormal increased low frequency oscillations occurred

over a wide range (3–9 Hz, Fig. 1C). As is typical of healthy adults
[56], the alpha frequency peak was distributed to the occipital and
parietal cortices (Figs. 3F and 6) and decreased in power with the
EO in all but one patient (Fig. 2 and Table 2). In contrast, the peakto-peak amplitude of low frequency activity was similar for EO
and EC (Fig. 2) and activity at the lowest frequencies increased with
the EO (Fig. 2). These ﬁndings indicate that the neuronal mechanisms underlying the low frequency rhythmic activity are functionally different from those underlying normal alpha activity.
4.2. Somatosensory low frequency rhythmic activity
Our ﬁnding of somatosensory activity corresponding to the reported region of spontaneous pain is consistent with such localization in evoked pain studies (see [71]). However, domination by low
frequency activity (Figs. 3A and 4) suggests that these neurons do
not participate directly in pain localization. Rather, these neurons
induce increased activity in adjacent cortical regions through an
edge effect [37,39]. A reduction in the normal lateral inhibition
would force adjacent cortical areas into spontaneous and pro-

Please cite this article in press as: Walton KD et al. Abnormal thalamocortical activity in patients with Complex Regional Pain Syndrome (CRPS) Type I.
Ò
PAIN (2010), doi:10.1016/j.pain.2010.02.023

ARTICLE IN PRESS
Ò

K.D. Walton et al. / PAIN xxx (2010) xxx–xxx

9

Fig. 6. Alpha frequency range-independent components (ICs) and their localization. Each panel shows the view of the partially inﬂated standardized brain that best illustrates
the localization of the selected IC. (A) Localization of IC to left occipital and right superior parietal cortices. (B) Localization of IC to the mesial parietal cortex bilaterally. (C)
Localization of IC to right occipital cortex. (D) Localization of IC to bilateral mesial parietal cortex extending into occipital cortex. (E) Localization of IC to mesial occipital
cortex. (F) Localization of IC to dorsal–mesial occipital and superior parietal cortex. Abb. OPS, occipital–parietal cortex and as in Fig. 3.

tracted high frequency oscillations resulting in a constantly present sensation. This interpretation is consistent with MEG [30,43]
and EEG [60] studies of patients with unilateral CRPS I showing
that the CNS signal evoked by sensory stimulation of the affected
limb is greater than that evoked by simulation of the unaffected
limb. Changes of S1 are also seen in other types of NPP
[13,14,45,74]. Pain localization is provided by such somatosensory
activation while the emotional component is provided by activity
in limbic regions.
4.3. Limbic system low frequency rhythmic activity
Indeed, a signiﬁcant ﬁnding was ICs with clear theta and delta
activity that was independent of pain localization. Such activity
was consistently localized over the OFC and region of the TP (Figs.
3B and 5). Projection of activity to the TP may reﬂect activation of
the nearby amygdala to which the OFC is connected [32]. Localization to OFC has been encountered in studies of acute pain and was
interpreted as being related to the affective component of pain
[78]. An fMRI study of neutral, pleasant, or painful touch found that
while neutral touch was most effective in somatosensory cortex
activation, painful or pleasant touch was most effective in OFC activation [64]. One brain area incorporating the OFC, the VMPFC, has
been linked to the emotional aspects of pain as seen in an emotional decision-making task [3]. Also, an MRI study in CRPS patients found gray matter atrophy in a region that included the
right VMPFC [17].

The above suggests a role for the VMPFC in NPP. The OFC itself
receives input from (and projects to) the mediodorsal thalamic nucleus [15,29], and components of the pain matrix [32]. Low frequency activity in mediodorsal thalamus would lead to low
frequency rhythmic activity in OFC. While the manner in which
this connectivity ultimately affects the emotional color of the
somatosensory sensation is far from clear, the present ﬁnding, of
consistent activation of the medial OFC, may reﬂect input from
the limbic system, and the affective aspect of the pain. A recent
meta-analysis of imaging data suggests that medial frontal areas,
as seen in this study, are more closely associated with limbic activation than are lateral frontal areas [31]. The location of the low
frequency oscillations to components of the thalamocortical pain
matrix correlates well with the recent meta-analyses of functional
imaging studies [2,54]. Also, a reduction of spontaneous pain with
treatment was correlated with a reduced fMRI signal in brain areas
concerned with emotion and reward, including the OFC [16].
4.4. Possible role of medications
We considered the possibility that increased low frequency
activity might be attributable to the medications taken by the
patients (Table 1). A study of anti-convulsant drugs in epilepsy
patients and healthy controls reported in an increase in relative
EEG power in the delta and theta ranges in patients at the onset
of drug delivery and following drug withdrawal [66]. However,
they found no signiﬁcant difference between healthy controls
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and patients with long-term, stable monotherapy [66]. Our patients ﬁt this last category. The other drug group known to affect
brain activity is anti-depressants. Spectral power in the low and
alpha frequency ranges can either increase or decrease, depending on the drug and time after administration [65]. Indeed, while
under some conditions medication may generate false positives,
in all cases studied the abnormal low frequency activity was related to the speciﬁc anatomical loci in accordance with the reported pain (Fig. 4). Thus, we conclude that the present MEG
ﬁndings are related to the NPP pathophysiology.

4.5. CRPS I as a disorder of thalamocortical interplay
An attractive interpretation of these data is that CRPS I reﬂects a neurological ‘‘disconnection syndrome” resulting in a
disturbance in thalamocortical interplay and a chronic dynamically recurrent TCD. Electrophysiologically, TCD is characterized
by hyperpolarization of thalamic neurons, low frequency resonant recurrent interaction between thalamic and cortical neurons
[35], and the presence of an edge effect. Thalamic neuronal
hyperpolarization occurs by excess inhibition [34], disfacilitation
from thalamic deafferentation [35,76], or block of excitatory ligand-gated channels [72]. Low frequency rhythmic MEG activity
as seen here is, we propose, the result of a functional channelopathy. Thus, a chronic deinactivation of thalamic Cav3.1 channels
[7,40] results in low frequency spontaneous thalamic rhythmicity. Indeed, low frequency thalamic bursts have been recorded
from NPP patients [26].
Thalamic neuron hyperpolarization is consistent with the ﬁnding that somatosensory cortical neurons in CRPS I patients have a
reduced sensitivity to tactile perception [58] and a reduced cortical
representation of the affected body region when evoked by natural
or electrical stimulation [30,43,58,60]. Thus, this reduction may result not only from an impoverished input but also from a reduced
responsiveness of the remaining cells to the small natural inputs
they might receive.
There is an emerging theme of TCD in NPP. Low frequency
oscillations and shift of the power spectra toward lower frequencies have consistently been found in other NPP states as recorded
from cortex [6,10,69,70,73] and thalamus [20,25–27,33,69]. A
study of patients with chronic, severe NPP reported a high temporal coherence between central lateral thalamic ﬁeld potentials
and cortical EEG oscillations at 4–9 Hz [68]. Such high thalamocortical coherence supports the role of the thalamus in synchronizing the cortical oscillations seen in animal studies [40].
An edge effect has been observed in other types of NPP as increased beta activity [28,69,73] and as increased gamma activity
in tinnitus [9,39,63,77] and migraineurs [8]. This edge effect has
been proposed to generate the positive symptoms in pain and allodynia [27,36,70], in movement [53,67], and in psychiatric disorders
[36,38,39,77]. Thus, a common neuronal mechanism may underlie
these disorders. TCD in various disorders is distinguished by the region of thalamic nucleus with low frequency oscillations [26]. The
presence of high frequency activity is a subject of interest for future MEG studies of CRPS I.
4.6. Clinical implications and conclusions
The ﬁnding of brain dysfunction in CRPS I has a diagnostic value
providing an objective, biological marker of the disease and may signiﬁcantly contribute to the development of new lines of treatment
based on the neuronal mechanisms underlying TCD. Pharmacologically, since T-type calcium channel activation underlies the low frequency oscillations, T-type calcium channel blockers are promising
targets for the development of effective analgesics [22].

Concerning stimulation, any stimulus resulting in thalamic neuron depolarization, and thus normal rhythmicity and responsiveness, will be beneﬁcial in CRPS I patients. The effects of spinal
cord and brain stimulation in phantom pain [62] probably result
from thalamic depolarization by collateral afferent activity and
possible sprouting-type plasticity. Also based on TCD circuitry, a
therapeutic microlesion of the Field of Forel may provide lasting
pain relief in CRPS I as in other types of NPP [27,28]. Following
campectomy, abnormal low and high frequency activity and reported pain level gradually decrease together [68,69].
The ﬁndings reported here are consistent with those in other
chronic neuropathic pain conditions [6,10,28,68,70,73] and further
our understanding of a central mechanism of NPP.
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