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Abstract

To date, brain structure and function changes in children with complex regional pain syndrome 

(CRPS) as a result of disease and treatment remain unknown. Here, we investigated (a) gray 

matter (GM) differences between patients with CRPS and healthy controls and (b) GM and 

functional connectivity (FC) changes in patients following intensive interdisciplinary 

psychophysical pain treatment. Twenty-three patients (13 females, 9 males; average age ± SD = 

13.3 ± 2.5 years) and 21 healthy sex-and age-matched controls underwent magnetic resonance 

imaging. Compared to controls, patients had reduced GM in the primary motor cortex, premotor 

cortex, supplementary motor area, midcingulate cortex, orbitofrontal cortex, dorsolateral 

prefrontal cortex (dlPFC), posterior cingulate cortex, precuneus, basal ganglia, thalamus, and 

hippocampus. Following treatment, patients had increased GM in the dlPFC, thalamus, basal 

ganglia, amygdala, and hippocampus, and enhanced FC between the dlPFC and the periaqueductal 

gray (PAG), two regions involved in descending pain modulation. Accordingly, our results 

provide novel evidence for GM abnormalities in sensory, motor, emotional, cognitive, and pain 

modulatory regions in children with CRPS. Furthermore, this is the first study to demonstrate 

rapid treatment-induced GM and FC changes in areas implicated in sensation, emotion, cognition, 

and pain modulation.

Keywords

Cortical thickness; voxel-based morphometry; functional connectivity; chronic pain; neuropathic 
pain; children; hippocampus; prefrontal cortex; periaqueductal gray

Introduction

The brain undergoes morphological changes in chronic pain. Alterations in brain gray matter 

(GM) have been demonstrated in various chronic pain conditions including complex 
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regional pain syndrome (CRPS) (Borsook et al. 2013; Smallwood et al. 2013). CRPS is a 

chronic neuropathic pain disorder, which usually develops following an injury to an 

extremity (Bruehl 2010) and is characterized by both peripheral and central symptoms. 

Peripheral symptoms include spontaneous ongoing pain, abnormal responses to innocuous 

and noxious stimuli, swelling, and autonomic changes (i.e., altered sweating, change in skin 

color, and heightened temperature) in the affected region (Harden et al. 2013). Central 

CRPS symptoms involve allodynia, movement disorders (van Hilten 2010), altered 

autonomic function (i.e., resting sweat, whole body warming or cooling) (Smith et al. 2011), 

changes in space or localization perception (Moseley 2004; Maihöfner et al. 2006; Peltz et 

al. 2011), and reduced cognition and memory function (Apkarian et al., 2004; Libon et al., 

2010).

Adults with CRPS exhibit dynamic changes in brain function (Apkarian et al. 2001; 

Maihöfner et al. 2004, 2005, 2006, 2007; Pleger et al. 2006; Gieteling et al. 2008; Becerra et 

al. 2009; Freund et al. 2010; Bolwerk et al. 2013), brain chemistry (Fukumoto et al. 1999; 

Grachev et al. 2000, 2002; Klega et al. 2010), and brain structure (Geha et al. 2008; Baliki et 

al. 2011; Barad et al. 2014). In children with CRPS, we have previously demonstrated 

alterations in brain function (Lebel et al. 2008; Erpelding et al. 2014; Simons et al. 2014). 

To date, however, there is no evidence for structural brain changes in pediatric CRPS and its 

plasticity related to treatment (i.e., reversal of CRPS-induced changes).

Pediatric patients with CRPS are particularly interesting to study, as, contrary to adult 

patients, CRPS symptoms in children often resolve relatively rapidly with treatment (Low et 

al. 2007; Harris et al. 2012), possibly due to enhanced responses and/or adaptation processes 

that may take place in children (Anderson et al. 2011; Kolb et al. 2011, 2013). Thus, 

pediatric patients with CRPS represent a useful model to investigate longitudinal brain 

changes. The etiology of treatment-induced brain changes in chronic pain however remains 

largely unknown. Recently, Seminowicz et al. (2011) reported in patients with chronic low 

back pain that effective treatment is able to restore normal brain structure and function in the 

dorsolateral prefrontal cortex (dlPFC). The dlPFC exerts pain modulatory functions (Lorenz 

et al. 2003) and is connected to other descending pain inhibitory regions such as the 

periaqueductal gray (PAG) (Bragin et al. 1984; An et al. 1998; Lim et al. 2009). However, it 

remains unknown if effective treatment induces changes in functional connectivity (FC) 

between pain modulatory brain regions such as the dlPFC and PAG in CRPS.

Thus, the aims of the present study were to investigate (a) GM alterations in children with 

CRPS compared to healthy matched controls (disease effect); and (b) intensive 

interdisciplinary psychophysical pain treatment (see Logan et al., 2012) effects on GM and 

dlPFC-PAG FC changes in patients with CRPS that are otherwise unresponsive to standard 

medical care (treatment effect).

Methods

Subjects

Patients with CRPS were recruited from the Chronic Pain Clinic in the Pain Treatment 

Service at Boston Children’s Hospital (BCH) for this BCH institutional review board 
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approved study. Patients who subsequently enrolled in the Pediatric Pain Rehabilitation 

Center (PPRC) underwent interdisciplinary pediatric pain rehabilitative treatment that entails 

intensive physical, occupational, and psychological therapy components 8 hours/day, 5 days/

week for 3–4 weeks (see Logan et al., 2012). Both the patient and parent were consented for 

the study. Parents were present during the study visits. Patients were included in the study if 

(1) they refrained from using analgesic medication > 4 hours prior to the study session, (2) 

they experienced unilateral lower extremity CRPS (based on Budapest criteria; Harden et 

al., 2010), and (3) their pain intensity was > 5 on a 11-point numerical rating scale (NRS). 

They were excluded if they had (1) claustrophobia, (2) significant medical problems (e.g., 

uncontrollable asthma and seizures, cardiac diseases, severe psychiatric disorders, and 

neurological disorders other than CRPS), (3) pregnancy, (4) medical implants and/or 

devices, and (5) weight > 285 pounds which corresponded to the weight limit of the MRI 

table.

Sex- and age-matched healthy controls were recruited in the greater Boston area through 

advertisements. Patients participated in two study sessions before and after treatment; a 

matched time interval was chosen for healthy controls. Each study session consisted of a 

neurological exam with a study physician, questionnaires, and a magnetic resonance 

imaging (MRI) scan. No new medications were prescribed during the treatment (i.e., each 

patient continued the same pharmacological treatment for the duration of the program).

MRI Acquisition

Subjects underwent MRI on a 3 T (Siemens Medical Solutions, Erlangen, Germany) scanner 

using a 12-channel head coil. For each participant, we collected a 3D T1-weighted 

anatomical scan using a magnetization-prepared rapid acquisition gradient echo (MPRAGE) 

sequence (128 slices; TR = 2100 ms; TE = 2.74 ms; TI = 1100 ms; 256 × 256 matrix; FOV 

= 200 mm; 1.33 × 1.0 × 1.0 mm voxels). A 6-minute resting-state fMRI scan was acquired 

using a T2*-weighted echo-planar pulse imaging (EPI) sequence (41 slices; TR = 2500 ms; 

TE = 30 ms; 64 × 64 matrix; FOV = 1680 mm; 3 × 3 × 3 mm voxels). Subjects were 

instructed to relax with their eyes open looking at a blank screen.

MRI Preprocessing and Data Analysis

Cortical Thickness—To analyze whether patients exhibited cortical GM alterations 

before and after treatment, as well as GM differences compared to healthy control subjects, 

we performed cortical thickness analysis using FreeSurfer (http://

surfer.nmr.mgh.harvard.edu). MPRAGE preprocessing steps included (1) intensity 

normalization, (2) skull stripping, (3) Talairach transformation, (4) hemispheric separation, 

(5) tissue segmentation, (6) identification of white surface and pial surface, (7) cortical 

parcellation, and (8) registration to the average surface map. Finally, a 7-mm full-width half-

maximum (FWHM) Gaussian smoothing kernel was applied.

Cortical thickness analysis was performed at the whole brain level. To control for variability 

in head size, the total intracranial volume (TIV) was extracted for each subject and entered 

as a variable of no interest. To control for possible laterality effects in patients, we flipped 

the brains of patients with their right lower extremity affected to match them with the 
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remaining patients affected on the left extremity. Accordingly, the reported results will be 

interpreted as affected-unaffected rather than left-right. Results were corrected for multiple 

comparisons based on Monte Carlo permutations with 5,000 iterations using AlphaSim 

(http://afni.nimh.nih.gov/afni/doc/manual/AlphaSim). Using an image-wide threshold of p 

< .01 and a Bonferroni-corrected p < 0.025 (to correct for each hemisphere), AlphaSim 

simulations revealed that 76 contiguous vertices were required for clusters to be significant.

Subcortical Volume—To investigate subcortical GM volume differences between 

patients and controls, and treatment-induced changes in patients, we performed voxel-based 

morphometry (VBM) using FSL-VBM (Douaud et al. 2007). Preprocessing steps included 

(1) brain extraction, (2) tissue-type segmentation into GM, white matter (WM), and 

cerebrospinal fluid (CSF), (3) nonlinear registration of GM partial volume maps to MNI152 

standard space, (4) creation of a study-specific GM template, (5) nonlinear registration of 

GM images to this study-specific GM template, and (6) modulation to correct for local 

expansion or contraction (i.e., by dividing them by the Jacobian of the warp field). Finally, 

the modulated registered GM images were smoothed with a FHWM kernel of 7.05 mm (i.e., 

sigma = 3).

Subcortical GM volume analysis was restricted to a subcortical mask that contained 

thalamus (Thal), caudate (Cau), putamen (Put), hippocampus (Hippo), nucleus accumbens 

(NAc), amygdala (Amyg), and hypothalamus (Hypo). This mask was created using the 

Harvard–Oxford Subcortical Structural Atlas in FSL (http://www.cma.mgh.harvard.edu/). 

Similarly to the cortical thickness analysis, we controlled for possible laterality effects by 

matching patients’ side of pain/injury. The distribution of z-statistics was not centered 

around zero, hence we used Gaussian mixture modeling (GMM) to correct for multiple 

comparisons, a standard technique to classify data into multiple categories similar to other 

dynamic statistical thresholding techniques such as false discovery rates (Pendse et al. 

2009). Additionally, a minimum cluster criterion of 16 voxels in standard space was 

implemented to identify significant subcortical GM clusters.

Strength of dlPFC-PAG FC—To investigate whether patients exhibit FC changes as a 

result of treatment, we measured FC changes from the dlPFC, which was shown to have 

greater cortical GM in patients after treatment (see Figure 3), to the PAG. The PAG is a key 

structure in the pain modulatory system with extensive connections to the prefrontal cortex 

(PFC). To measure the dlPFC-PAG FC in patients, fMRI scans underwent standard 

preprocessing steps that included (1) filtering of 0.01–0.1 Hz, (2) removal of first 4 volumes, 

(3) brain extraction, (4) motion-correction, (5) linear registration to anatomical space, and 

(6) nonlinear registration to MNI152 standard space. Scans were smoothed using a 5-mm 

FWHM kernel (i.e., sigma = 2) and were excluded if motion > 3 mm was detected.

To control for motion, we entered the 6 motion parameters (i.e., 3 rotation and 3 translation) 

that were generated from motion correction as variables of no interest. Furthermore, we 

included WM and CSF into our model. To do so, the segmented and brain-extracted 

MPRAGE WM and CSF maps were registered to each subject’s functional space and 

thresholded at 80%. Average time courses were then extracted and entered into the first-
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level analysis as variables of no interest. Similarly to the structural analysis, we matched the 

injury/pain site in all patients by flipping the brains of patients with their right side affected.

Seeds for FC analysis were defined in MNI152 2 mm standard space. The dlPFC seed was 

placed around the peak voxel coordinate that resulted from cortical thickness analysis 

between pretreatment and posttreatment from the treatment in patients (xyz MNI coordinates 

−46, 26, 12); the PAG seed was positioned around coordinates 0, −32, −12. Spheres of 6 

mm were drawn around each seed, which were then registered to each patient’s functional 

space. Finally, average time series for each seed were extracted from the preprocessed EPI 

scans.

Values for each time course were normalized using z-scores and the FC strength was 

calculated using Pearson product-moment correlations between dlPFC and PAG in patients 

before and after treatment.

Pain Intensity and Psychological Assessment

Patients reported their overall pain intensity on an 11-point NRS (0 = no pain; 10 = worst 

pain imaginable) at each study visit. Patients also completed a battery of psychological 

measures, including the Child Depression Inventory (CDI) (Kovacs 1985), 

Multidimensional Anxiety Scale for Children (MASC) (March et al. 1997), Pain 

Catastrophizing Scale – Child Version (PCS-C) (Crombez et al. 2003), Fear of Pain 

Questionnaire (FOPQ) (Simons et al. 2011), and Functional Disability Inventory (FDI) 

(Walker and Greene 1991).

Changes in pain intensity between study visits were calculated using paired t-tests in SPSS 

21 (IBM Corp., Armonk, NY). Similarly, changes in CDI, MASC, PCS, FOPQ, and FDI 

between study time points were analyzed with paired t-tests.

We investigated whether depression, anxiety, pain catastrophizing, fear of pain, and 

functional disability were related to cortical and subcortical GM correlates. To do so, we 

computed Pearson product-moment correlations between questionnaire scores and 

significant GM regions. Pain intensity ratings were available for all patients. CDI, MASC, 

FOPQ, and FDI scores were available in 15 patients, whereas only 9 patients completed the 

PCS (see Table 3). Thus, findings involving the PCS need to be interpreted with caution.

We also explored whether changes in depression, anxiety, pain catastrophizing, fear of pain, 

and functional disability after treatment were related to volumetric changes of the entire 

brain structures or associated with regional changes within a specific brain structure (i.e., 

entire hippocampal volume versus volume of the anterior part of the hippocampus). Hence, 

for each patient and each time point, we extracted the volume of the Hippo, Amyg, Cau, Put, 

and Thal (i.e., brain areas with significant regional changes; see Figure 4 and Table 2) from 

FreeSurfer’s automated subcortical segmentation. We computed Pearson product-moment 

correlations between the volume of each of those structures and CDI, MASC, PCS, FOPQ, 

and FDI scores. Finally, we also tested for overall volumetric differences in those structures 

before and after treatment using paired t-tests.
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Results

Participants

Supplementary Figure 1 summarizes the patient samples and analyses strategies. Disease 

effects were studied in 21 patients (12 females, 9 males; average age ± SD = 13.3 ± 2.5 

years; 11 left affected, 10 right affected) and compared with age- and sex-matched healthy 

controls. Treatment effects were studied in a cohort of 20 patients (13 females, 7 males; 

average age = 13.5 ± 2.4 years; 12 left affected, 10 right affected) before and after treatment. 

Eighteen patients were used to study both disease and treatment effects. Data of 3 additional 

patients with pretreatment visits only (i.e., these patients did not enter PPRC) were added to 

the sample to study disease effects. Data of 2 additional patients with both pretreatment and 

posttreatment visits but no healthy control match were added to the sample to analyze 

treatment effects. Accordingly, a total of 23 right-handed patients (14 females, 9 males) with 

unilateral lower-extremity CRPS (13 left affected, 10 right affected) aged 9–17 years 

(average age = 13.2 ± 2.4 years) provided informed consent to participate in the study. A 

subsample of 12 patients with CRPS has been previously used to investigate FC changes of 

specific brain regions (i.e., habenula, amygdala) to the rest of the brain in patients with 

CRPS (Erpelding et al. 2014; Simons, et al. 2014). All study participants were right-handed.

Disease effects: Patients versus Controls

There were numerous cortical and subcortical GM differences between patients and healthy 

controls.

Cortical Thickness—Compared to healthy controls, patients exhibited less cortical GM 

in pain-related brain regions such as the primary motor cortex (M1), premotor cortex 

(PMC), supplementary motor area (SMA), paracentral lobule (PCL), middle temporal gyrus 

(MTG), orbitofrontal cortex (OFC), dlPFC, anterior midcingulate cortex (aMCC), posterior 

midcingulate cortex (pMCC), dorsal posterior cingulate cortex (dPCC), fusiform gyrus 

(FFG), and precuneus (PCu) (see Table 1 and Figure 1). Patients did not have any brain 

areas with increased cortical GM thickness compared to healthy controls.

Subcortical Volume—Compared to healthy controls, patients had reduced GM volume in 

a cluster that included the Cau, Put, and NAc. Furthermore, patients had reduced GM 

volume in the anterior Thal, Amyg, and anterior Hippo. Conversely, patients had increased 

GM in the mediodorsal (MD) Thal and the posterior Hippo compared to healthy controls 

(see Table 1 and Figure 2).

Treatment effects: Pretreatment versus Posttreatment

We found several prominent changes in patients between study visits.

Treatment-Induced Cortical Thickness Changes—Compared to pretreatment, 

patients had greater cortical GM in the dlPFC (see Table 2 and Figure 3) at posttreatment. 

Patients did not exhibit brain regions with significantly reduced cortical GM at 

posttreatment compared to pretreatment.
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Treatment-Induced Subcortical Volume Changes—Patients exhibited increased GM 

volume in the Put, Cau, parahippocampal gyrus (PH), Hypo, and MD Thal at posttreatment 

compared to pretreatment. Following treatment, patients also had more GM in a cluster 

spanning over the Hippo and Amyg (see Table 2 and Figure 4). There were no brain regions 

with decreased GM volume at posttreatment compared to pretreatment.

Treatment-Induced Whole Structure Volume Changes—Since our results indicated 

that there are significant treatment-induced changes in GM thickness and volume, we 

investigated if volumetric changes occur throughout entire GM structures or if they occur in 

subregions of a given brain area. To do this, we assessed overall GM volumes for Cau, Put, 

Thal, Hippo, and Amyg (i.e., regions that yieled significant regional GM changes, see Figure 

4 and Table 2) before and after treatment. Our results revealed that patients did not exhibit 

any treatment-related overall volumetric GM changes in those regions (all p > 0.05).

Treatment-Induced FC Changes between the dlPFC and the PAG—We 

investigated whether structural GM changes were related to functional changes in the brain. 

Accordingly, we measured the FC strength between the dlPFC, which was found to have 

thicker cortical GM after treatment (see Figure 3), and the PAG, one of the key structure of 

the descending pain modulatory system with extensive projections to the PFC. Data of 2 

patients had to be excluded: one because of excessive motion (> 3 mm) and one because of 

signal noise in the EPI scan, so that the FC analysis was performed with data from 18 

patients.

Before treatment, we found a significant negative correlation (r = −0.24; p < 0.01) between 

the functional activity of the dlPFC and the PAG (see Figure 5A). Intriguingly, after 

treatment, the FC between the dlPFC and PAG resulted in a significant positive correlation 

(r = 0.50; p < 0.01) (see Figure 5B), indicating that succesful treatment may enhance the 

synchronicity between the dlPFC and PAG.

Pain Intensity and Psychological Measures—Patients’ pain intensity and CDI, 

MASC, PCS, FOPQ, and FDI scores at each study visit are summarized in Table 3. Patients 

reported a clinically significant reduction in pain intensity of 3.7 ± 0.7 points from 

pretreatment (pain intensity ± SE = 7.0 ± 0.4) to posttreatment (pain intensity = 3.3 ± 0.6) (t 

(19) = 6.0, p < 0.05). Following treatment, patients also had significantly reduced 

depression, anxiety, functional disability, and fear of pain (all p < 0.05; see Table 3).

Brain GM and Psychological Measures—We found significant correlations between 

brain GM and behavioral measures (see Supplementary Figure 2). Our analysis revealed a 

negative correlation between the GM change in the dlPFC and the overall CDI (r = −0.53; p 

< 0.05), as well as between dlPFC thickness change and the CDI subscales anhedonia (r = 

−0.50; p < 0.05) and self–esteem (r = −0.60; p < 0.01), indicating that lower levels of 

depression were associated with greater changes in the dlPFC (see Supplementary Figure 

2A).

Furthermore, we found a significant positive correlation between the GM volume in the Cau 

and the MASC subscale assessing physical anxiety symptoms (r = 0.53; p < 0.05) at 
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pretreatment, suggesting that patients with more severe restlessness and other anxiety-

related physical symptoms before treatment had greater caudal volume (see Supplementary 

Figure 2B).

Our correlational analyses further showed a link between the GM volume in the Cau and 

pain catastrophizing. Specifically, we found that the Cau GM volume was positively 

correlated to overall PCS (r = 0.76; p < 0.01), PCS helplessness (r = 0.75; p < 0.01), and 

PCS magnification (r = 0.83; p < 0.01) before treatment. At posttreatment, the Cau GM 

volume correlated positively with overall PCS (r = 0.78; p < 0.01) and PCS helpnessness (r 

= 0.80; p < 0.01) (see Supplementary Figure 2C). These correlations suggest that patients 

with higher pain catastrophizing, magnification, and helplessness had greater GM volumes 

in the Cau.

Our analyses also revealed that changes in GM between study visits were related to pain 

catastrophizing. For example, we found a positive correlation between the Hippo volume 

before treatment and overall PCS (r = 0.81; p < 0.01), PCS helplessness (r = 0.74; p < 0.05), 

PCS magnification (r = 0.83; p < 0.01), and PCS rumination (r = 0.73; p < 0.05) (see 

Supplementary Figure 2D). Similarly, this same effect was observed between GM volume in 

the Hippo after treatment and overall PCS (r = 0.71; p < 0.05), PCS helplessness (r = 0.68; p 

< 0.05), PCS magnification (r = 0.70; p < 0.05), and PCS rumination (r = 0.71; p < 0.05) 

(see Supplementary Figure 2D). Accordingly, these results suggest that patients with a 

higher tendency for pain catastrophizing, rumination, magnification, and helplessness 

exhibted a greater GM volume in the Hippo, both before and after treatment.

We also investigated the relationship between GM and pain intensity due to treatment and 

did not find any significant correlation (all p > 0.05), indicating that GM plastcity in our 

identified brain regions may not be related to patients’ sensory changes before and after 

treatment.

Since our results indicated that there is a significant link between changes in GM and 

behavioral improvement, we investigated whether behavioral measures were correlated with 

whole structure volumes (see Treatment-Induced Whole Structure Volume Changes above) 

but did not find any significant correlation (all p > 0.05).

Discussion

This is the first study to report brain differences compared to controls as well as treatment-

induced brain changes in children and adolescents. Compared to controls, patients with 

CRPS had significant GM differences in pain-related cortical (M1, SMA, PMC, PCL, 

aMCC, pMCC, dPCC, OFC, dlPFC, and PCu) and subcortical areas (Cau, Put, NAc, Thal, 

and Hippo). Accordingly, our findings suggest that there are significant underlying 

morphometric differences between children with CRPS and healthy controls. Following 

treatment, patients exhibited significant behavioral improvement (i.e., lower scores in 

depression, anxiety, fear of pain, and functional disability), as well as structural (increased 

GM in dlPFC, Put, Cau, MD Thal, PH, Hippo and Amyg) and functional brain alterations 

(e.g., enhanced dlPFC-PAG FC). These results support prior animal data (Metz et al. 2009) 
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indicating that rapid alterations in brain structure and function can occur with targeted 

psychophysical therapies.

Disease Effect (Patients versus Controls)

Cortical Thickness—Compared to healthy controls, patients had cortical thinning in 

multiple regions, including the M1, SMA, PMC, PCL, aMCC, pMCC, dPCC, OFC, dlPFC, 

and PCu. Symptoms such as high levels of spontaneous pain, allodynia, hyperalgesia, 

changes in motor control (Schilder et al. 2012), and limb protection and/or disuse (Bruehl 

and Chung 2006) may relate to cortical thinning in the SMA, M1, PMC, and PCL as these 

brain areas are primarily involved in motor function, motor planning, and chronic pain 

processing and shown to be altered in CRPS (Juottonen et al. 2002; Maihöfner et al. 2007; 

Schwenkreis et al. 2009; Kirveskari et al. 2010; Barad et al. 2014; Pleger et al. 2014).

Patients displayed cortical thinning in subregions of the cingulate cortex, notably in the 

dPCC and aMCC, compared to healthy controls. The aMCC is a key structure involved in 

controlling pain, cognition, and negative emotions (Vogt 2005; Shackman et al. 2011). 

Given that the aMCC has extensive connections to limbic brain regions such as the Amyg 

(Morecraft et al. 2007) and the NAc (Kunishio and Haber 1994), it likely acts as a hub 

where pain and other negative events are evaluated and integrated. Conversely, the dPCC is 

thought to be involved in organizing motor responses to pain (Vogt et al. 2006). Taken 

together, decreased GM in the aMCC and dPCC in patients may thus provide a structural 

correlate for altered affective and nocifensive processing.

Similarly, we found that patients had less cortical GM in the OFC compared to healthy 

controls. The OFC is critically involved in the cognitive and affective evaluation of external 

stimuli (Kringelbach 2005) and the coordination of goal-directed behavior (Schoenbaum et 

al. 2009). Chronic pain has been shown to impair decision-making processes in rats which 

coincided with decreased dopamine levels in the OFC, thus providing support for the notion 

that chronic pain may affect brain regions relevant for cognitive-affective reappraisal and 

strategic planning (Pais-Vieira et al. 2009). The cortical thinning in the OFC seen in these 

patients may impact its communication with other brain regions and may therefore result in 

altered emotional and cognitive regulation processes, which may contribute to increased 

sensory and affective pain behavior.

Our results also showed cortical thinning in the dlPFC in patients compared to healthy 

controls. The dlPFC is important for cognition and executive functions. Human imaging 

studies have repeatedly demonstrated functional and structural alterations in the dlPFC in 

various chronic pain disorders (Grachev et al. 2000; Apkarian et al. 2004; Kwan et al. 2005; 

Schmidt-Wilcke et al. 2006; Becerra et al. 2006; DaSilva et al. 2008; Rodriguez-Raecke et 

al. 2009; Seminowicz et al. 2010; Seo et al. 2012; Bolwerk et al. 2013; Ceko et al. 2013; Jin 

et al. 2013; Barad et al. 2014). The etiology of dlPFC alterations in chronic pain disorders 

remains unknown, however, it is possible that the thinning seen in patients may result from 

the constant sensory input from regions such as the Thal (Mesulam 1998), which may result 

in comorbid clinical problems such as depression and anxiety (see Brain GM and 

Psychological Measures below). Moreover, given that the dlPFC has pain modulatory 
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functions, GM thinning may also reflect defective pain inhibitory mechanisms in chronic 

pain.

Subcortical Volume—We found GM alterations in the basal ganglia (including the NAc), 

MD Thal, Amyg, and Hippo in patients compared to controls. Basal ganglia structures such 

as Cau and Put are thought to play a key role in pain and analgesia (reviewed in Borsook et 

al., 2010). In addition, patients may exhibit movement disorders that likely arise from 

alterations in basal ganglia networks (Schwartzman and Kerrigan 1990; Birklein et al. 2000; 

Marinus et al. 2011; Bank et al. 2013). The lower GM in the NAc in patients may reflect the 

hedonic tone in patients with chronic pain and are consistent with prior findings in adults 

patients (Seymour et al. 2005; Scott et al. 2006; Becerra and Borsook 2008; Baliki et al. 

2010; Navratilova et al. 2012). Given that the functional activity in the NAc is dependent on 

the signal valence of the painful stimulus (Becerra and Borsook 2008) and that its FC to 

other mesolimbic structures predicts the transition from acute to chronic pain (Baliki et al. 

2012), the NAc atrophy in patients seen in this study may potentially relate to the presence 

of a permanent low reward/high punishment situation due to the constant nociceptive input.

Treatment Effects (Pretreatment versus Posttreatment)

Cortical Thickness—Following treatment, patients had cortical thickening in the dlPFC, 

which was also recently shown to change in structure and function with treatment in chronic 

low back pain (Seminowicz et al. 2011). In the latter study, the authors observed cortical 

thinning and reduced functional activity in response to an attention-demanding task in the 

dlPFC before treatment, whereas both dlPFC structure and function were restored following 

treatment. To date, the causality of chronic pain and associated brain changes remains 

largely unknown. Previous study findings (Rodriguez-Raecke et al. 2009, 2013; Seminowicz 

et al. 2011) support the notion that morphometric brain changes occur as a result of the 

chronic pain. As such, patients may be more or less resilient to a chronic pain state. For 

example, in a recent study (Brown et al., 2014), patients with fibromyalgia and osteoarthritis 

showed less activation in the dlPFC compared to healthy controls, thus providing further 

evidence for the involvement of the dlPFC in pain processing and pain modulation. 

Accordingly, given that the dlPFC is likely involved in pain modulation processes, it could 

be used as a potential target for treating chronic pain disorders. Transcranial magnetic 

stimulation (TMS) in the dlPFC, a technique frequently used to treat depression (reviewed in 

George, 2010), elicits analgesic effects in both experimental pain (Graff-Guerrero et al. 

2005; Boggio et al. 2008; Nahmias et al. 2009; Fierro et al. 2010; Brighina et al. 2011) and 

clinical pain (Reid and Pridmore 2001; Brighina et al. 2004; Arul-Anandam et al. 2009; 

Borckardt et al. 2009). Interestingly, Brown and Jones (2013) showed that chronic pain 

patients who participated in a non-pharmacological (i.e., mindfulness-based) treatment 

program exhibited less deactivation (i.e., greater activation) in the dlPFC during pain 

anticipation, which was also related to improvements in psychological variables and 

enhanced coping strategies. Taken together, our study results corroborate previous study 

findings that the dlPFC may be an important pain modulatory region and that changes in 

structure and function are likely related to patients’ improvement following treatment.
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Subcortical Volume—Following treatment, patients had significant GM volume 

increases in the basal ganglia, Hypo, MD Thal, Hippo, PH, and Amyg. These brain regions 

have been implicated with the manifestation of movement-related symptoms (basal ganglia) 

(Schwartzman and Kerrigan 1990; Birklein et al. 2000; Marinus et al. 2011; Bank et al. 

2013), autonomic manifestations (Hypo) (Lebel et al. 2008; Barad et al. 2014), and sensory 

changes (MD Thal) (Fukumoto et al. 1999; Fukui 2003; Fukui et al. 2006; Shiraishi et al. 

2006; Wu et al. 2006; Ushida et al. 2010; Walton et al. 2010). The Hippo contributes to 

stress regulation via the hypothalamic-pituitary-adrenal axis (HPA axis) by providing 

inhibitory feedback (Jacobson and Sapolsky 1991). Additionally, there is repeated evidence 

of functional and structural changes in the Hippo that occur with chronic pain (Kwan et al. 

2005; Schweinhardt et al. 2008; Seminowicz et al. 2010; Younger et al. 2010; Napadow et 

al. 2010; Baliki et al. 2011; Robinson et al. 2011; As-Sanie et al. 2012; Mutso et al. 2012, 

2014; Vachon-Presseau et al. 2013; Maleki et al. 2013; Barad et al. 2014). From a functional 

perspective, prolonged stressful, uncontrollable, and threatening situations, such as chronic 

pain, will most likely alter Hippo functioning (Borsook et al. 2012). A recent study supports 

this hypothesis as patients with chronic pain had higher levels of cortisol, smaller Hippo 

volume, and greater pain-evoked activity in the PH, a brain area implicated in anticipatory 

anxiety and associative learning (Vachon-Presseau et al. 2013). Given that smaller Hippo 

volume may increase the vulnerability to stress (Lyons et al. 2001), anxiety (Karatsoreos and 

McEwen 2011), and post-traumatic stress disorder (Gilbertson et al. 2002), it is conceivable 

that Hippo volume increases following treatment may be indicative of an increased 

resilience due to reductions in anxiety, stress, and pain in our patients.

Following treatment, we also observed volume increases in the Amyg in our patients. The 

Amyg is primarily known for its involvement in fear regulation (LeDoux 2003). However, 

there is emerging evidence that the Amyg is also involved in pain processing (Neugebauer et 

al. 2004; Lumley et al. 2011; Simons, Moulton, et al. 2014; Strobel et al. 2014). Given its 

anatomical and functional connections with ascending systems and descending pain 

pathways, and with affective and cognitive regions, GM volume increases within the Amyg 

could reflect improved integrated information processing in our patients after treatment. 

Contrary, we did not observe any treatment-induced GM changes in the NAc, may be due to 

delayed structural changes that may have been outside of our study time frame. 

Alternatively, the lack of GM alterations in the NAc may reflect ongoing brain alterations, 

even though patients experienced significant pain relief (Lebel et al. 2008; Linnman et al. 

2013; Erpelding et al. 2014).

Strength of dlPFC-PAG FC—The FC between the dlPFC and the PAG was enhanced 

following treatment. The dlPFC is believed to be involved in top-down pain modulatory 

processes (Lorenz et al. 2003; Brighina et al. 2004; Fierro et al. 2010). Furthermore, the 

dlPFC is connected to other pain modulatory brain areas such as PAG (Bragin et al. 1984; 

An et al. 1998; Lim et al. 2009). The PAG is located in the midbrain and exerts descending 

pain modulatory processes. For example, electrical stimulation of the PAG in rodents 

induced reduced behavioral responses to noxious stimulation by inhibiting nociceptive 

dorsal horn neurons (Basbaum et al. 1976). Chronic pain populations exhibit brain 

abnormalities in descending pain modulatory circuits, and most notably in the PAG (Rocca 
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et al. 2006; Mainero et al. 2011; Desouza et al. 2013). In patients with major depressive 

disorder, evoked pain resulted in reduced activity in both dlPFC and PAG (Strigo et al. 

2008). Accordingly, the antagonistic resting state activity pattern between the dlPFC and 

PAG in patients at pretreatment may indicate a reduced ability to engage pain coping 

mechanisms due to altered pain inhibitory mechanisms. Following treatment, the FC 

between the dlPFC and PAG was significantly enhanced, suggesting better functional 

communication between descending pain inhibitory mechanisms at posttreatment. 

Alternatively, it is conceivable that changes in dlPFC-PAG FC may indicate a shift from 

descending facilitation processes, which have been proposed to contribute to chronic pain 

disorders (Porreca et al. 2002; Gebhart 2004; Suzuki et al. 2004), towards descending 

inhibitory processes after treatment, however, future studies will be needed to further 

investigate FC changes and their significance for facilitatory and inhibitory processes.

Brain GM and Psychological Measures—After treatment, patients reported 

significantly lower pain intensities, as well as lower depression, anxiety, fear of pain, and 

functional disability. In addition, we found that patients with lower depression scores at the 

time of posttreatment exhibited greater GM changes in the dlPFC, suggesting that the dlPFC 

likely has a common neural substrate of depression and pain (Grachev et al. 2003).

Furthermore, our results showed a link between brain structure and pain catastrophizing. 

Pain catastrophizing has been defined as “an exaggerated negative mental set brought to 

bear during actual or anticipated painful experience” (Sullivan et al. 2001) and measures the 

perceived helplessness, magnification, and rumination in the context of pain. Previously, 

higher pain catastrophizing has been associated with structural and functional alterations in 

pain-related brain regions in chronic pain (Gracely et al. 2004; Burgmer et al. 2011; Chen et 

al. 2011; Salomons et al. 2012; Kucyi et al. 2014). Although PCS was not available for all of 

our patients, the correlation between PCS and GM volume may confirm the notion that pain 

catastrophizing may predispose individuals to develop chronic pain. In addition, the positive 

correlation between catastrophizing and helplessness with the Cau, a brain region implicated 

in motor function and sensorimotor integration, may compound patients’ physical symptoms 

and disabilities due to CRPS. Furthermore, given that the Hippo is recruited in situations 

such as uncertainty about upcoming pain (Ploghaus et al. 1999) and exacerbation of pain by 

anxiety (Ploghaus et al. 2001), Hippo volume correlations with catastrophizing, 

helplessness, magnification, and rumination may reflect patients’ predisposition for higher 

expectation and increased anxiety about pain-related cues. Related to pain coping 

mechanisms, a recent study (Seminowicz et al. 2013) showed that cognitive-behavioral 

therapy in chronic pain resulted in a reduction of pain catastrophizing scores which also 

coincided with GM increases in somatosensory and PFC regions.

Adaptive Responses to Treatment and Brain Plasticity

The changes observed in this study suggest that interdisciplinary treatment approaches 

produce measurable clinical effects that overlap with objective changes in brain structure 

and function. With the initiation of the pain condition, plasticity from primary afferent 

systems to brain regions may set off alterations in plasticity in sensory and/or affective 

regions (Shyu and Vogt 2009), most commonly characterized by GM increases in sensory 
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brain areas and GM decreases in pain modulatory regions. However, the pathophysiology of 

GM changes due to chronic pain remains poorly understood. Several underlying 

mechanisms have been proposed such as alterations in the number of neurons, cell volume, 

blood flow, and/or synaptic connectivity (Gage 2002; May et al. 2007; May 2008). Reversal 

of these changes due to treatment (both pharmacological and non-pharmacological) may 

therefore arise from alterations in one or multiple of these underlying systems. For example, 

the use of ketamine has been shown to induce rapid clinical improvements in CRPS (Correll 

et al. 2004; Becerra et al. 2009) and may thus have similar underpinnings, which have yet to 

be evaluated. Taken together, chronic pain states could potentially be undone through 

directed treatments that target and modify individuals’ structural and functional systems. 

Unfortunately, other factors such as stress, due to the influence of elevated levels cortisol 

(Vachon-Presseau et al. 2013) and cytokines (Slade et al. 2011), may induce additional 

morphological brain changes that may hamper and/or prevent reversal of brain changes. 

Accordingly, patients with chronic CRPS, which constitute the majority of adult patients 

with CRPS, may undergo more significant structural and functional changes due to the 

duration of the pain and associated maladaptive processes, which may underpin treatment 

resistance.

Pediatric versus Adult CRPS

This is the first study to explore GM alterations in children with CRPS (see Table 4 for 

comparison with adult CRPS). In adults with CRPS, Geha et al. (2008) have found 

decreased GM in the insula (Ins), ventromedial PFC, and NAc compared to healthy control 

subjects. Similarly, another study found decreased GM in the Ins and OFC (Baliki et al. 

2011). Recently, GM alterations have been reported in the Put, Hypo, aMCC, pMCC, frontal 

orbital cortex, and dorsal Ins in adult CRPS (Barad et al. 2014). From a clinical perspective, 

children with CRPS typically have higher chances of recovery, likely due to enhanced brain 

plasticity processes during childhood and adolescence. This higher plasticity at a young age 

may explain GM discrepancies between adults and children, as some GM changes may 

occur secondary to abnormalities in pain-related regions. Contrary to the studies in adult 

CRPS patients, we did not find any significant correlations between pain intensity and GM, 

which could be due to the differences in the duration of pain and/or long-term medication 

use between pediatric and adult CRPS patients.

Study Limitations

There are some study limitations that need to be addressed. Our study sample included more 

females than males, which is comparable to the sex ratio in adult CRPS (de Mos et al. 2007). 

However, since most of the females were in their post-pubertal stage, it remains unknown 

whether sex hormones may constitute a potential confound, although the inclusion of 

healthy age- and sex-matched controls does mitigate this influence. Additionally, we 

investigated short-term treatment effects, whereas certain structural and functional changes 

may occur over a longer period of time. Although patients were kept on the same 

medications for the duration of the treatment, it is possible that medication may contribute to 

both disease and treatment effects observed in this study. Another potential confound is the 

flipping of the brains to match patients’ injury side as there may be laterality effects in brain 

networks (Caeyenberghs and Leemans 2014). Finally, some of the psychological measures, 
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such as the PCS, were only available in a subgroup of patients and results therefore need to 

be interpreted with caution.

Conclusions

In summary, our study provides novel evidence for GM abnormalities in pain-related brain 

regions in pediatric CRPS. Furthermore, this is the first study to show rapid treatment-

induced GM increases in brain areas involved in sensation, emotion, cognition, and pain 

modulation as well as enhanced FC between pain modulatory regions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cortical Gray Matter in Patients and Healthy Controls. Compared to controls, patients had 

decreased cortical gray matter (shown in blue-lightblue) in the M1, PMC, SMA, PCL, MTG, 

PCL, aMCC, pMCC, OFC, dlPFC, dPCC, PCu, and FFG.

All results were corrected for multiple comparisons at p < 0.025. Left refers to the affected 

side and right refers to the unaffected side.

Key: aMCC, anterior midcingulate cortex; dlPFC, dorsolateral prefrontal cortex; dPCC, 

dorsal posterior cingulate cortex; FFG, fusiform gyrus; L, left; M1, primary motor cortex; 

MTG, middle temporal gyrus; OFC, orbitofrontal cortex; PCL, paracentral lobule; PMC, 

premotor cortex; pMCC, posterior midcingulate cortex; PCu, precuneus; R, right; SMA, 

supplementary motor area.
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Figure 2. 
Subcortical Gray Matter in Patients Compared to Healthy Controls. Compared to healthy 

controls, patients had reduced gray matter volume (shown in blue-lightblue) in the Cau, Put, 

NAc, anterior Thal, and anterior Hippo and increased gray matter (shown in red-yellow) in 

the MD Thal and posterior Hippo.

All results were corrected for multiple comparisons using Gaussian mixture modeling. Left 

refers to the affected side and right refers to the unaffected side.

Key: Cau, caudate; Hippo, hippocampus; L, left; MD, mediodorsal thalamus; NAc, nucleus 

accumbens; Put, putamen; R, right; Thal, thalamus.

Erpelding et al. Page 24

Brain Struct Funct. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cortical Gray Matter Thickness Before and After Treatment. At posttreatment, patients had 

increased gray matter thickness (shown in red-yellow) in the dlPFC compared to 

pretreatment.

Result was corrected for multiple comparison using p < 0.025. Left refers to the affected 

side.

Key: dlPFC, dorsolateral prefrontal cortex; L, left.
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Figure 4. 
Subcortical Gray Matter Volume Before and After Treatment. At posttreatment, patients had 

increased gray matter volume (shown in red-yellow) in the Cau, Put, PH, Hypo, MD Thal, 

Amyg, and Hippo compared to pretreatment.

All results were corrected for multiple comparisons using Gaussian mixture modeling. Left 

refers to the affected side and right refers to the unaffected side.

Key: Amyg, amygdala; Cau, caudate; Hippo, hippocampus; Hypo, hypothalamus; L, left; 

MD Thal, mediodorsal thalamus; PH, parahippocampal gyrus; Put, putamen; R, right.
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Figure 5. 
Normalized Resting State Activity in the dlPFC and PAG at Pretreatment (panel A) and 

Posttreatment (panel B). Before treatment, the resting (i.e., spontaneous) activity between 

the dlPFC (shown in purple) and the PAG (shown in blue) was negatively correlated (r = 

−0.24, p < 0.01). Contrary, at posttreatment, the neural activity between the dlPFC and the 

PAG was positively correlated (r = 0.50; p < 0.01).

Key: dlPFC, dorsolateral prefrontal cortex; PAG, periaqueductal gray.
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Table 4

Cortical and subcortical brain regions altered in adult patients compared to pediatric patients with CRPS.

Adult CRPS Pediatric CRPS

Cortical Cortical

↓ aMCC2 ↓ aMCC

↓ OFC1,2 ↓ OFC

↓ aIns1,3 ↓ M1

↓ dIns2 ↓ SMA

↓ vmPFC3 ↓ PCL

↓ pMCC2 ↓ dPCC

↓ dlPFC

↓ Pcu

Subcortical Subcortical

↓ NAc3 ↓ NAc

↑ Put2 ↓ Put

↑ Hypo2 ↓ Cau

↓ Thal

↓ Hippo

↑

↑ MD Thal

1
Baliki et al. (2011);

2
Barad et al. (2013);

3
Geha et al. (2008).

Key: aIns, anterior insula; aMCC, anterior midcingulate cortex; Cau, caudate; dIns, dorsal insula; dlPFC, dorsolateral prefrontal cortex; dPCC, 
dorsal posterior cingulate cortex; Hippo, hippocampus; Hypo, hypothalamus; M1, primary motor cortex; MD Thal, mediodorsal thalamus; NAc, 
nucleus accumbens; OFC, orbitofrontal cortex; PCL, paracentral lobule; PMC, premotor cortex; pMCC, posterior midcingulate cortex; Put, 
putamen; SMA, supplementary motor area; Thal, thalamus; vmPFC, ventromedial prefrontal cortex.
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