Neurolmage: Clinical 6 (2014) 347-369

Contents lists available at ScienceDirect

Neurolmage: Clinical

Neurolmage:

CLINICAL

journal homepage: www.elsevier.com/locate/ynicl

Intrinsic brain networks normalize with treatment in pediatric complex
regional pain syndrome

@ CrossMark

Lino Becerra®™“!*, Simona Sava®', Laura E. Simons®", Athena M. Drosos?, Navil Sethna®, Charles Berde®,
Alyssa A. Lebel®”, David Borsook®""!

2Pain/Analgesia Imaging Neuroscience (PA.LN.) Group, Boston Children’s Hospital, 300 Longwood Ave., Boston, MA 02115, USA
b Department of Anesthesiology, Boston Children’s Hospital, 300 Longwood Ave., Boston, MA 02115, USA
“Department of Radiology, Boston Children’s Hospital, 300 Longwood Ave., Boston, MA 02115, USA

ARTICLE INFO ABSTRACT

Article history: Pediatric complex regional pain syndrome (P-CRPS) offers a unique model of chronic neuropathic pain as it either
Received 27 March 2014 resolves spontaneously or through therapeutic interventions in most patients. Here we evaluated brain changes
Received in revised form 17 July 2014 in well-characterized children and adolescents with P-CRPS by measuring resting state networks before and fol-
Accepted 29 July 2014

lowing a brief (median = 3 weeks) but intensive physical and psychological treatment program, and compared
them to matched healthy controls. Differences in intrinsic brain networks were observed in P-CRPS compared to
controls before treatment (disease state) with the most prominent differences in the fronto-parietal, salience, de-
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Iéﬁ{lﬂg& fault mode, central executive, and sensorimotor networks. Following treatment, behavioral measures demon-
Resting state strated a reduction of symptoms and improvement of physical state (pain levels and motor functioning).
Salience Correlation of network connectivities with spontaneous pain measures pre- and post-treatment indicated con-
fMRI comitant reductions in connectivity in salience, central executive, default mode and sensorimotor networks
Pain (treatment effects). These results suggest a rapid alteration in global brain networks with treatment and provide
a venue to assess brain changes in CRPS pre- and post-treatment, and to evaluate therapeutic effects.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction CRPS patients (Lebel et al., 2008; Linnman et al., 2013) have indicated

Complex regional pain syndrome (CRPS) is a neuropathic pain con-
dition affecting the peripheral and central nervous system (Marinus
et al., 2011) characterized by the continuing presence of pain that is
disproportionate to the inciting event. It is frequently accompanied by
blood flow and sweating changes, edema, and trophic changes of the
skin and subcutaneous tissue in the affected region (Bruehl et al.,
1999). Clinical data support the notion of altered changes in CNS pro-
cessing in CRPS including pain progression (Maleki et al., 2000), move-
ment disorders (Verdugo and Ochoa, 2000) and altered higher-level
functions like poor visuo-spatial perception (Sumitani et al., 2007),
neglect-like symptoms (inattention, avoid using affected limb) (Galer
et al., 1995; Galer and Jensen, 1999; Frettloh et al., 2006; Maihofner
and Birklein, 2007; Punt et al., 2013), altered perception (Peltz et al.,
2011), emotional distress (Nagler, 2010) and cognitive dysfunction
(Maihofner and DeCol, 2007). Functional imaging studies in pediatric
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abnormal brain activity to mechanical (brush) and thermal allodynia
(cold) with larger activity than the normal side in sensorimotor, cingu-
late, and insula cortices, and decreased activity in prefrontal cortex hip-
pocampal and parahippocampal areas. In adults, connectivity analysis
resulted in reduction of functional default mode network connectivity
in patients vs. controls and increased connectivity of sensorimotor
areas with emotional processing brain structures as well as gray matter
atrophy in insula, prefrontal cortex, and nucleus accumbens, and
changes in white matter fiber integrity in the cingulum-callosal bun-
dle (Maihofner et al., 2006; Geha et al., 2008; Maihofner and Peltz,
2011; Bolwerk et al., 2013).

Brain networks define our behaviors in health and disease (Fornito
and Bullmore, 2012). Differences in resting state brain networks have
been reported across numerous neurological conditions including,
depression (Pannekoek et al., 2014), chronic pain (Cauda et al., 2010),
anxiety (Bijsterbosch et al., 2014) as well as responses to treatments
(McCabe and Mishor, 2011; Posner et al., 2013) including psychologi-
cally based treatments (Hashmi et al., 2014). Such measures may also
predict the severity of the disease state (Meng et al., 2014). As such
the major alterations, common to individuals in the group, are the un-
derlying basis for the altered behavioral phenotype (e.g., pain vs. no
pain).

2213-1582/© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Neuroimaging techniques have allowed the evaluation and determi-
nation of such networks. With functional MRI (fMRI), intrinsic brain
networks are determined from low-frequency fluctuations of the BOLD
signal (Beckmann et al., 2005; De Luca et al.,, 2006; Lee et al., 2013). It
has been used to characterize a number of chronic brain-related diseases
including depression (Bohr et al., 2012), schizophrenia (Karbasforoushan
and Woodward, 2012), and multiple sclerosis (Filippi et al., 2013) in con-
trast to healthy brain states. Alterations in intrinsic brain networks have
been observed among chronic pain patients with diabetic neuropathy
(Cauda et al., 2010), fibromyalgia (Napadow et al., 2010), musculoskeletal
pain (Duke Han et al.,, 2013), and chronic low back pain (Balenzuela et al.,
2010; Loggia et al., 2013). The assessment of intrinsic brain network
changes in both disease and post-treatment states allows for the determi-
nation of alterations and potential normalizations of specific brain area
networks. Identification of altered intrinsic brain networks can be used
to define treatment targets, and the evolution of these changes can be
studied longitudinally with the hypothesis that brain network normaliza-
tion is a biomarker for disease treatment/control as suggested by Fox and
Greicius (2010).

Many pediatric patients with CRPS typically recover with standard
medical treatment (Low et al., 2007). In this study, we evaluated intrin-
sic brain network measures in the P-CRPS disease state among patients
who have been resistant to outpatient multidisciplinary care and have
been enrolled in an intensive multidisciplinary pain treatment program.
This program provides significant clinical benefits following a short (ap-
proximately 3-week) rehabilitation program (Logan et al., 2012). In this
study, we report measurements of brain network alterations in CRPS
pediatric patients before and after treatment as well as compared to a
matched healthy control group. We also determined the correlation of
brain network changes with psychophysical measures of spontaneous
pain pre- and post-treatment. We hypothesized that (1) altered resting
state networks in pediatric CRPS patients would resemble the adult con-
dition, (2) with clinical improvement there would be a trend or reversal
of alterations in RSNs in the disease condition compared with healthy
controls, and (3) that spontaneous pain ratings will correlate with spe-
cific brain network connectivities. We suggest that a reversal of brain
network alterations to a normative state might be indicative of an
individual’s brain ability to recover. While this is more likely in children,
having imaging measures that define recovery (Maihofner et al., 2004;
Becerra et al., 2009) may be used to identify potential responders and
non-responders in the more treatment-resistant adult CRPS population
(Azari et al., 2012).

The data suggest that there are significant alterations in networks
pre-treatment that for the most part resolve following treatment, with
some network changes over-compensating the initial, pre-treatment
differences.

2. Materials and methods

2.1. Subjects

The study was approved by the Boston Children’s Hospital Institu-
tional Review Board (IRB). The study also met the Helsinki criteria for
the study of pain in humans (http://www.wma.net/en/30publications/
10policies/b3/). Twenty-six CRPS patients between the ages of
10-18 years with unilateral CRPS of the lower extremity were identified
from the Pediatric Pain and Rehabilitation Center (PPRC) at Boston
Children’s Hospital at Waltham (MA, USA), an intensive interdisciplin-
ary pediatric pain rehabilitation program. Twelve qualified and agreed
to participate in this study (Fig. 1). Twelve healthy control participants
were recruited through advertisements posted on the web and in local
community centers. The healthy controls were age and sex-matched in-
dividually to the CRPS patients. All participants were right-handed. Se-
lection criteria: (1) (only for patients) diagnosis of CRPS as determined
by an experienced neurologist on the basis of neurological examination
and comprehensive record review; (2) no other neurological illness,

severe medical problems (such as uncontrolled asthma, acute cardiac
disease) or severe psychiatric problems; (3) absence of magnetic im-
plants of any type; (4) no current pregnancy; (5) no history of claustro-
phobia; (6) weight <285 Ibs (130 kg) (the limit of the MRI table).

2.2. Procedure

Informed parental consent and participant’s assent were obtained at
study enrollment. Participants participated in two study sessions, at ad-
mission and at discharge from the PPRC for patients and at a matched
time interval for controls. No new medications were prescribed during
treatment (i.e., each patient remained on the same pharmacological
treatment as when they entered into the program). During each study
session, participants underwent a focused neurological exam, quantita-
tive sensory testing, and MRI scan (Fig. 1A).

2.3. PPRC interdisciplinary treatment and testing

The rehabilitation program entails intensive daily physical, occupa-
tional and psychological therapies 8 h a day, 5 days per week for a typ-
ical length of stay of 3 weeks (for details see Logan et al., 2012). Patients
received 3-4 h of physical and occupational therapy, families participat-
ed actively in the program. Education was provided to the patients’
parents and family members. Psychological treatment entailed daily in-
dividual and group-based cognitive behavioral therapy. Psychological
therapy targets included: (1) teaching a self-management approach to
pain, (2) addressing negative thinking and fears about pain, (3) engaging
in valued activities and relationships in the presence of pain, and (4) re-
ducing parental attention and protective responses to pain (Logan et al.,
2012). A physician and nurse evaluated patients daily to ensure contin-
ued appropriateness of treatment (e.g., continued medical stability)
and to address acute and/or ongoing medical issues.

2.4. Psychological assessment

CRPS patients completed a battery of psychological measures at ad-
mission and discharge from the program. The battery included the
Children’s Depression Inventory (CDI; Smucker et al., 1986) and the
Multidimensional Anxiety Scale for Children (MASC; March et al., 1997)
and was administered by trained psychologists. For the CDI and MASC
the standardized (T) scores are interpreted as follows: >65 clinically sig-
nificant symptoms; 60-65 elevated symptoms; below 60 within normal
limits.

2.5. Physical and functional assessments

Measurements of physical and functional abilities were collected at
admission and discharge of the program. This included the Functional Dis-
ability Inventory (FDI; (Walker and Greene, 1991; Claar and Walker,
2006)) and the Lower Extremity Functional Scale (LEFS; (Binkley et al.,
1999; Gabel et al., 2012)). For the FDI, scores of 0-12 indicate no to
mild disability, 13-29 moderate disability, and greater than 29 indicates
severe disability. For the LEFS, scores range from 0 (lowest functioning)
to 80 (highest functioning) with a 9-point change considered clinically
significant improvement/decrement in functioning.

2.6. Quantitative sensory testing (QST)

Quantitative sensory testing was performed at each study visit. Me-
chanical (brush) and thermal stimuli were applied on the cutaneous
area of the affected lower limb in CRPS patients and their pain scores
were recorded on a scale from 0 (no pain) to 10. To determine the
level of pain evoked by mechanical allodynia, the skin was brushed
with a hand-held soft bristle brush. To determine the cold and heat
pain thresholds, the skin was cooled down or warmed up linearly at
a slow rate (1 °C/s) using a Medoc Pathway system (Medoc, Haifa,
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Fig. 1. Study design and pain location in CRPS patients. The top panel (A) shows the overall study design for CRPS and control (healthy) subjects involved in the study. Details of the mul-
tidisciplinary treatment are noted in the text; patients underwent medical evaluation, quantitative sensory testing (QST), and a functional MRI session. The bottom panel (B) shows the
area affected in the lower extremity with the distribution of pain (red) and the area of maximal pain (gray square).

Israel) fitted with a 30 x 30 mm ATS thermode. Participants were
instructed to press a button on a patient response unit when pain sen-
sation was perceived, causing the temperature probe to return rapidly
to 32 °C. As a safeguard, the temperature limits of the thermode are
setat 0 °Cand 52 °C. Three cold and three heat trials were administered,
with a 10-s inter-trial interval. The cold and heat pain thresholds were
calculated by averaging the temperature values obtained in the three
trials. An identical procedure was used for controls.

2.7. Statistical analyses
Psychophysical data was analyzed using paired-wise t-tests.
2.8. MRI acquisition and analysis

Participants were scanned on a 3T Siemens Tim Trio MRI scanner
using a 12-channel head coil.

2.8.1. Imaging

Two sets of anatomical images were acquired using a magnetization
prepared rapid gradient echo (MPRAGE) sequence. Images were acquired
in a sagittal plane with a field of view of 256 mm? [128 1.33-mm-thick
slices with an in-plane resolution of 1 mm (256 x 256 voxels)].
Functional: Functional images were acquired utilizing an echo-planar
imaging gradient echo sequence with isotropic voxels of 3.5 mm®.
Forty-one slices (64 x 64 in-plane resolution) were acquired per vol-
ume with TR/TE/Flip Angle = 2.5 s/30 ms/90° with 200 volumes for
the resting state scan.

2.8.2. Intrinsic brain networks

To determine brain resting state networks and assess differences be-
tween patients and controls as well as pre- and post-treatment effects
we utilized a dual regression approach (Filippini et al., 2009; Khalili-
Mabhani et al., 2012) implemented in FSL (FSL tools). Briefly, the 4 datasets

(patients and controls, visits 1 and 2) were first pre-processed (motion
correction, spatial smoothing with 5 mm kernel and temporally high
pass-filtered with a 100 s time constant) and assessed for quality (exces-
sive motion, severe susceptibility-induced distortions). The preprocessed
datasets were concatenated and analyzed with MELODIC (FSL tools) to
determine common independent components across the 4 groups. The
optimal number of independent components was determined by the soft-
ware (melodic). For the dual regression analysis, components were used
as explanatory variables (EVs) for a generalized linear model approach to
model each volume (time point) for each subject. Coefficients were then
demeaned and normalized (total amplitude of 1) and assembled as a
second EV for each component. Subsequently, each brain was modeled
with all the EVs to determine spatial maps that reflect connectivity
strength of each voxel with each independent component (Filippini
et al., 2009). To assess group differences, the following contrasts were cre-
ated to determine: 1) Disease effect (Patients visit 1 vs. Controls visit 1):
evaluates basal differences between patients and controls; 2) treatment
effect (Patients visit 2 vs. Patients visit 1): assesses correlations of differ-
ences in brain network connectivity with changes in spontaneous pain
following treatment, see below for details of the analysis; (Fig. 2); and
3) residual effect (Patients visit 2 vs. Controls visit 2): determines brain
areas that display remaining significant differences from controls. We
also investigated if there were differences between visits 1 and 2 for
controls due to order effects: Test-retest (Controls visit 1 vs. Controls
visit 2).

Following the aggregated ICA analysis, each component was spatial-
ly correlated (pears-n correlation) with adult networks as available
from FSL (http://www.fmrib.ox.ac.uk/analysis/brainmap+-rsns). The
dataset with 20 networks was selected and in addition to those listed
in Smith et al. (2012); a network that matched the description of struc-
tures for the salience network (Seeley et al., 2007) was included. Spatial
Pearson correlation coefficients were calculated and a threshold of 0.3
was used to determine significant spatial correspondence between the
templates and the components derived for the children in this sample.
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Fig. 2. Study questions. The figure depicts the 2 groups (CRPS patients and healthy con-
trols) and the questions we aimed to examine: A: Are there brain changes due to CRPS?;
B: Does treatment modulate brain changes?; C: What are the residual effects after treat-
ment?; D: Are there order effects in healthy controls/reproducibility differences?

The component with the highest correlation with a template was iden-
tified as the appropriate network.

Treatment effect: Resting state network correlation with spontaneous
pain scores. Dual regression was carried out as described above for pa-
tients pre- and post-treatment with an additional explanatory variable
that consisted of the spontaneous pain scores before and after treat-
ment. This analysis was carried out since patients depicted variable
degrees of treatment-concomitant improvement (Fig. 3) and it was
thought that a correlation with a behavioral measure would be more
appropriate than an imaging-only one. The networks utilized for the
comparison, however, where those deduced in the overall ICA analysis
described above. We interpreted brain areas with correlated connectiv-
ity strength and spontaneous pain intensity as areas associated with
pain modulation by treatment. Positive correlation indicated brain
areas with increased connectivity with increased pain, while negative
correlations would indicate areas hypo-connected in high pain.

2.8.3. Inference

A generalized false discovery rate (FDR) approach was used to deter-
mine statistical thresholds for significance (Pendse et al., 2009). The ap-
proach consists of first applying a mixture model analysis: the histogram
of the z values is modeled by 3 Gamma distributions (adjusting center
and width for each) representing in this case “increased/decreased con-
nectivity” and a null distribution. To determine the threshold for in-
creased connectivity, the decreased connectivity and null classes were
joined and used as a “null” for the purpose of determining the threshold
using standard FDR. Similarly, to determine the threshold of the de-
creased connectivity the null and increased connectivity classes were
joined. Increased/decreased connectivity thresholded statistical maps
were then spatially clustered (minimum cluster size of 7 smoothed
native space voxels: 0.9 cm?) to determine brain areas of regional ac-
tivity with in-house software. After clustering, peak activity within
each cluster was referred to a standard MRI atlas (Maldjian et al.,
2003) and tabulated. Volumes for whole brain as well as for lobes,
subcortical, and cerebellum/brainstem were calculated and plotted
as bar graphs.

3. Results

3.1. Participants

Twenty-four participants completed both study sessions (12 CRPS
patients (14.1 4+ 0.7 yrs (mean 4+ SEM)) and 12 controls (14.2 +
0.8 yrs), t(12) = 0.09, p = 0.93) and were included in the final dataset.
For the CRPS group, the average duration of pain was 18.9 &+ 7.0 months
(mean £ SEM) (See Table 1) and the distribution of affected areas
appears in Fig. 1B. The healthy controls were tightly matched to the
CRPS patients in regard to sex, age, and scanning interval; each
group consisted of 9 females and 3 males, 2 females and 1 male were
prepubertal.

3.2. Psychological and psychophysical assessments

3.2.1. Depressive and anxiety symptoms

Although average scores on the CDI were within normal limits, there
was a decrease in scores from admission to discharge for the total CDI
depressive symptom score (f7y = 1.88, p = 0.10) and the anhedonia
subscale (t7y = 2.77, p = 0.03). CRPS patients scored within normal
limits on all subscales of the MASC at admission. MASC scores decreased
with the Anxiety Disorders Index statistically significant (7, = 2.59,
p = 0.04) (see Table 2 for further detail).

3.2.2. Physical and functional abilities

At admission, FDI scores were at the upper limit of moderate disabil-
ity (M = 294, SD = 11.2) and significantly decreased to mild disability
(M= 6.67,SD = 6.67) at discharge (t(s) = 8.84, p <0.00) (Fig. 3). Lower
extremity functional scale (LEFS) scores showed a similarly dramatic
improvement with a clinically significant increase in scores with a
mean score of 33.3 (SD = 18.1) at admission to 68.6 (SD = 6.5) at dis-
charge (tsy = 5.19, p < 0.00; an increase in 9 points is considered clin-
ically significant improvement and we observed a change of 35.3 —
almost 4-fold) (Fig. 3).

3.2.3. Temperature thresholds

Pain threshold data is missing for one CRPS subject due to technical
issues related to equipment not recording temperature values. Pre-
treatment patients displayed similar heat pain threshold than controls
(41.77 4+ 1.20 °C vs. 40.47 4 3.19 °C, t(11) = 041, p = 0.41). Following
treatment, patients displayed and increased (not significant) heat pain
threshold compared to controls (44.18 4 1.03 °Cvs. 39.16 + 2.87 °C,
t11y = 1.77, p = 0.09). For cold; patients had a significant difference
pre-treatment with controls (21.18 + 3.23 °C vs. 11.36 £ 2.64 °C,
t11) = 2.29, p = 0.03). Post-treatment; the difference between patients
and controls was statistically not significant (14.08 + 3.64 °C vs.
14.77 £ 3.00 °C, t(11) = 0.14, p = 0.88). Brushing of affected area pro-
duced a painful response in patients but not in controls (0-10 scale)
(7.05 £+ 0.78 vs. 0.23 4 0.18, t(11) = 8.14, p <0.0001).

3.2.4. Spontaneous pain ratings
Spontaneous pain decreased significantly between visits 1 and 2
(visit 1: 7.0 £ 2.0; visit 2: 441 4+ 0.7, tg) = -2.48, p = 0.025).

3.3. Intrinsic brain networks

Five scans displayed excessive motion (>3 mm) resulting in the fol-
lowing group numbers (Controls visit 1 N = 12, Controls visit 2 N = 10,
Patients visit 1 N = 11, Patients visit 2 N = 10). For the treatment effect
comparison (Patients visit 1 vs. visit 2) one patient visit 1 scan was elim-
inated to perform a paired-analysis.

3.3.1. Network identification

To identify specific networks the following approach was used. An
independent component analysis (that optimized the number of com-
ponents) of all 4 groups resulted in 49 independent components. Out
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Fig. 3. Psychological/psychophysical measures of improvement with treatment. The top panels depict scores for functional disability and lower extremity function changes following treat-
ment, all changes were statistically significant (t-test, p < 0.05). The bottom panels display changes in spontaneous VAS scores for visit 2 vs. visit 1. The line graph depicts individual changes
in spontaneous pain in patients in visits 1 and 2; the solid black line represents the average 4+ standard deviation.

of the 49 components we were able to identify all of the networks pre-
viously described for healthy adults (Beckmann et al., 2005; Salvador
et al., 2005; Damoiseaux et al., 2006; De Luca et al., 2006; van den
Heuvel et al., 2008), (Smith et al., 2009) and children (Thomason
etal,, 2011): We identified visual networks (medial, occipital, and later-
al), default mode, cerebellar, sensorimotor, auditory, central executive,
fronto-parietal (left and right), and salience networks (Fig. 4). Pearson
correlation coefficients for the healthy children network with the
correspondent adult network were above 0.3. Some networks
displayed small differences between adults and children: the default
mode network in children had less perigenual cingulate and parietal
lobe involvement, the cerebellum network in children does not in-
volve the brainstem as in adults. The occipital visual network in

children does not include the thalamus. The other networks were
highly congruent.

3.3.2. Disease effect: differences between CRPS patients and healthy controls
(visit 1)

Figs. 5 and 6 show the significant differences in brain network connec-
tivities due to disease effects. Details of activation regions are defined in
Table 3 (disease effect). In all cases significant differences were observed
with red indicating CRPS > Controls and blue indicating CRPS < Controls.
The most prominent differences are summarized below.

3.3.2.1. Salience network (SN). The salience network displayed only in-
creased connectivity for CRPS patients compared to controls. Cortically
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Table 1
Demographic and clinical characteristics of the CRPS subjects.

L. Becerra et al. / Neurolmage: Clinical 6 (2014) 347-369

Subject Gender Age Etiology Pain Pain duration ~ VAS1 VAS2 Medication  Ethnicity Pubertal Birth history
location  (mo) status
1 F 17 Knee injury Rknee 2.5 7.5 7 AC wnh Post Unremarkable
2 F 10 Twisted ankle R foot 18.7 9 6 AD wnh Pre Unremarkable
3 M 11 Foot injury L foot 8 10 2 AC, AD wnh Pre Unremarkable
4 F 15 Crush injury foot Lankle 5 7 8 AD wnh Post Unremarkable
5 M 15 No known injury R knee 12 8 3 AC, AD wnh Post Unremarkable
6 F 11 Knee injury L knee 6.5 6 3 AC, AD wnh Pre Unremarkable
7 F 16 Fractured fibula Lankle 48 3.5 2 AD wnh Post Unremarkable
8 F 17 Foot/knee injury Lankle 19 4 2 AD wnh Post NICU for 2 weeks post-birth
9 F 14 Sprained ankle L foot 2.5 8.5 7.5 AC wnh Post Unremarkable
10 M 13 Post-surgery Lankle 6 6 2 AC wnh Pre Vaginal delivery to term;
clavicle fracture at birth
11 F 17 Twisted ankle R foot 85 6 5 AD wnh Post Not mentioned
12 F 13 Ankle sprain L foot 13 7 3 AC wnh Post 35-week preterm delivery
Mean 4+ SEM 14.10.72 18.9 (7.0) 7.00.56 4.40.67

R = right; L = left. VAS1 (2) = pain rating at visit 1 (2). AC, anticonvulsants (pregabalin, gabapentin); AD, anti-depressants (amitriptyline, duloxetine).

increased connectivity was observed for the frontal superior, medial,
inferior triangular, supplemental motor area, orbital, precentral,
supramarginal, parietal superior, inferior, precuneus, angular, occip-
ital rolandic operculum, calcarine, superior, inferior, middle, tempo-
ral superior middle, inferior, lingual, fusiform, anterior cingulate, and
parahippocampus. Subcortically, the basal ganglia (caudate, putamen,
pallidum) and hypothalamus showed increased connectivity in CRPS
patients compared to controls. The cerebellum displayed increased con-
nectivity across several regions (4, 5, 3, 6, 8, Crus 1).

3.3.2.2. Central executive network (CEN). The CEN indicated large differ-
ences between CRPS patients and controls: cortically frontal superior,
middle, orbital, inferior triangular, operculum, rectus, postcentral,
precuneus, parietal inferior, occipital superior, inferior, temporal inferior,
middle, fusiform, Heschl, anterior cingulate, anterior, posterior insula;
subcortically the amygdala and several cerebellar subdivisions (6, 7b,
Crus 1) displayed increased connectivity in patients vs. controls. No
brain areas displayed decreased connectivity with the CEN in CRPS pa-
tients vs. controls.

3.3.2.3. Default mode network (DMN). For the DMN we only observed in-
creased connectivity in the disease state compared to the control group.
The predominant differences for increased connectivity in CRPS pa-
tients involved cortical areas (frontal superior, medial, postcentral,
supramarginal, precuneus, parietal superior, occipital superior and
calcarine and temporal superior).

Table 2

Depression and anxiety measures in the CRPS patient sample. The CDI total score, anhedo-
nia score, and the Anxiety Disorders Index decreased significantly from intake to discharge
(paired-sample t-tests, two-tailed). NS, non-significant (p > 0.1).

Test Mean Tvisit 1 Mean T visit 2 Statistics

(SEM) (SEM)
CDI total 5827 (4.27) 49.60 (419) tg) = 2.337,p = 0.048
Negative mood 56.36 (4.29)  50.50 (4.50) NS
Interpersonal problems 51.00 (3.26)  50.20 (2.67) NS
Ineffectiveness 56.27 (4.25) 47.20(3.04) s = 2.063,p = 0.073
Anhedonia 60.00 (3.39) 51.40(3.29) (g = 3.125,p = 0.014
Negative self esteem 51.82 (3.48) 48.50(4.37) NS
MASC total 5045 (3.73) 43.50(3.69) NS
Inconsistency Index 5.36 (0.53) 440(0.99) NS
Physical symptoms 50.27 (3.20) 4290 (2.74) NS
Harm avoidance 47.18 (2.34) 43.50(2.64) NS
Social anxiety 53.00(3.29) 46.30(3.36) (g = 1.974,p = 0.084
Separation/panic 54,73 (3.14)  49.80(3.27) NS

(

Anxiety Disorders Index 53.55(2.95) 43.80(2.41) fi) = 3.06,p = 0.016

R = right; L = left. VAS1 (2) = pain rating at visit 1 (2). AC, anticonvulsants (pregabalin,
gabapentin); AD, anti-depressants (amitriptyline, duloxetine).

3.3.2.4. Sensorimotor network (SMN). Increased connectivity in the CRPS
state was observed in several cortical areas (frontal superior medial,
middle, orbital, supplemental motor area, postcentral, supramarginal,
parietal superior, inferior, occipital middle, cuneus, calcarine, temporal
superior, superior pole, middle, inferior, middle anterior cingulate, ante-
rior and posterior insula). Subcortically, differences were observed in
the basal ganglia (caudate, putamen), and hippocampus. The cerebel-
lum displayed differences across several regions (4, 5, 6, 8, 9, Crus 1).
We also observed decreased connectivity in the CRPS group compared
to controls in the frontal superior, middle, inferior triangular, orbital,
post-central, precuneus, angular, inferior parietal, anterior/posterior
and middle cingulate, temporal middle pole, Heschl, fusiform, lingual,
and parahippocampus. Subcortically, decreased connectivity in CRPS
patients was observed in the hypothalamus, thalamus and caudate.
Cerebellar structures (8, Crus 1, Crus 2) also displayed reduced
connectivity.

3.3.2.5. Fronto-parietal network—right (RFPN). The RFPN displayed only
increased connectivity of patients vs. controls. Cortically, increased
connectivity was observed in frontal superior, middle, orbital, inferi-
or triangular, operculum, supplemental motor area, paracentral lobule,
precentral, supramarginal, postcentral, parietal inferior, occipital mid-
dle, calcarine, temporal superior, middle, inferior, temporal pole, anteri-
or, mid-cingulate, anterior, posterior insula; subcortically the thalamus
and cerebellar subdivisions (6, 7b, 8, Crus 1, Crus 2).

3.3.2.6. Fronto-parietal network—left (LFPN). The LVDN displayed only
decreased connectivity of patients vs. controls with the following
structures: cortically; frontal superior, orbital, postcentral, supramarginal,
parietal superior, rolandic operculum, occipital middle, temporal middle,
temporal pole, and parahippocampus, no subcortical brain structures
and some cerebellar subdivisions (4 5, 8, Crus 2).

3.3.2.7. Summary of observed differences for disease effect. In the disease
state, there were significant differences in most networks except in vi-
sual associated networks. Several networks displayed only increased
connectivity in CRPS patients vs. controls (SN, CEN, DMN), SMN
displayed both increases and decreases in connectivity between CRPS
patients and controls (SMN), and only one (LFPN) displayed decreased
connectivity in patients vs. controls. The largest volume of increased
connectivity was observed in the salience network (285.53 cm?) follow-
ed by RFPN (252.30 cm?), SMN (224.31 cm®) and CEN (136.31 cm?®). The
DMN displayed a smaller increase (13.05 cm?). In examining connectiv-
ity in the SMN, there were larger increases than decreases in connectiv-
ity (224.31 vs. 179.30 cm?).
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Fig. 4. Healthy children resting state networks. The figure depicts resting state networks identified in healthy children (red-yellow) with the corresponding adult ones (green-light green).
The correspondence was high but some minor differences were observed, for instance the default mode network in children had a reduce involvement of the perigenual cingulate as well
as superior parietal lobe. The cerebellum network in children seemed to be restricted to the structure while the adult one extended into the brainstem. See text for more details.

3.3.3. Residual effect: comparison of brain networks for CRPS visit 2 and
Controls visit 2

The following remaining differences in connectivity were observed
(Figs. 5 and 6 and Table 4).

3.3.3.1. SN. Very small differences in connectivity were observed for this
network with decreased connectivity in the precentral/postcentral and
inferior temporal cortices in CRPS patients.

3.3.3.2. CEN. For this network, also few differences in connectivity were
observed with increased connectivity in precuneus, inferior temporal
and cerebellum Crus 1 decreased connectivity in postcentral area and
calcarine.

3.3.3.3. DMN. The DMN displayed only decreased connectivity in CRPS
patients vs. controls; cortically in orbital, middle, superior frontal,
precentral, postcentral, supramarginal, precuneus, superior, middle oc-
cipital, fusiform, temporal superior, middle, inferior, lingual, anterior
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Fig. 5. Disease, treatment, and residual effects on networks: salience, default mode, and fronto-parietal network spatial maps: The graphs summarize statistically significant changes in
connectivity measured between patients and controls at visit 1 (disease effect), between patients at visit 2 and visit 1 as determined through their correlation with spontaneous VAS scores
(treatment effect), and patients vs. controls at visit 2 (residual effect). Prominent changes can be observed visually. See text for further details. Numbers refer to the standard MNI Atlas

coordinates.

mid-cingulate and parahippocampus; subcortically in putamen, and
cerebellar structures (4 5, 9, Crus 1, Crus 2).

3.3.3.4. SMN. The SMN displayed small differences and only decreased
connectivity (precuneus, fusiform).

3.3.3.5. RFPN. Several structures displayed increased connectivity of pa-
tients vs. controls. Cortically; mid-frontal, orbital, supplemental motor
area, postcentral, nferior parietal, precuneus, mid-occipital, calcarine,
superior, middle, inferior temporal, fusiform, mid-anterior cingulate,
posterior insula, and parahippocampus; subcortically putamen and
hippocampus and cerebellar subdivisions (6,8, Crus 1). Decreased
connectivity was observed in middle frontal, orbital, supramarginal,

precuneus, rolandic operculum, temporal superior, inferior, fusiform,
lingual; subcortically putamen and hippocampus and cerebellum 8.

3.3.3.6. LFPN. Only small reductions in connectivity of patients vs. con-
trols (superior frontal and vermis 3) were observed.

3.3.4. Summary of residual effects

The SN displayed very small differences between patients and con-
trols (4.30 cm? decreased connectivity). The CEN also displayed small
differences (5.50 cm? increased and 3.87 cm? decreased connectivities).
The DMN had significant reduced connectivity (70.36 cm?). The SMN
had small differences in connectivity (2.01 cm> decreased connectivity).
RFPN had significant differences (66.52 cm? increased connectivity,
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18.51 cm?® decreased connectivity). LEPN had small decrease in con-
nectivity (3.32 cm®).

3.4. Treatment effects: patient’s correlation with VAS (spontaneous pain)

Sensorimotor pre/post-treatment

We observed correlation of connectivity strength with spontaneous
pain ratings (Figs. 5 and 6 and Table 5) in the following networks.

34.1.1. DMN

The DMN displayed positive correlation with VAS indicating de-
creased connectivity with decreased pain scores in orbital, precentral,
superior medial frontal, cuneus, fusiform, temporal inferior, middle, an-
terior insula, and cerebellum 8. No anti-correlated brain structures with
VAS were statistically significant. Aggregate volume for positive correla-
tion was 22.09 cm>.

34.1.2.SN

Brain structures that displayed positive connectivity correlation
with VAS scores were orbital and middle frontal cortices (i.e., there
was reduction in connectivity of SN with brain structures when pain
was reduced). Areas that indicated a negative correlation (i.e., increase
connectivity when pain scores decreased) included cortically: orbital,
rectus, inferior operculum, rectus middle frontal, temporal superior,
rolandic operculum, and subcortically hippocampus. Total volumes of
significant correlation were 4.72 cm>. Volumes of anti-correlated struc-
tures were 15.35 cm>.

34.1.3. CEN

The CEN only displayed the parahippocampus to be positively corre-
lated with VAS scores (3.84 cm?). Several brain areas were found to be
anti-correlated with VAS and include frontal middle, orbital, inferior tri-
angular, postcentral, angular, inferior and middle temporal gyri, fusi-
form, mid-cingulate, parahippocampus, subcortically; putamen and
cerebellum (8 and Crus 2). Anticorrelated areas amounted to 40.52 cm?>,

34.1.4. SMN

The SMN had correlated connectivity changes with pain scores in
several cortical areas frontal (orbital, rectus, operculum), superior pari-
etal and parahippocampal areas. Anti-correlated areas appear in cortical
(orbital, superior and inferior temporal, middle occipital). The SMN
displayed similar changes in total volumes of significant correlations;
positive correlations resulted in 8.72 cm>. Anti-correlated had 8.76 cm?.

34.1.5. Cer

The cerebellum network only indicated anti-correlated changes in
connectivity with superior triangular and inferior temporal cortices
(2.07).

34.1.6. RFPN

Brain areas of positively correlated changes in connectivity with VAS
were superior frontal, supplemental motor area, fusiform, temporal su-
perior; subcortically amygdala and putamen and cerebellar areas (7b
and 8). Anticorrelated connectivity changes with VAS were observed
in inferior orbital, supramarginal, superior and inferior parietal, angular,
temporal pole, middle, lingual and cerebellar areas (Crus 1 and ver-
mis 4 5). Positively correlated volume was 23.52 cm® and anticorrelated
was 17.00 cm®.

Fig. 6. Disease, treatment, and residual effects on networks: sensorimotor, central execu-
tive, and cerebellar network spatial maps: The graphs summarize statistically significant
changes in connectivity measured between patients and controls at visit 1 (disease effect),
between patients at visit 2 and visit 1 as determined through their correlation with spon-
taneous VAS scores (treatment effect), and patients vs. controls at visit 2 (residual effect).
Prominent changes can be observed visually. See text for further details. Numbers refer to
the standard MNI Atlas coordinates.
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Table 3
Disease effects: The table indicates brain areas of significant increased or decreased connectivity with the listed networks for CRPS Patients visit 1 vs. Controls visit 1. Coordinates and max
statistical value (z-stat) are given for peak activity as well as volume (Vol) of each cluster of activity. See Materials and methods section for details.

Brain region Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm)
Salience
Positive (Patients V1 > Controls V1) Cortical
Frontal
Superior L 331 —26 58 24 1.56
L 3.52 —26 50 20 4.54
L 3.29 —14 50 20 7.26
L 3.49 —22 6 64 410
Rectus L 3.14 —6 54 —20 1.70
Superior medial L 2.96 —6 50 32 3.71
Inferior triangular L 321 —38 30 16 8.23
L 3.01 —42 14 24 3.46
Supp_Motor_Area R 3.82 14 14 64 4.62
R 3.06 10 -2 60 1.46
R 3.17 10 —6 68 1.20
Olfactory L 3.48 -2 14 —4 3.07
Middle orbital R 3.06 42 14 56 6.15
Middle L 3.04 —30 2 60 1.78
Precentral L 3.01 —34 —14 40 6.20
Parietal
Supramarginal R 3.33 50 —26 24 3.56
Inferior R 3.09 50 —38 48 4.56
Precuneus L 437 —-10 —46 12 9.52
R 3.67 18 —50 16 4.14
Superior R 3.49 14 —50 64 4,03
L 3.08 —26 —62 44 1.48
L 4.65 —30 —66 56 4.03
Angular R 3.81 46 —62 52 9.15
Occipital
Rolandic operculum R 4.24 42 —6 16 8.96
Calcarine R 3.25 18 —74 4 3.70
R 4.53 22 —94 0 2.46
Superior L 3.00 —22 —86 40 1.93
Middle L 2.96 —18 —90 -8 434
Inferior R 4.67 26 —90 —4 3.86
Temporal
Pole superior R 3.90 54 10 —8 12.59
Superior R 3.11 62 2 —4 1.97
Fusiform R 3.38 34 -2 —36 1.13
Middle R 3.02 50 —26 -8 6.57
R 3.48 46 —50 20 7.41
R 3.20 54 —54 0 491
Inferior R 3.39 42 —6 —40 2.50
R 3.40 50 —42 —20 1.54
R 3.11 46 —42 —24 1.79
Lingual R 3.49 18 —42 —12 1.72
L 447 —22 —50 -8 14.27
L 2.99 —14 —58 0 291
R 3.01 18 —66 0 2.50
Fusiform L 3.02 —26 —78 —-12 3.26
L 3.13 —22 —82 —12 4.28
Cingulum
Anterior L 3.20 —6 22 28 10.82
Parahippocampus
Parahippocampal R 343 30 10 —32 7.94
Sub-cortical
Putamen R 3.96 26 14 12 4.51
R 3.19 30 6 4 2.62
L 3.97 —26 -2 8 22.82
Caudate L 3.84 —6 14 0 2.83
Pallidum L 3.54 —10 6 —4 2.57
R 531 26 —10 —4 8.22
Hypothalamus 3.05 6 —10 —4 1.86
Brainstem/cerebellum
Cerebellum 3 R 3.79 14 —38 —24 6.40
Cerebellum 6 L 347 —30 —42 —28 6.66
Vermis 3 L 3.28 -2 —46 —16 1.98
Cerebellum Crus 1 R 3.12 26 —66 —36 292
Cerebellum 8 L 2.96 —10 —66 —44 10.19
Negative (Patients V1 < Controls V1) No statistically significant differences
Central executive network (CEN)
Positive (Patients V1 > Controls V1) Cortical
Frontal
Superior orbital L 1.99 —22 66 —4 2.62
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Table 3 (continued)
Brain region Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm)

Central executive network (CEN)

Positive (Patients V1 > Controls V1) Middle orbital R 2.05 42 54 4 4.65
Inferior orbital L 3.70 —18 14 —24 335
Superior medial L 3.82 -2 58 24 8.26

R 2.26 18 38 —16 248
R 291 18 22 —20 3.98
Frontal pole 2.81 2 58 0 15.29
2.19 —26 42 —-12 3.29
Middle L 2.04 —42 50 4 1.75
L 2.03 —38 46 4 1.56
L 233 —30 22 40 2.66
L 234 —22 18 44 1.01
Superior L 2.19 —14 38 36 4.50
Inferior triangular R 227 46 38 8 245
R 2.84 38 26 28 6.58
Inferior operculum R 293 42 10 28 4.51
Precentral L 2.08 —50 6 48 295
Parietal
Postcentral R 2.05 58 —6 28 1.10
R 2.60 22 —34 68 5.02
L 2.36 —18 —38 76 3.07
Inferior L 2.36 —50 —42 56 1.93
Precuneus R 239 10 —46 56 1.19
L 2.81 -2 —46 68 5.52
Occipital
Inferior L 234 —46 —78 —4 1.98
Superior L 2.77 —14 —82 40 1.82
Temporal
Pole superior L 2.21 —50 10 —24 4.24
Middle L 2.18 —62 -2 —16 4.58
R 2.66 62 —18 -8 1.87
L 2.22 —50 —26 —16 1.68
R 2.15 66 —38 —8 2.63
L 3.31 —62 —50 —12 1.75
Inferior L 2.02 —42 —6 —40 1.72
R 2.67 62 —34 —24 1.53
L 3.80 —58 —54 —16 1.49
L 245 —50 —62 -8 1.39
Heschl R 2.69 34 —30 12 3.04
Fusiform L 2.76 —34 —22 —28 1.08
Lingual R 3.16 14 —42 —4 2.30
L 2.51 —14 —-90 —16 2.53
Cingulum
Anterior R 2.12 10 34 12 1.05
R 2.16 14 30 16 3.36
R 2.01 2 30 12 3.13
Insula
Anterior L 2.03 —38 22 4 2.08
Posterior R 3.09 46 -2 4 3.70
L 2.86 —38 —6 8 2.86
Brainstem/cerebellum
Cerebellum Crus 2 R 233 46 —54 —48 1.29
Cerebellum 6 L 235 —34 —54 —24 1.60
L 2.80 —22 —62 —24 2.13
Cerebellum Crus 1 R 2.10 34 —66 —28 1.17
L 2.06 —42 —74 —36 2.04
L 335 —18 —82 —28 1.98
Cerebellum 7b L 2.42 —14 —78 —44 1.48
Brainstem L 2.05 —6 —-30 —12 1.78

Negative (Patients V1 < Controls V1) No statistically significant differences.

Default mode network

Positive (Patients V1 > Controls V1) Cortical
Frontal
Superior R 3.45 10 38 56 1.02

R 3.37 10 26 60 1.12
Superior medial L 3.09 —-10 58 0 1.10
Parietal
Postcentral L 3.10 —42 —22 44 1.57
Supramarginal L 3.75 —58 —30 24 1.62
L 3.65 —54 —42 32 1.19
Precuneus R 2.75 6 —54 40 1.58
Superior L 292 —18 —74 44 1.02
Temporal
Operculum R 3.20 46 —26 24 137
L 4.20 —34 -30 24 4.83

(continued on next page)
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Brain region Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm)
Negative (Patients V1 < Controls V1) No statistically significant differences
Sensorimotor network
Positive differences (Patients visit 1 > Controls visit 1) Cortical
Frontal
Rectus R 2.35 2 58 —-16 2.68
Superior medial L 332 2 58 24 3.47
L 2.44 -2 46 36 6.54
Middle L 3.14 —34 46 0 2.10
R 2.86 2 42 —4 4,51
L 2.82 —30 26 44 6.15
L 2.50 —26 26 36 1.86
L 243 —38 14 52 6.43
Superior orbital R 3.49 18 42 28 3.84
R 2.54 30 -2 60 9.04
Superior medial L 3.28 -2 26 56 10.74
Inferior triangular R 3.18 42 18 28 7.02
Inferior operculum R 235 46 14 12 7.70
Supp_Motor_Area R 2.88 10 2 72 7.85
L 2.86 -2 —14 52 3.49
R 3.01 6 —18 52 1.99
R 2.80 2 —18 56 6.61
Parietal
Postcentral L 242 —50 —6 36 8.55
R 3.18 34 —30 64 8.16
Supramarginal L 2.59 —50 —26 16 249
R 233 54 —30 36 417
Inferior L 3.57 —46 —38 36 4.70
Superior R 2.54 30 —70 48 1.73
Occipital
Middle R 3.15 38 —78 0 248
Inferior R 2.68 34 —78 —8 3.75
Cuneus L 2.99 -2 —82 20 6.02
Calcarine L 2.36 —6 —82 4 2.18
Temporal
Pole Superior L 3.39 —34 6 —24 438
Superior L 2.81 —46 -2 —4 2.10
Middle R 3.27 54 —42 -8 1.68
R 3.56 54 —46 —4 4.17
L 2.51 —38 —66 12 1.75
Inferior R 3.63 62 —38 —20 234
R 3.46 58 —46 —-12 1.48
Cingulum
Middle 2.70 6 —14 48 2.76
2.76 —10 —14 40 6.56
Insula
Anterior L 3.64 —30 26 4 14.58
R 2.74 34 2 8 1.29
Posterior R 2.36 42 -2 —12 3.10
L 3.25 —34 —6 8 9.04
Parahippocampus
Parahippocampal L 2.78 —18 -2 —24 3.61
L 3.44 —26 —38 -8 6.68
Sub-cortical
Caudate R 2.48 10 22 4 5.37
Putamen R 3.00 30 2 12 1.96
Hypothalamus R 337 2 —10 0 1.42
Hippocampus L 297 —22 —26 —8 2.27
Brainstem/cerebellum
Cerebellum 4 5 L 2.52 —22 —38 —32 4.09
Cerebellum 8 R 333 14 —46 —60 1.54
Cerebellum 6 R 2.63 38 —46 —32 2.38
Cerebellum 9 L 243 —10 —50 —40 2.50
Cerebellum Crus 1 L 2.40 —26 —82 —32 1.90
L 2.52 —10 —86 —20 1.86
Negative differences (Patients visit 1 < Controls visit 1) Cortical
Frontal
Superior L —2.58 —22 66 12 3.10
L —2.29 —34 58 0 1.69
Superior medial L —2.87 —-10 42 52 1.91
L —2.81 —10 34 56 4,03
Superior orbital R —2.89 18 22 60 3.14
Middle orbital R —3.26 38 34 16 7.89
Inferior orbital R —3.09 46 42 —16 3.26
R —2.92 46 34 —8 242
Middle L —2.78 —34 58 16 3.82
L —2.29 —34 38 16 1.01
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Table 3 (continued)

Brain region Lat z-stat X (mm) Y (mm) Z (mm) Vol (cm)
Negative differences (Patients visit 1 < Controls visit 1) Inferior_Triangular L —2.63 —42 46 12 1.92
R —2.31 50 42 4 1.21
Inferior_Triangular R —2.46 50 34 24 3.24
L —2.86 —54 26 0 3.70
L —2.24 —50 26 24 3.90
Inferior operculum R —2.76 58 14 20 1.64
Precentral R —2.56 62 2 24 1.69
Parietal
Postcentral R —3.62 66 —14 24 6.50
R —2.99 14 —38 76 437
Inferior L —2.33 —54 —34 52 4.14
L —2.36 —46 —50 48 2.12
Precuneus R —2.72 14 —62 36 2.38
R —2.59 10 —62 60 3.08
L —2.46 —6 —-70 36 2.98
Angular L —2.35 —54 —62 40 6.66
L —2.64 —42 —-70 48 2.92
Occipital
Cuneus R —2.64 22 —62 20 337
R —2.76 14 —78 32 2.50
Inferior R —2.78 46 —66 —16 3.68
R —2.75 34 —90 —12 1.97
Superior L —2.60 —22 —74 24 1.97
R —2.67 26 —82 20 1.27
Middle R —2.53 30 —86 32 3.18
Calcarine R —2.35 10 —90 4 2.19
Temporal
Pole middle R —3.28 38 22 —36 1.71
R —3.03 30 6 —36 10.88
Superior R —2.31 66 —18 12 2.38
L —2.62 —42 —42 16 1.82
Heschl L —2.89 —38 —22 12 2.96
Fusiform L —2.77 —34 —-22 —28 144
Middle L —3.88 —62 —-50 4 2.41
Lingual R —2.54 10 —82 —4 3.50
Cingulum
Anterior L —2.65 2 38 16 8.39
L —245 -2 30 20 1.19
R —2.61 2 2 28 2.30
Middle R —2.46 2 18 32 1.87
Posterior R —2.28 10 —38 28 227
Parahippocampus
Parahippocampal L —2.67 —26 —18 —28 1.09
R —2.92 30 —-22 —28 1.48
L —2.73 —-30 —26 —24 1.40
Sub-cortical
Hypothalamus L —2.30 -2 -2 —8 5.14
Thalamus R —2.65 10 —10 12 3.24
R —2.67 18 —18 16 1.74
Caudate L —2.90 —14 —10 20 1.55
Brainstem/cerebellum
Cerebellum 8 L —2.44 —42 —54 —52 5.07
Cerebellum Crus 2 L —244 —42 —70 —48 3.08
Cerebellum Crus 1 L —3.37 —46 —70 —28 5.42
R —242 38 —78 —-32 2.50
R —3.18 18 —82 —24 2.94
Cerebellum
Positive (Patients V1 > Controls V1) No statistically significant differences
Negative (Patients V1 < Controls V1) Cortical
Frontal
Supp_Motor_Area R 249 10 —-10 68 145
Occipital
Superior L 247 —22 —82 28 1.46
Middle L 3.05 —26 —98 8 3.30
Calcarine L 3.23 —6 —98 0 1.54
Sub-cortical
Caudate R 2.59 14 6 20 1.15
L 2.33 —14 6 20 1.28
Brainstem/cerebellum
Cerebellum Crus 1 R 2.56 50 —62 —28 1.31
Fronto-parietal network (right)
Positive (Patients V1 > Controls V1) Cortical
Frontal
Superior orbital L 2.72 —18 50 —12 5.05
R 291 18 42 32 6.47

(continued on next page)
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Brain region Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm)
Fronto-parietal network (right)
Positive (Patients V1 > Controls V1) Middle orbital R 3.24 38 34 36 4,40
R 3.53 34 30 40 3.80
Inferior orbital L 3.07 —22 34 —12 1.88
L 2.62 —42 34 —-12 2.10
Superior L 234 —22 46 36 5.96
Middle R 2.38 6 50 -8 2.88
L 2.58 —42 34 32 1.02
L 2.39 —38 30 44 2.68
Inferior triangular R 2.37 50 30 16 5.66
Olfactory R 2.54 6 18 —8 9.18
Inferior operculum L 2.66 —46 14 32 5.52
Supp. motor area L 3.16 —6 10 68 1.32
R 2.56 10 -2 56 5.39
L 247 —10 —14 52 2.14
Precentral R 2.79 42 -2 40 6.53
L 3.01 —38 —6 56 5.55
L 2.78 —46 —6 52 2.72
Paracentral lobule R 2.64 10 —34 68 10.97
Parietal
Supramarginal R 2.62 58 —26 28 3.94
R 271 46 —42 36 6.48
Postcentral R 2.52 34 —30 60 1.07
R 2.90 30 —34 64 1.55
R 2.55 34 —34 56 224
Inferior L 237 —-30 —58 48 6.63
Occipital
Rolandic operculum R 2.76 58 —14 12 4,52
Middle L 237 —26 —62 36 1.85
L 3.09 —26 —78 40 7.58
L 291 —18 —94 4 223
L 2.63 —18 —98 8 135
Calcarine R 2.46 18 —90 0 1.44
L 2.48 2 —90 0 5.72
R 2.53 18 —98 4 222
Temporal
Pole middle R 2.89 42 14 —36 4.10
Superior R 2.38 62 —10 0 3.90
R 2.72 50 —38 20 5.74
Middle L 3.51 —46 2 —32 12.31
R 2.35 54 —22 —16 241
R 3.21 54 —50 20 113
R 3.66 62 —54 16 447
Inferior L 2.73 —54 —6 —32 2.04
L 3.38 —38 —14 —36 345
L 3.83 —42 —46 —16 2.47
L 3.65 —46 —46 —12 3.75
L 2.52 —54 —54 —20 3.90
Lingual L 2.63 —10 —86 —4 322
Cingulum
Anterior R 2.86 10 34 0 2.19
Middle R 2.44 10 14 40 1.96
Insula
Anterior L 3.10 —30 26 —4 1.53
L 2.83 —30 26 8 143
R 2.74 38 6 12 5.85
Posterior L 3.91 —34 -2 16 1.26
Parahippocampus
Parahippocampal L 3.01 —26 —42 —4 5.78
Sub-cortical
Thalamus R 291 10 —6 4 3.80
R 2.36 10 —14 4 133
Brainstem/cerebellum
Cerebellum 7b L 3.08 —30 —38 —40 4.98
Cerebellum Crus 1 R 2.33 42 —46 -32 1.56
L 341 —38 —50 —32 7.29
R 2.87 50 —62 —40 3.26
L 2.56 —30 —82 —28 7.03
Cerebellum 8 L 2.96 —38 —46 —52 1.06
Cerebellum Crus 2 L 2.95 —46 —50 —44 2.89
Cerebellum 6 L 2.31 —6 —66 —16 5.22
Pons 341 —10 —22 —24 5.13
2.73 10 —22 —20 4.22

Negative (Patients V1 < Controls V1)
Fronto-parietal network (left)
Positive (Patients V1 > Controls V1)

No statistically significant differences.

No statistically significant differences
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Table 3 (continued)

Brain region Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm)
Fronto-parietal network (left)
Negative (Patients V1 < Controls V1) Cortical

Frontal

Superior orbital R 2.86 26 62 0 117
R 322 22 34 32 2.54

Middle orbital R 3.21 50 42 12 3.93

Superior medial L 239 —10 62 16 1.29

Superior L 3.94 —22 10 64 2.14

Parietal

Postcentral R 3.36 58 —14 44 1.24
L 3.26 —26 —30 64 1.19

Supramarginal R 2.96 66 —38 32 1.29

Superior R 3.51 30 —66 52 2.50

Occipital

Rolandic_Operculum R 2.86 62 6 12 3.12
R 3.64 62 —18 16 8.57

Middle L 2.61 —46 —74 12 1.48

Temporal

Pole middle L 3.28 —46 14 —28 1.07

Middle R 3.83 58 —10 —20 1.83

Cingulum

Middle L 3.46 —10 —30 44 1.70

Brainstem/cerebellum

Cerebellum 8 L 2.86 —30 —46 —52 2.42

Vermis 4 5 297 6 —54 —20 1.17

Vermis 8 4,03 2 —66 —32 2.49

Cerebellum Crus 2 L 2.58 —38 —74 —48 1.62

34.1.7. LFPN
No significant changes in connectivity were observed pre- and post-
treatment.

3.5. Test-retest comparison (Controls visit 1 vs. Controls visit 2)

We found no statistically significant differences in brain areas for the
above networks between visit 1 and visit 2 for controls.

4. Discussion

One of the major features that differentiate pediatric CRPS from
adult CRPS is that most pediatric patients recover within a year (Low
et al., 2007) suggesting a nervous system that is more resilient. Howev-
er, even within this population, some pediatric patients remain resis-
tant. Short intensive treatment programs have reportedly been shown
to provide significant benefit at discharge and, importantly, observed
to last (Logan et al., 2012) suggesting that many of the complex features
of CRPS that include brain alterations can be modified. Thus, these pa-
tients provide a unique model for studying the condition itself and the
neuroplastic changes associated with disease recovery.

Here we report on early changes in brain networks of pediatric CRPS
patients who underwent a 3-week intensive treatment program that re-
sulted in improvement in psychophysical and psychological measures.
Intrinsic brain network alterations were measured prior to and follow-
ing treatment: Several intrinsic brain networks displayed significant al-
terations (fronto-parietal, salience, central executive, default mode, and
sensorimotor networks) before treatment. Following treatment, we ob-
served significant reduction of brain network alterations across several
networks but not all of them. In parallel with these brain measures, we
observed significant improvements as indicated in a number of psycho-
physical measures, including spontaneous and evoked pain levels, func-
tional disability, motor function, and small but significant improvement
in depressive and anxiety symptoms.

4.1. Disease state, treatment, and residual effects

The data on changes in RSNs in CRPS is among the first to be noted in
a pediatric population. Below we discuss RSN changes in disease state,

residual effect and treatment effect observed in the results. As noted
in the above section, the changes in the brain networks represent an al-
tered reorganization of network in the disease state and a reorganiza-
tion of RSNs towards a normal state with the treatment. Ideally, in the
fully reversed disease condition, the networks will be normalized after
treatment and the residual effect will indicate no significant differences
between controls and treated patients.

4.1.1. Disease state

RSNs have been reported in adult conditions of chronic pain
(Balenzuela et al., 2010; Cauda et al., 2010; Tagliazucchi et al., 2010;
Kim et al., 2013; Kornelsen et al., 2013; Kilpatrick et al., 2014) and
CRPS (Bolwerk et al., 2013), but not for children. Networks that
displayed the largest difference in the disease state were targeted
for further exploration along with other contrasts of interest.

4.1.1.1. Fronto-parietal networks. The fronto-parietal networks are
lateralized networks that involve lateral prefrontal and posterior parie-
tal cortices (Smith et al., 2009; Cole et al., 2013). We observed signifi-
cant increased connectivity in the right FPN, a network known to
reflect self-awareness, perception, pain and somesthesis (Smith et al.,
2009). This is consistent with a heightened state of awareness due to
their condition. Interestingly, the left PFN indicates a significant de-
crease in connectivity in the disease state. The network is associated
with cognition, language, and memory (Smith et al., 2009). Other pain
conditions, such as fibromyalgia (Seo et al., 2012) and migraine (Russo
et al,, 2012), have reported the decreased connectivity of this network.
The persistence of chronic pain in these patients might result in dimin-
ished cognitive ability related to working memory, language, and execu-
tive function as seen in adults (Smith et al., 2009).

4.1.1.2. Salience network. The salience network (SN) (Seeley et al., 2007)
includes the insula and anterior cingulate cortices and is involved in
connecting relevant brain regions for the processing of physiologic in-
formation (autonomic, sensory information) that is interpreted in the
context of relevance and interoception. Patients with chronic pain expe-
rience sustained salience that is responsive to both external stimuli
(e.g., sensory, visual) and internal brain (connectivity) states (Borsook
etal.,, 2013). In Fig. 5 and Table 3, the anterior insula presents increased
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Table 4
Residual effects: The table indicates brain areas of significant increased or decreased connectivity with the listed networks for CRPS Patients visit 2 vs. Controls visit 2. Coordinates and max
statistical value (z-stat) are given for peak activity as well as volume (Vol) of each cluster of activity. See Materials and methods for details.

Brain region Lat. z-Stat X (mm) Y (mm) Z (mm) Vol (cm)
Salience
Positive (Patients visit 2 > Controls visit 2) No statistically significant differences
Negative (Patients visit 2 < Controls visit 2) Cortical
Frontal
Precentral L 3.46 —50 -2 32 1.00
Parietal
Postcentral L 3.18 —34 —38 60 1.18
Temporal
Inferior R 3.51 54 —50 —12 2.12
Central executive network (CEN)
Positive (Patients visit 2 > Controls visit 2) Cortical
Occipital
R 337 62 —34 —16 1.46
Negative (Patients visit 2 < Controls visit 2) Cortical
Parietal
Postcentral R 2.53 34 —34 48 1.20
Occipital
Calcarine L 3.28 —10 —50 4 1.42
R 2.63 6 —86 12 1.25
Default mode network
Positive (Patients visit 2 > Controls visit 2) No statistically significant differences
Negative (Patients visit 2 < Controls visit 2) Cortical
Frontal
Middle orbital R 2.73 26 50 24 1.95
R 3.07 34 34 36 1.06
R 2.35 38 6 36 1.14
Inferior orbital R 3.82 30 34 —16 2.30
Middle L 3.22 —22 42 24 2.00
L 2.39 —-50 26 32 1.86
L 3.05 —38 2 52 1.29
Precentral R 3.53 58 2 24 1.57
L 3.00 —46 2 48 1.02
L 3.85 —58 -2 36 1.44
L 2.54 —34 —22 56 1.77
Parietal
Supramarginal L 3.12 —62 —30 40 2.77
Postcentral L 3.60 —38 —38 64 345
Precuneus R 235 22 —46 12 1.19
Occipital
Superior R 3.70 26 —78 20 8.43
Middle L 3.46 —22 —94 12 1.78
Temporal
Fusiform L 2.79 -30 —6 —40 1.78
Superior R 3.58 62 —14 0 1.26
Inferior R 2.62 62 —38 —16 2.19
Middle L 3.15 —62 —54 16 1.28
L 335 —54 —66 8 334
Lingual R 2.88 18 —66 —12 143
L 3.06 -2 —66 4 3.09
Parahippocampus
Parahippocampal L 333 —18 —6 —32 1.70
Sub-cortical
Putamen R 3.73 30 2 0 2.68
Brainstem/cerebellum
msn R 247 6 —34 —48 1.21
Cerebellum 9 L 331 —18 —42 —52 2.26
Cerebellum 4 5 R 3.93 10 —50 —8 1.66
Cerebellum Crus 2 L 3.51 —18 —74 —36 2.08
L 3.22 —6 —86 —32 1.26
Cerebellum Crus 1 R 3.23 22 —74 —36 1.15
L 3.90 —26 —86 —32 2.20
Sensorimotor network
Positive (Patients visit 2 > Controls visit 2) No statistically significant differences
Negative (Patients visit 2 < Controls visit 2) Cortical
Parietal
Precuneus L 3.29 —6 —46 8 1.04
Cerebellum
Positive (Patients visit 2 > Controls visit 2) No statistically significant differences
Negative (Patients visit 2 < Controls visit 2) Cortical
Frontal
Superior medial R 3.09 22 62 —8 1.56
Middle L 3.76 -30 10 64 1.28
Superior R 3.59 2 34 56 1.42
Supp. motor area R 343 10 —10 68 1.31
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Table 4 (continued)
Brain region Lat. z-Stat X (mm) Y (mm) Z (mm) Vol (cm)
Cerebellum
Negative (Patients visit 2 < Controls visit 2) Paracentral lobule L 2.95 —10 —18 72 1.18
Occipital
Calcarine L 3.18 -2 —98 4 1.64
Superior L 2.73 —18 —70 28 134
Temporal
Pole middle R 3.43 38 18 —40 1.16
Middle R 2.61 62 —50 16 220
Parahippocampus
Parahippocampal R 3.59 22 -2 —28 3.18
Sub-cortical
Caudate L 2.85 —14 -2 20 1.01
Brainstem / cerebellum
Cerebellum_Crus 1 L 4.06 —38 —78 —20 3.46
Fronto-parietal network (right)
Positive (Patients visit 2 > Controls visit 2) Cortical
Frontal
Frontal pole R 2.95 2 58 0 3.46
Superior medial L 2,51 —-10 50 32 2.02
Superior orbital R 3.03 14 2 72 1.27
Middle orbital R 2.58 26 38 32 1.75
R 3.50 34 30 40 418
Inferior orbital R 3.19 38 38 —8 2.36
Middle L 3.27 —38 30 44 1.69
Supp. motor area L 2.53 —10 6 72 1.02
L 2.72 —10 —14 52 1.51
Paracentral lobule L 3.68 —10 —-30 64 2.26
Parietal
Postcentral L 2.66 —42 —30 48 1.12
Inferior R 3.32 46 —38 56 222
R 2.56 38 —38 48 1.66
Precuneus R 2,62 6 —66 60 1.06
Occipital
Calcarine R 249 22 —-90 0 1.38
Middle L 2.28 —18 —94 4 1.30
Temporal
Inferior L 4.51 —42 2 —36 6.86
L 3.10 —46 —46 —12 1.62
Middle L 2.26 —62 —18 —24 1.22
R 3.44 62 —54 12 2.66
Fusiform R 3.70 26 —78 —4 2.69
Superior R 243 54 —46 20 2.50
Cingulum
Middle L 2.60 -2 18 32 1.02
Insula
Posterior L 2.52 —34 —26 20 1.19
Parahippocampus
Parahippocampal L 3.20 —22 —10 —36 2.04
Sub-cortical
Putamen R 3.20 30 6 8 3.29
Hippocampus R 3.05 38 —26 —8 1.09
Brainstem/cerebellum
Cerebellum 8 L 2.48 —34 —46 —48 1.15
Cerebellum Crus 1 R 2.57 46 —54 —32 3.24
L 2.68 —26 —74 —36 1.63
Cerebellum 6 R 2.99 10 —70 —24 3.68
Pons L 3.08 -2 —18 —36 3.44
Brainstem 2.52 2 —34 —32 2.17
Negative (Patients visit 2 < Controls visit 2) Cortical
Frontal
Middle orbital R 3.19 42 14 52 2.16
R 3.06 30 -2 56 1.17
Parietal
Precuneus L 3.01 —-10 —50 24 1.21
Occipital
Rolandic operculum L 1.73 —54 —6 8 1.25
Temporal
Superior L 2.07 —54 -2 —4 1.10
Inferior R 3.00 50 —6 —32 1.43
Lingual R 2.10 22 —-90 —12 1.39
Sub-cortical
Putamen L 246 —14 10 0 217
Hippocampus R 2.58 34 —14 —24 1.03
Brainstem/cerebellum
Cerebellum 8 R 2.89 34 —42 —44 1.66

(continued on next page)
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Table 4 (continued)

Brain region

Lat. z-Stat X (mm) Y (mm) Z (mm) Vol (cm)

Fronto-parietal network (left)
Positive (Patients visit 2 > Controls visit 2) No statistically significant differences
Negative (Patients visit 2 < Controls visit 2) Cortical

Frontal

Superior

Brainstem/cerebellum

Vermis 3

4.55 2 —46 —16 1.63

connectivity with the SN and CEN networks, given that these networks
form part of a nucleus of networks that monitor and determine the
inner and outer state of the individual (DMN), while the SN assigns
the importance of the condition and the CEN might execute accordingly
(Sridharan et al.,, 2008; Menon and Uddin, 2010), it is possible that the
anterior insula provides the pathway for these networks (SN and CEN)
to interact. The significant changes in the disease state in the SN are con-
sistent with the major processes going on in these patients that include
but not limited to altered sensation (viz., posterior insula involvement),
altered autonomic function (viz., anterior insula processing), alterations
in encoding rewarding and aversive stimuli (viz., anterior cingulate)
through monitoring of emotional salience and cognitive modulation.

4.1.1.3. Default mode network. Prominent differences were observed in
the default mode network (DMN), perhaps the best characterized net-
work of all RSNs (Fox et al., 2005). This brain network that characterizes
the activity at rest incorporates a number of brain regions including the
precuneus, the medial prefrontal cortex, the posterior cingulate and
parts of the medial temporal lobe. Here we report increased connectiv-
ity in the default mode network in the disease state. We interpret these
findings as they may relate to diminish ability to ‘day-dream’ or switch
off because of the cognitive load of the ongoing pain process (Seifert and
Maihéfner, 2009).

4.1.1.4. Sensorimotor network. Significant differences were observed in
the sensorimotor network (SMN), a network that includes the primary
somatosensory cortex and motor systems including the supplementary
motor region (Smith et al,, 2012). Limitations in motor function due to
pain have been shown (Sterling et al., 2001; Huge et al., 2011) and
were present in all of our CRPS patients. Indeed, a large difference in
connectivity was observed in patients compared to controls indicative
of an abnormality in the SMN that was normalized following treatment
(Figs. 5 and 6). Alterations in sensation are perhaps the most notable
subjective and objective (sensory testing) change in these patients
(Sethna et al.,, 2007; Gierthmuhlen et al., 2012). This is consistent with
previous findings where abnormal motor cortex function has been re-
ported in CRPS (Maihofner et al., 2007; Kirveskari et al., 2010), abnor-
mal pain networks interact with central sensorimotor and autonomic
pathways (Cohen et al., 2012), and even thinking about moving may in-
crease pain (Moseley et al., 2008).

4.1.1.5. Central executive network. The central executive network (CEN)
is involved in high-level cognitive functions including attention and
working memory (Bressler and Menon, 2010; Smith et al., 2012). In
adults, as many as 65% of CRPS patients have altered neuropsychological
changes that have been described as a “dysexecutive syndrome” and
some patients present with global cognitive impairment (Libon et al.,
2010). Although we did not measure overt alterations in cognitive func-
tion among patients in this sample, it is not surprising that this was a
prominent network of activity in the disease state given the growing
empirical evidence of altered cognitive function among chronic pain pa-
tients (Campbell et al., 2005; Deere et al., 2012).

4.1.2. Residual effects
With treatment we observed small differences in all networks (FPN,
SN, SMN, CN) noted above when comparing CRPS visit 2 to Controls visit

2 (Fig. 5 and Table 4), suggesting residual effects. Interestingly, the left
FPN had small significant differences, perhaps an indication of the
patients’ recovery of his/her cognitive abilities. The right FPN, however,
remained highly interconnected suggesting that the patient, with re-
duced pain and increased mobility, might still remain vigilant of the af-
fected limb. In any treatment there will be individuals within the group
that may not be fully responsive or the treatment effects while provid-
ing symptomatic relief do not fully allow for complete reversal from
the disease state to a new healthy state. We have observed this in our
previous study of pediatric CRPS patients (Lebel et al., 2008) where
pain levels were essentially reversed but brain responses to experimen-
tal pain remained abnormal at least as defined in the early phase of
symptomatic recovery. Specifically, in the latter study, brain regions
such basal ganglia and sensorimotor cortex were considered to still be
altered in the recovered state (Lebel et al., 2008) in comparing experi-
mental pain applied to the affected and the unaffected limb. Since it is
impossible to control for temporal nature of recovery, some networks
may remain altered (residual) due to the likelihood that patients are
in early symptom recovery vs. full remission or resolution of symptoms.
However, based on the treatment paradigm for CRPS patients undergo-
ing the same psychophysical treatment, the beneficial effects (function-
al gains) persist (Logan et al., 2012). Another option for our observation
of residual effect finding may relate to some patients who were more re-
silient to treatment and thus not complete responders. Thus, residual ef-
fects may relate to the severity of the effects of the disease on brain
networks.

4.1.3. Treatment effect

The use of RSNs in evaluating treatment effects in clinical conditions
has been reported for some conditions in adults (e.g., depression
(Abbott et al., 2013; Salomons et al., 2014)) but only a few reports
on treatment effects have been reported for chronic pain (Becerra
et al., 2009; Hashmi et al., 2014) but we are not aware of any reports
in children with chronic pain. We observed significant correlation of
network connectivity and spontaneous pain scores (Figs. 5 and 6,
Table 5).

4.1.3.1. Fronto-parietal networks. The right FPN displayed several areas
that had positively correlated change in connectivity strength with
spontaneous pain scores as well as some areas that displayed the oppo-
site correlation. Some of the areas showing positive correlation are asso-
ciated with fear processing (amygdala, prefrontal areas) suggesting that
the reduction could be due to a diminished fear of pain. Some areas,
however, increased their connectivity and include structures associated
with attention. The left FPN did not show significant changes in connec-
tivity with VAS, although it was significantly different (decreased) in the
disease condition and only marginally when compared with controls
post-treatment. The relatively small number of patients might be the
cause for this lack of significance.

4.1.3.2. Salience and central executive networks. Surprisingly, the SN and
CEN networks both display much larger increased connectivity with de-
crease pain. These networks act in conjunction with the DMN, the latter
will maintain vigilance of self, the SN will determine the salience of all
the different events monitored by the DMN and finally, the CEN might
plan and execute (Menon and Uddin, 2010). We postulate that the
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Table 5

Treatment effects: Correlation with spontaneous pain scores: The table indicates brain areas of significant increased or decreased connectivity according to spontaneous pain scores in
patients pre- and post-treatment. Brain areas of decreased connectivity with decreased pain scores appear in red-yellow, areas of increased connectivity with decreased pain scores appear
in blue-light blue. Coordinates and max statistical value (z-stat) are given for peak activity as well as volume (Vol) of each cluster of activity. See Materials and methods for details.

Brain region Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm)
Salience
Positive (patients V1 > controls V1). Cortical
Frontal
Middle_Orbital R 4.87 34 38 24 1.15
Middle_Orbital R 4.26 30 26 40 1.10
Inferior_Orbital R 7.08 50 22 —4 1.50
Negative (increased connectivity with decreased pain) Cortical
Frontal
Middle R 5.45 6 58 —4 1.03
Superior_Orbital R 497 26 62 16 2.78
Rectus L 4.32 -2 22 —20 1.14
Inferior_Operculum R 432 50 6 20 3.44
Occipital
Rolandic_Operculum L 434 —46 2 12 1.50
Temporal
Superior R 3.98 46 -2 —12 2.15
Superior R 3.51 38 —30 12 1.17
Subcortical
Hippocampus L 5.00 —14 —10 —20 1.20
Central executive
Positive (decreased connectivity with decreased pain) Cortical
Temporal
Parahippocampus R 490 22 10 —24 3.84
Negative (increased connectivity with decreased pain) Cortical
Frontal
Middle R 4.87 10 46 —12 1.42
Inferior_Orbital L 492 —42 42 —16 1.20
Inferior_Triangular R 3.38 54 26 0 2.02
Inferior_Orbital L 6.84 —26 26 —12 4.72
Cortical
Frontal
Parietal
Postcentral L 5.05 —46 —10 28 1.23
Postcentral L 4.00 —54 —18 36 1.96
Occipital
Middle L 3.51 —42 —74 16 1.04
Superior L 6.64 —18 —86 8 1.56
Temporal
Middle L 3.69 —58 —18 0 1.28
Middle L 3.91 —58 —34 4 1.22
Middle L 3.64 —54 —34 -8 1.70
Middle R 5.73 42 —58 12 1.18
Middle R 3.83 42 —-70 8 1.50
Inferior L 3.46 —50 —22 —20 1.70
Fusiform L 6.94 -30 —50 -8 2.92
Parahippocampal R 3.83 38 -30 —16 3.86
Cingulate
Middle L 3.97 —10 2 44 1.09
Middle R 10.77 6 —38 32 1.86
Middle L 8.11 —6 —38 44 1.22
Subcortical
Putamen R 4.06 18 14 0 1.08
Brainstem/cerebellum
Cerebellum_Crus 2 R 3.63 22 —78 —40 1.16

significant increase in SN and CEN might be related to a state in which
the patient is more capable of performing normal activities. Neverthe-
less, we found that the SN and CEN networks are similar to controls
post-treatment, suggesting that there may be a hierarchy of RSN re-
sponse with treatment. While a number of brain regions are involved
(see Results section), one of the structures involved in the CEN response
was the putamen. It is a structure that is activated in pain and analgesia
(reviewed in Borsook et al., 2010) and thus its involvement here is con-
sistent with prior studies.

4.1.3.3. Default mode network. Following treatment, the DMN shows a
significant positive correlation and we interpret this observation as a
concomitant reduction of hyperconnectivity in this network with
pain. As the pain decreases, the emotional and vigilant function of the

DMN diminishes. This is consistent with the observed reduction of
hyperconnectivity of patients post-treatment vs. controls. The changes
following treatment suggest a restoration of the DMN that is consistent
with the idea that the abnormal balance between positive and negative
inputs to the system is restored (see Baliki et al., 2008).

4.1.3.4. Sensorimotor network. The SMN shows a combination of in-
creased and decreased connectivities, likely the combination of move-
ment avoidance as a result of pain related fear in CRPS (de Jong et al.,
2005; de Jong et al., 2011; Simons et al., 2014) as well as regaining the
ability to control the affected limb (McCabe et al.,, 2008). The latter pro-
cess, we suggest, might induce a combination of brain changes that
some will be reduced with reduced pain while other connectivities
will improve with improved mobility.
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4.2. Resting state networks as a model for evaluating changes in brain state
in CRPS

Nerve damage associated with CRPS produces alterations in resting
state networks that differ from healthy controls. The notion of the utility
of RSN (reviewed in van den Heuvel and Hulshoff Pol, 2010) as consis-
tent patterns across studies (Shehzad et al., 2009), measures of brain
stability or reproducibility over time (Meindl et al., 2010; Zuo et al.,
2010; Patriat et al., 2013), disease state (Greicius et al., 2007; Gottlich
etal., 2013) or drug effects (Scheidegger et al., 2012), and other changes
in brain state (e.g., cognitive) (Moussa et al., 2011) have been reported
across numerous brain conditions. In disease states, the interconnec-
tions between brain systems may affect the dominance or organization
of RSN (Poston and Eidelberg, 2012). However, the notion of treatment
effects has been less evaluated in part because of the lack of significant
improvements in many CNS diseases. The pediatric CRPS model pro-
vides a good opportunity to evaluate such changes. One of the ongoing
themes in understanding chronic brain disease relates to its resilience to
treatments. Understanding how effective treatments may ‘unwind’ the
disease state can provide insights to the neurobiology of the disease
and targets for treatments (i.e., brain state dependent targets such as
the sensorimotor or salience networks). Furthermore, chronic pain con-
ditions that begin in childhood may have long lasting effects into adult-
hood (Campo et al., 2001; Tan et al., 2009; Walker et al., 2010; Shelby
et al., 2013). In our prior study of CRPS for example, evoked fMRI mea-
sures showed a persistence of abnormal brain systems albeit that the
subjects’ pain had diminished or disappeared (Lebel et al., 2008). This
supports the issue that subjective changes and objective changes may
be coursing in the same direction, but not with the same temporal char-
acteristics. It should be noted that our RSN analysis for healthy subjects
was consistent with the literature for children (Fair et al., 2008) and
showed significant overlap for RSNs reported in the adult literature
(see Fig. 4). As such, the basic comparisons in this study would seem
to provide a robust basis for evaluation of altered RSN in the disease
state, albeit in a pediatric population where there is still ongoing brain
development (Hoff et al., 2013).

4.3. CRPS: pediatric vs. adult brain alterations

Adult patients with CRPS have predominantly reduced connectivity
of the DMN compared to controls (Bolwerk et al., 2013), in contrast to
other chronic pain conditions such as fibromyalgia or lower back pain
that tend to have a hyper-connected DMN (Ichesco et al., 2014; Li
et al, 2014). In pediatric CRPS patients, we found mostly increased con-
nectivity of the DMN in patients compared to controls. This is the most
significant difference between children and adults. All of the other net-
works with alterations, described below, otherwise seem to agree be-
tween children and adults. The DMN, CEN and SN are networks that
dynamically alter each other (Sridharan et al., 2008; Goulden et al.,
2014). A possible explanation for the adult condition is the excessive at-
tention to the pain which maintains the CEN to be highly active and
hence the DMN becomes mostly inhibited. In children, the CEN is not
as developed as in adults and potentially their behavior towards pain
is more of an emotional nature maintaining engagement of the DMN
and SN predominantly; indeed functional coupling in adults is stronger
in healthy adults compared with children (Uddin et al., 2011), which
may provide a basis for the observed differences.

The fronto-parietal network in adults has increased connectivity in
patients compared to controls. A related network that we detected in
the pediatric patients, the right fronto-parietal network, associated
with pain perception/somesthesis (Smith et al., 2009), also indicated in-
creased connectivity changes in patients vs. controls. However, the left
fronto-parietal network, associated with cognition/memory (Smith
et al.,, 2009), has reduced connectivity in the disease state in pediatric
patients and would indicate neuropsychological impairment as report-
ed in the literature (Cruz et al., 2011). Although no functional imaging

studies of adults have been reported, a neuropsychological study
(Libon et al., 2010) also found cognitive deficits in memory/verbal flu-
ency in CRPS patients. Another potential difference may relate to differ-
ences in the ability of children with respect to voluntary behavior that
differs because of their stage of development (Alahyane et al., 2014). Po-
tential explanations for the observed difference between adults and
children are unclear but may relate to (1) specific treatments; (2) rela-
tive state of brain development and particularly the frontal areas and
their connections (Selemon, 2013); or (3) relative short duration of
the disease in children (see Low et al., 2007). However, even in adults,
the definition of CRPS sub-groups (i.e., phenotypes) makes evaluations
complex (Cossins et al., 2013).

44. Caveats

There are several issues that might affect the generalizability of our
results and they are discussed below.

4.4.1. Cohort size

The number of subjects per group is relatively low. This is in part a
reflection of the difficulty of performing pediatric studies and especially
in children with chronic pain issues. Nevertheless, the results suggest
robust results that mirror what has been observed in adult CRPS and
that such changes tend to revert with treatment.

4.4.2. Order effects

It is virtually impossible to recruit CRPS subjects who are without
pain and then with pain in order to randomize the scanning order in
our CRPS patients. However, (a) our control subjects also participated
in two study sessions, therefore the order effect should be minimized
in the comparisons of CRPS subjects to controls; (b) no differences in
brain networks were observed between scan 1 and scan 2 for the con-
trol group; and (c) patients remained on the same medications for
both scanning sessions, thus controlling for pharmacological effects.

4.4.3. Age/menses effects

Post-pubertal hormonal changes might be related to increased prev-
alence of chronic pain in young women where 71% of CRPS patients are
post-pubertal girls (Kachko et al., 2008). The majority of the girls in our
study were post-pubertal (7 out of 9 see Table 1) and we cannot exclude
the possibility that some of the observed changes are related to
hormonal/menstrual changes in our participants, although it would be
hypothesized that the impact of hormones would actually increase
pain and thus attenuate our observed findings.

4.4.4. CRPS subtypes

In adults, distinct CRPS subgroups have been defined, suggesting
three possible CRPS groups: (1) a relatively limited syndrome with va-
somotor signs predominating; (2) a relatively limited syndrome with
neuropathic pain/sensory abnormalities predominating; and (3) a florid
CRPS syndrome similar to “classic RSD” descriptions (Bruehl et al., 2002).
While some variability of symptoms existed in our CRPS sample, the small
number of subjects precluded us from analyzing CRPS subtypes.

4.4.5. Drug effects

The fact that the patient cohort is typically on medication (Table 1)
poses an inherent limitation in conducting a study such as the one de-
scribed here. We asked our CRPS patients to refrain from using medica-
tion for 4 h prior to scanning, in order to minimize the acute effects of
the drug on functional brain activity.

4.4.6. Sex differences

As with many pain disorders, there is a predominance of females in
the cohort evaluated. Future studies that manage to recruit larger num-
bers of males would allow for sex-related differences to be evaluated.
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5. Conclusions

Measures of RSN are useful for longitudinal studies of clinical condi-
tions (Fox and Raichle, 2007) and that these correlate with structural
connectivity in the brain (van den Heuvel et al., 2009). Here we report
how these measures may be used to evaluate the clinical condition of
pediatric CRPS. Given the increased neuronal plasticity during develop-
ment, it is possible that therapies that are effective in reducing pain
symptoms in children will also reverse the physiologic abnormalities
observed in the brain. In the current study we observed robust CRPS-
related brain network alterations in networks associated with pain pro-
cessing (salience, default mode, central executive, sensorimotor net-
works). Furthermore several of the observed changes revert following
treatment.
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