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Abstract

The evaluation of brain changes to a specific pain condition in pediatric and adult

patients allows for insights into potential mechanisms of pain chronicity and possibly

long-term brain changes. Here we focused on the primary somatosensory system

(SS) involved in pain processing, namely the ventroposterolateral thalamus (VPL) and

the primary somatosensory cortex (SI). We evaluated, using MRI, three specific pro-

cesses: (a) somatotopy of changes in the SS for different pain origins (viz., foot vs. arm);

(b) differences in acute (ankle sprain versus complex regional pain syndrome-CRPS);

and (c) differences of the effects of CRPS on SS in pediatric versus adult patients. In all

cases, age- and sex-matched individuals were used as controls. Our results suggest a

shift in concurrent gray matter density (GMD) and resting functional connectivity

strengths (rFC) across pediatric and adult CRPS with (a) differential patterns of GMD

(VPL) and rFC (SI) on SS in pediatric vs. adult patterns that are consistent with upper

and lower limb somatotopical organization; and (b) widespread GMD alterations in

pediatric CRPS from sensory, emotional and descending modulatory processes to more

confined sensory-emotional changes in adult CRPS and rFC patterns from sensory-

sensory alterations in pediatric populations to a sensory-emotional change in adult

populations. These results support the idea that pediatric and adult CRPS are differen-

tially represented and may reflect underlying differences in pain chronification across

age groups that may contribute to the well-known differences between child and adult

pain vulnerability and resilience.
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1 | INTRODUCTION

Evaluation of chronic pain across pediatric and adult populations, even

for the same disease, is difficult to study. Complex regional pain syn-

drome (CRPS) is a chronic pain condition that is observed in both age

groups. CRPS is a disease that usually begins with a peripheral injury

and results in multiple brain changes. Spread of pain (van Rijn et al.,

2011), inattention (Bultitude, Walker, & Spence, 2017), movement dis-

orders (Verdugo & Ochoa, 2000), neglect-like symptoms (Maihofner &

Birklein, 2007) make this a notable pain disease that afflicts multiple

brain systems. While this condition may extend into adulthood, stud-

ies comparing the differences in how the brain responds to a periph-

eral nerve injury (most common cause [Low, Ward, & Wines, 2007])

have not been well described.
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Compared with pain-free controls, pediatric CRPS patients are

associated with wide-spread brain gray matter atrophy in motor,

affective, motivational, emotional, cognitive, memory, and fear-related

regions (Erpelding et al., 2016), whereas atrophy in adults appears to

be more confined to affective, motivational and cognitive regions

(Barad, Ueno, Younger, Chatterjee, & Mackey, 2014; Geha et al.,

2008). Additionally, more apparent, are the mixed reports in child and

adult populations across resting functional connectivity metrics

between brain signal covariation and within brain networks (such as

the default mode network). Indeed, in our recent pediatric investiga-

tions, we have reported hyperconnectivity patterns in neural net-

works (Becerra et al., 2014) and amygdala-based covariation (Simons

et al., 2014), whereas adult patients are associated with wide-spread

hypoconnectivity patterns in the default mode network (Bolwerk,

Seifert, & Maihofner, 2013) and insula-centered covariation (Kim,

Choi, et al., 2017).

CRPS caused by peripheral nerve injury provides a unique oppor-

tunity to investigate specific brain processes involved in disease pro-

gression, such as somatotopic specificity of somatosensory changes;

chronicity of changes and plasticity of responsivity (resilience to tre-

atment/resistance to disease reversal). While there is a clear distinc-

tion in structural and functional metrics across aging populations, it is

possible that the reported differential changes in pediatric versus

adult CRPS patients reflect age-related effects, or perhaps a transition

of circuitry as a consequence of disease duration. Indeed, it is possible

that there is a shift from sensory to emotional circuits with pain chro-

nification (Hashmi et al., 2013). However, while this shift is evident in

adult populations, it remains unclear whether a similar cascade is pre-

sent across pediatric and young adult groups. In any case, while differ-

ences between patients with CRPS are reported relative to healthy

controls, it remains unknown whether a similar set of brain morphom-

etry and resting connectivity circuits are involved during the acute

phase of the disease. Furthermore, the relative contribution of the

affected limb remains uncertain, as no study to date reports altered

structural metrics within brain sites with fine discriminatory

somatotopic representations, notably the primary somatosensory cor-

tex (Penfield & Boldrey, 1937) and the ventral posterior thalamic

nucleus (Kaas, Nelson, Sur, Dykes, & Merzenich, 1984).

We employed magnetic resonance imaging (MRI) techniques to

determine potential brain structural (gray matter density) and subse-

quent resting functional connectivity strengths in acute (ankle sprain)

and chronic (CRPS) pain affecting the leg in pediatric patients and

between controls to determine effects of pain “evolution” affecting

the same body region. In addition, we evaluated the same metrics in

adult chronic (CRPS) pain patients vs. healthy controls affecting the

arm to determine the regional somatotopy in sensory regions (viz.,

thalamus and sensory cortex), as well as to ascertain whether or not if

the adult CRPS brain responds differently when compared to the

pediatric CRPS brain. Based on previous findings described above, our

hypotheses were: (a) alterations within the ventral postero-lateral

(VPL) thalamic nucleus or primary somatosensory (SI) cortex should

correspond to upper or lower limb somatotopical organization, which

would define the specificity of other observed changes; (b) these

somatosensory regions would show gray matter atrophy and func-

tional hyperconnectivity patterns in chronic pain patients vs. matched

controls in both pediatric and adult patients affecting the same body

region; (c) in comparing acute vs. chronic pain cohorts (matched for

age and sex) with pain affecting the same body region, the acute

group will display less robust gray matter and functional alterations

based on the duration of the disease.

2 | MATERIALS AND METHODS

2.1 | Subjects

Fifty-two patients and 52 healthy controls (matched for sex and age)

were recruited for the study. The patient group consisted of 32 pediat-

ric patients, equally distributed with unilateral acute or chronic pain of

the lower limb extremity (acute, 10 females, 6 males, mean ± SEM age:

15.8 ± 0.6 years, range 11–22 years; chronic, 10 females, 6 males, age:

14.3 ± 0.6 years, range 10–17 years; controls, 20 females, 12 males,

age: 15 ± 2.7 years, range 10–20 years) and 20 adult patients with uni-

lateral chronic pain of the upper limb extremity (chronic, 15 females,

5 males, age: 57.9 ± 9 years, range 37–71 years; controls, 15 females,

5 males, age: 58.5 ± 10 years, range 37–73 years). Within both the

adult and the pediatric patients, there were no significant group differ-

ences in age (two-sample t-test; p > .05) or sex composition (chi-square

test, p > .05). Here, it is pertinent to note that patients with acute pain

were recruited are part of an ongoing longitudinal study, and although

one subject slightly exceeded the 3-month reference point, recovery

was within a week and as such, we considered it appropriate to include

this subject in our acute sample. All chronic pain (3 months or greater)

patients were diagnosed with CRPS Type I by Budapest criteria by an

experienced pain neurologist (AL, DB) in accordance with a neurologi-

cal examination and a comprehensive record review. Pediatric patients

were recruited from the Pain Treatment Services, Emergency, Ortho-

pedics, and Sports Medicine departments at Boston Children's

Hospital. Adult patients were recruited from the Interdisciplinary Pain

Unit and Medical Centre of University of Munich, as well as through

two internet-based CRPS self-help network sites (crps-netwerk.org;

unfallopfer.de). Individual patients reported their average pain intensity

from the time of injury on a numerical rating scale (0 = no pain,

1–3 = mild pain, 4–6 = moderate pain, 7–10 = severe pain). Pediatric

healthy controls were recruited through flyers on bulletin boards

throughout the local community, online list serves (e.g., craigslist,

college job boards) and word of mouth.

Participants were excluded from the study if they had any other

neurological symptoms, severe medical problems (such as uncontrolla-

ble asthma and seizures, cardiac diseases or severe psychiatric

disorders), medical implants and/or devices or weighed more than

285 pounds, corresponding to the MRI scanner weight limit. All

patients were instructed not to take analgesic medication within at

least 4 hr prior to the study scanning session. For the pediatric popu-

lation, written informed consent and assent were obtained for all

procedures, which were conducted under the approval of the Boston

Children's Hospital Institutional Review Board. Written consent was
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obtained for all procedures, which were conducted under the approval

of the Ethics Committee of the Ludwig Maximilian University of

Munich and met the Helsinki criteria for the study of pain in humans.

2.2 | MRI acquisition

All subjects were positioned supine in a Siemens 3 T MRI scanner.

For image registration, a three-dimension magnetization-prepared rapid

gradient-echo (MP-RAGE) sequence was used to acquire a high-

resolution T1-weighted anatomical image (raw voxel size = 1.0 mm thick,

matrix = 256 × 256 voxels). With the subject still at rest, a series of gradi-

ent echo echo-planar image sets with Blood Oxygen Level Dependent

contrast were collected as follows: (a) Siemens Magnetom Trio 3 T (image

series = 425, axial slices = 51, repetition time = 1,100 ms, echo

time = 30 ms, raw voxel size = 3.00 × 3.00 × 3.00 mm thick,

matrix = 76 × 76 voxels, 16 acute, 16 controls); (b) Siemens Magnetom

Trio 3 T (image series = 150, axial slices = 41, repetition time = 3,000 ms,

echo time = 35 ms, raw voxel size = 3.75 × 3.75 × 3.50 mm thick,

matrix = 64 × 64 voxels, 8 pediatric chronic, 8 controls); (c) Siemens Mag-

netom Trio 3 T (image series = 200, axial slices = 41, repetition

time = 2,500 ms, echo time = 35 ms, raw voxel size = 3.75 ×

3.75 × 3.50 mm thick, matrix = 64 × 64 voxels, 8 pediatric chronic, 8 con-

trols); (d) Siemens Magnetom Skyra 3 T (image series = 250, axial

slices = 39, repetition time = 2,500 ms, echo time = 30 ms, raw voxel

size = 3.50 × 3.50 × 3.85 mm thick, matrix = 64 × 64 voxels, 20 adult

chronic pain, 20 controls). Note that all T1-weighted images were col-

lected on the same scanner as the functional images, that is, as they were

all collected on the same session.

2.3 | MRI analysis

2.3.1 | Gray matter density analysis

Using SPM12 (Friston et al., 1994), image preprocessing and gray

matter density maps were created with the computational anatomy

toolbox (dbm.neuro.uni-jena.de/cat). Here, prior to segmentation, all

T1-weighted images in pediatric patients with unilateral left pain were

flipped to the right (pediatric acute pain, n = 7; pediatric chronic pain;

n = 9). All T1-weighted images were then segmented into gray matter

(GM), white matter (WM), and cerebrospinal fluid (CSF) probability

maps. Here, the segmentation approach was based on the Adaptive

Maximum A-Posterior technique to model local variations and parame-

ters as slowly varying spatial functions (Rajapakse, Giedd, & Rapoport,

1997) and the partial volume estimation method whereby the fraction

of each tissue type within each voxel is estimated to yield more accu-

rate segmentation (Tohka, Zijdenbos, & Evans, 2004). Furthermore, to

enhance the quality of the T1-weighted images and further improve the

segmentation, we combined two denoising methods: the Spatially

Adaptive Non-Local Means (SANLM) filter (Manjon, Coupe, Marti-Bon-

mati, Collins, & Robles, 2010) and the classical Markov Random Field

method (Rajapakse et al., 1997). The segmented images were then

registered to the tissue probability map using affine transformation

(i.e., linear, preserving proportions), followed by a nonlinear deformation

in Montreal Institute Neurological (MNI-152) space. The nonlinear

deformation parameters were calculated by using the high-dimensional

Diffeomorphic Anatomical Registration Through Exponentiated Lie

Algebra (DARTEL) algorithm (Ashburner, 2007; Ashburner & Friston,

2009). To correct for expansion (or contraction) during the spatial trans-

formation, the normalized images were then “modulated” by multiplying

each voxel by the Jacobian determinant (i.e., linear and nonlinear com-

ponents) derived from the spatial normalization procedure. Finally, the

normalized, modulated gray matter images were then smoothed using

an isotropic 5 mm full-width-half-maximum (FWHM) Gaussian filter,

and the smoothed images were used for subsequent analysis.

Significant differences in gray matter density were determined in

pediatric populations between acute and chronic pain patients under

the framework of a general linear model using an independent two-

sample t-test. To explore gray matter density values in healthy controls,

we overlaid the results derived from the between-patients contrasts

described above. Here, significant differences between patients (acute

and chronic) and healthy controls were then determined using indepen-

dent two-sample t-tests (p < .05). In the adult the population, significant

differences between chronic pain patients and healthy controls were

determined within a general linear model using an independent two-

sample t-test. For the acute and chronic pediatric comparison, the total

intracranial volume and age for each subject were factored out as nui-

sance variables in the modeling. These parameters were also included

as nuisance variables in our adult chronic pain and control comparison.

Following an a priori primary threshold of p < .001, we applied a family-

wise error rate (FWE) cluster-level extent threshold to correct for multi-

ple comparisons. We chose this stringent cluster-defined primary

threshold based on the simulations of Woo, Krishnan, and Wager

(2014) to optimize the control of false positives and to improve overall

inferences about specificity. Significant linear relationships between

gray matter density values, pain intensity, and disease duration were

determined using Pearson (r) correlations.

2.3.2 | Functional connectivity analysis

Using SPM12 (Friston et al., 1994), image preprocessing and seed-

based functional connectivity maps were created with the functional

connectivity toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012).

Here, prior to realignment, all functional images in pediatric patients

with unilateral left pain were flipped to the right (pediatric acute pain,

n = 7; pediatric chronic pain; n = 9).

The first five volumes were then discarded to allow for

T1-equilibration effects. All images were subsequently realigned (rigid

body translation and rotation) to the first volume as the initial motion

correction procedure. The realigned images were then co-registered

to the same subjects' T1-weighted anatomical image, and the anatom-

ical images were spatially normalized to MNI-152 space. The defor-

mation field acquired during affine and nonlinear transforms of the

T1-weighted anatomical image was then applied to the functional

images (i.e., indirect normalization). Finally, the normalized functional

images were spatially smoothed with an isotropic 5 mm FWHM

Gaussian kernel. Images were linearly detrended to remove global
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signal intensity changes and a temporal pass-band filter of

0.01–0.08 Hz applied. To account for nonspecific variance, 18 physio-

logical and motion-related factors were included as nuisance variables,

including the first three principle components of the time course

derived from separate regions of matter and cerebral spinal fluid

(Behzadi, Restom, Liau, & Liu, 2007), and the six body translation and

rotation parameters from the realignment procedure. The first tempo-

ral derivative of the movement parameters was included to account

for temporal shifts in the signal. In recent years, a whole body of

literature has established that in-scanner head movement can have

substantial influences on resting state functional connectivity (Power,

Barnes, Snyder, Schlaggar, & Petersen, 2012; Van Dijk, Sabuncu, &

Buckner, 2012), particularly in pediatric populations (Satterthwaite

et al., 2012) Here, particular care was taken with examining move-

ment. For all subjects, we set a priori criteria of less than 3 mm cumu-

lative displacement and 3� of angular motion. Three subjects from our

sample, made up of two pediatric participants (one chronic, one con-

trol) and one adult healthy control, exceeded this criterion and were,

therefore, excluded from the functional connectivity analysis.

Using the normalized smoothed images, regions where there were

significant contrasts in gray matter density values between the pediat-

ric and adult patients (see above) were used as “seeds” in the subse-

quent resting state analysis. The seed-based functional connectivity

map was generated by computing the correlation coefficient between

each voxel's time series with the mean time course of the voxels

within the seed region. The individual correlation coefficient maps

were then converted to z-maps using Fisher's r-to-z transformation,

and these images were used for group-level statistical comparisons.

Given the distribution of scanning parameters, significant group differ-

ences between pediatric acute and chronic patients were confined to

comparisons with healthy controls that were equally matched to the

patient's scanning acquisition. We chose this approach to ensure that

any significant group differences were not due to differential scanning

parameters (such as repetition time), or influenced by factors such as

the degrees of freedom due to differences in the number of volumes

acquired. Taken together, significant differences between pediatric

acute and chronic pain patients as compared with healthy controls

were then determined using an independent two-samples t-test,

under the framework of a general linear model. Significant differences

between adult chronic pain patients and controls were determined

under the same framework. For all three comparisons, sex and age

were factored out as nuisance variables in the modeling. Significant

differences were determined using an a priori primary threshold of

p < .001 with a family-wise error rate cluster-level extent threshold

applied to correct for multiple comparisons. Significant linear relation-

ships between seed-based functional connectivity values, pain inten-

sity, and disease duration were determined using Pearson's

correlation analysis (p < .05). Finally, to determine whether these sig-

nificant differences in seed-based connectivity strengths were unique

or restricted to a particular pain group, we extracted these regions as

a masks, and performed a subsequent region of interest-region of

interest functional connectivity analysis across subsequent groups.

Significant differences in resting connectivity strengths were then

determined using independent two-sample t-tests (p < .05). Of course,

given the differences in scanning parameters, the purpose of this addi-

tional analyses is to provide some indication of specific regional con-

nectivity across all groups, rather than conclusive outcomes, as with

the previous analyses.

3 | RESULTS

3.1 | Psychometrics

Individual pediatric (acute and chronic) and adult chronic subject char-

acteristics, imaging modality inclusion, pain duration and pain intensi-

ties are shown in Tables 1 and 2, respectively. Our two pediatric

groups and one adult group reported, on average, the following:

(a) mean [±SEM] pain intensity: pediatric acute, 3.97 ± 0.3; pediatric

chronic, 5.91 ± 0.5; adult chronic pain, 4.60 ± 0.5; (b) mean [±SEM]

pain duration (months): pediatric acute, 1.25 ± 0.2; pediatric chronic,

15.0 ± 5.4; adult chronic pain, 59.67 ± 10.75; and (c) pain distribution:

pediatric acute, unilateral lower limb extremity, primarily at the distal

leg and foot; pediatric chronic, unilateral lower limb extremity, includ-

ing thigh, leg and foot; adult chronic pain, unilateral upper limb

extremity, primarily at distal forearm and hand, with fewer patients

reporting pain in the shoulder.

3.2 | Gray matter density

Within the pediatric sample, gray matter density was significantly dif-

ferent between acute and chronic patients in a number of brain

regions (Table 3, Figure 1a). Significantly reduced gray matter density

values were observed in chronic patients in the left mid-cingulate cor-

tex (mean [±SEM] probability*volume; MCC: acute: 0.598 ± 0.023,

chronic: 0.499 ± 0.016; p = .0013), right inferior temporal gyrus (ITG:

acute: 0.576 ± 0.024, chronic: 0.435 ± 0.018; p = .00007), right ante-

rior cingulate cortex (ACC: acute: 0.642 ± 0.022, chronic: 0.543

± 0.015; p = .0008), bilaterally in the orbitofrontal cortex (OFC: acute:

0.681 ± 0.019, chronic: 0.580 ± 0.011; p = .00008), bilaterally in the

thalamic reticular nucleus (TRN: left, acute: 0.173 ± 0.009, chronic:

0.112 ± 0.005; p = .000002; right, acute: 0.183 ± 0.012, chronic:

0.107 ± 0.007; p = .000006). In contrast, increased gray matter den-

sity in chronic patients was observed exclusively within the left ven-

tral posterolateral nucleus of the thalamus (VPL: acute: 0.484 ± 0.019,

chronic: 0.566 ± 0.018; p = .0035). Furthermore, we report significant

linear relationships between these values and pain intensity, as shown

in Figure 1b. Positive correlations indicate that greater gray matter

density is associated with greater pain intensity occurring in the VPL

(r = .45, p = .0098), whereas a negative relationship was observed

within the left and right TRN suggesting less gray matter being associ-

ated with greater pain intensity (left: r = −.48, p = .0054; right: r =

−.36, p = .0430). Furthermore, a negative relationship was observed

between pain duration and gray matter density values within the OFC

and right TRN (OFC: r = −.36, p = .043; right TRN: r = −.35,

p = .0496). No other correlations were observed with pain intensity

(ITG: r = −.28, p = 0.12; OFC: r = −.24, p = 0.19; ACC: r = −.19,
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p = .30; MCC: r = −.08, p = .66) or disease duration (ITG: r = −.10,

p = .59; ACC: r = −.31, p = .08; MCC: r = −.26, p = .15; VPL: r = .16,

p = .38; left TRN: r = −.28, p = .12). In summary, compared with pedi-

atric acute pain patients, pediatric chronic pain patients were associ-

ated with widespread reduced gray matter density within sensory

(VPL)-emotional (MCC, ACC)-descending (OFC) regions, as compared

with an increase in sensory modulatory (TRN) region, whereby signifi-

cant correlations were confined within somatosensory related

processing and modulation (VPL and TRN).

Gray matter density values were then extracted in pediatric

healthy controls from significant clusters derived from the previous

acute and chronic analysis described above. Compared with healthy

controls, significant differences in acute and chronic patients were

observed in a number of brain regions (Figure 2). Here, compared with

acute patients, healthy controls displayed reduced gray matter density

within the ITG (mean [±SEM] probability*volume; controls: 0.493

± 0.017; two sample t-test, p = .007) and OFC (controls: 0.635

± 0.010, p = 0.024). No other differences were observed as compared

with the acute patient group (ACC: controls: 0.652 ± 0.017, p = .75;

MCC: controls: 0.550 ± 0.013, p = .051; VPL: controls: 0.504 ± 0.014,

p = .42; left TRN: controls: 0.148 ± 0.009, p = .097; right TRN: con-

trols: 0.162 ± 0.010, p = .23). In contrast, significant differences were

observed in all regions when comparing healthy controls with chronic

pain patients. Specifically, chronic pain patients displayed reduced

gray matter density within the ITG (two sample t-test, p = .043), OFC

(p = .0014), ACC (p = .0002), MCC (p = .023), left TRN (p = .011) and

the right TRN (p = .0008), as compared with controls. Conversely,

compared with controls, chronic pain patients were associated with

increased gray matter density within the VPL (p = .012).

Within the adult sample, gray matter density differed significantly

between chronic patients and healthy controls in sensory and emotional-

related brain sites (Table 4, Figure 3a). Specifically, chronic pain patients

displayed significantly reduced gray matter density within the left VPL

(mean [±SEM] probability*volume; chronic: 0.506 ± 0.014, controls:

0.593 ± 0.015; p = .00016), whereas an increase was observed in the left

ACC (chronic: 0.354 ± 0.001, controls: 0.328 ± 0.01; p = .0085). Finally,

no significant correlations were observed between these values and pain

intensity (VPL: r = .02, p = .93; ACC: r = −.33, p = .16) and disease dura-

tion (VPL: r = −.03, p = .33; ACC: r = .13, p = .59; Figure 3b).

3.3 | Resting functional connectivity

Using the clusters derived from the gray matter density analysis as

“seeds,” resting functional connectivity strengths were determined to be

significantly different in a number of brain sites across pediatric and adult

groups (Table 5, Figure 4). Specifically, in pediatric acute patients,

TABLE 2 Clinical characteristics of adult patients

Patient
(chronic) Age Gender

Pain
intensity
(0–10)

Pain duration
(months) Site

Pain
distribution Medication(s)

1 54 F 1 11 R Distal hand Metamizole, tramadol, gabapentin

2 67 F 5 140 R Hand, forearm -

3 56 M 4 64 R Arm, forearm, hand Metamizole, pregabalin

4 67 M 4 77 R Distal hand -

5 59 M 4 50 R Distal hand -

6 71 F 4 126 R Distal hand Aspirin, metamizole, tramadol

7 46 F 2 80 R Distal hand Metamizole

8 62 F 8 7 R Arm, forearm, hand Metamizole, tramadol

9 69 F 6 144 R Distal hand Ibuprofen, aspirin

10 37 F 3 103 R Distal hand Ibuprofen, metamizole

11 47 F 8 57 R Arm, forearm, hand Oxycodone

12 55 M 6 109 R Arm, forearm, hand Ibuprofen, metamizole

13 67 F 2 105 R Distal hand Ibuprofen, pregabalin

14 58 F 5 15 R Hand, forearm -

15 57 F 3 8 R Distal hand -

16 66 F 4 6 R Distal hand Metamizole, tilidine, amitriptyline

17 53 F 9 39 R Distal hand -

18 53 M 6 19 R Arm, forearm, hand Ibuprofen, metamizole

19 64 F 1 19 R Distal hand -

20 51 M 7 13 R Hand, forearm Metamizole, tilidine,

gabapentin, duloxetine

Mean ± SEM 57.9 ± 9 4.60 ± 0.5 59.7 ± 10.8

Abbreviations: F, female; M, male; R, right.
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significantly greater OFC resting connectivity strength occurred in the

right hippocampus (mean [±SEM] parameter estimate values; pediatric

acute: 0.35 ± 0.02, controls: 0.09 ± 0.05; two-sample t-test, p = .00002),

as compared with healthy controls (Figure 4a). In contrast, pediatric

chronic patients had significantly reduced VPL resting connectivity

strengths with the left and right primary somatosensory cortex (SI: pediat-

ric chronic: −0.07 ± 0.02, controls: 0.13 ± 0.02; p = .000001) (Figure 4b).

Compared with controls, adult chronic pain patients exhibited significantly

greater ACC connectivity strength with SI (adult chronic pain: 0.08

± 0.03, controls: −0.08 ± 0.02; p = .00002) and reduced VPL connectivity

with the posterior cingulate cortex (PCC: adult chronic pain: −0.03

± 0.03, controls: 0.15 ± 0.03; p = .00009; Figure 4C). Extraction of these

resting functional connectivity values revealed no significant correlations

with pain intensity (OFC-HPC: r = −.30, p = .28; VPL-SI: r = −.45, p = .09;

ACC-SI: r = −.04, p = .87; VPL-PCC: r = −.32, p = .17) or disease duration

(OFC-HPC: r = −.49, p = .064; VPL-SI: r = .29, p = .29; ACC-SI: r = .36,

p = .12; VPL-PCC: r = −.05, p = .83). Using the clusters derived from the

seed-based functional connectivity strengths, we performed a region of

interest-region of interest functional connectivity analysis across all

groups and their respective controls. Here, no significant differences were

observed across the groups, that is, these significant seed-based func-

tional strengths were restricted to each group in pediatric acute OFC-

HPC (pediatric chronic: 0.14 ± 0.04, controls: 0.13 ± 0.05; two-sample

t-test, p = .88; adult chronic pain: 0.11 ± 0.04, controls: 0.10 ± 0.04;

p = .87), pediatric chronic VPL-SI (pediatric acute: 0.07 ± 0.04, controls:

0.08 ± 0.04; two-sample t-test, p = .95; adult chronic pain: 0.14 ± 0.04,

controls: 0.13 ± 0.04; p = .81) and adult chronic pain ACC-SI (pediatric

acute: 0.01 ± 0.05, controls: −0.10 ± 0.12; two-sample t-test, p = .12;

pediatric chronic: −0.04 ± 0.04, controls: −0.03 ± 0.05; p = .88) and

VPL-PCC (pediatric acute: 0.15 ± 0.04, controls: 0.10 ± 0.03; two-sample

t-test, p = .34; pediatric chronic: 0.12 ± 0.04, controls: 0.06 ± 0.04;

p = .33). In summary, compared with controls: (a) pediatric acute pain

patients had greater functional connectivity strengths between the OFC

and the HPC; (b) pediatric chronic patients had greater functional connec-

tivity strengths between the VPL and MI-SI; (c) adult chronic patients had

greater functional connectivity strengths between the ACC and SI,

whereas the VPL had reduced connectivity with the PCC; (d) In all these

groups, no significant correlations were observed between functional

connectivity strengths and pain intensity or disease duration.

3.4 | Somatotopic representation of upper and
lower limb

In this investigation, we report structural and functional alterations in

brain sites of pediatric and adult chronic pain patients with a

somatotopical representation, notably the thalamus and primary

somatosensory cortex (Figure 5). Specifically, we report altered gray

matter density in the ventral posterolateral nucleus of the thalamus

that is consistent with upper and lower limb somatotopy, that is, lat-

eral to medial, respectively (Kaas et al., 1984). Moreover, we

report altered resting functional connectivity with the primary

TABLE 3 Regions in which gray matter density was significantly different in acute compared with chronic pediatric patients

X Y Z t-statistic value Cluster size p-value

Acute > chronic

Left thalamic reticular nucleus −25 −20 16 8.42

−26 −19 11 6.81 434 .047

−22 −14 11 6.22

Left mid-cingulate cortex −6 14 33 5.01

−7 9 35 4.72 930 .001

−7 17 30 4.62

Right thalamic reticular nucleus 25 −19 17 6.65 483 .028

22 −17 −4 6.39

Right inferior temporal gyrus 55 −30 −27 4.97

48 −23 −32 4.70 564 .013

61 −35 −28 4.24

Right anterior cingulate nucleus 11 32 22 6.45

9 42 23 5.60 942 .0001

16 36 22 4.45

Bilateral orbitofrontal cortex −25 5 −18 9.13

3 17 −23 7.92 6,638 .0001

−4 18 −23 7.42

Acute < chronic

Left ventral posterolateral nucleus −19 −25 5 5.08 503 .046

Locations are in Montreal Neurological Institute space. Significant clusters were from cluster-extent thresholding (family-wise error rate) to correct for

multiple comparisons.
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somatosensory cortex, consistent with upper limb (anterolateral) and

lower limb (posteromedial) somatotopy (Penfield & Boldrey, 1937).

4 | DISCUSSION

The underlying pathophysiology of the evolution of acute to chronic pain

remains unknown. Here we used an approach to evaluate two concepts:

(a) is there a difference in brain systems in acute and chronic pain affect-

ing the same region of the body? and (b) is there a difference in the same

disease affecting the brain in pediatric vs. adult onset CRPS? In both

cases we focused on somatosensory systems for the following reasons:

(a) they are well defined and have a known physiology in pain;

(b) somatotopy can be relatively easily defined with current imaging tech-

nology; (c) comparisons between pediatric and adult region specific areas

can be evaluated; (d) these areas are less likely to be influenced by

comorbid processes, such as anxiety and depression. Our primary results

indicate that there is a shift in gray matter density alterations from pedi-

atric acute (descending modulatory) to pediatric chronic (descending

modulatory/sensory-affective) to adult chronic pain (sensory-affective)

F IGURE 1 Whole brain gray matter density analysis between pediatric chronic versus acute. (a) Brain sites in which significantly reduced
(cool color scale) or increased (warm color scale) gray matter density was observed in pediatric chronic pain as compared with patients with acute
pain, overlaid onto axial, coronal and sagittal T1-weighted anatomical image set. Slice locations are located on the top left of each image and are
in Montreal Neurological Institute space. (b) Correlation between regional gray matter density values within these regions against pain intensity.
Note that significant correlations were confined to brain sites associated with somatosensory related processing and modulation, that is, the
ventral posterolateral nucleus of the thalamus and the thalamic reticular nucleus [Color figure can be viewed at wileyonlinelibrary.com]
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across brain sites. In addition, patterns of resting functional connectivity

strengths were distinctive across pain conditions and age groups; nota-

bly, strengths progressed from descending modulatory memory-related

circuits in acute pain to sensory-sensory changes in pediatric chronic to

sensory-affective alterations in adult chronic pain. However, it is

pertinent to note that we do not argue specific systems (e.g., descending

modulatory) exclusively, and instead provide a framework that may cor-

respond to a shift in brain sites from pediatric acute and chronic pain to

adult chronic pain. Finally, an overlay of these differences in pediatric

(lower limb) and adult (upper limb) chronic pain within VPL and SI rev-

ealed differential patterns of structural and functional metrics that were

consistent with well-established somatotopical arrangements.

4.1 | Similarities and differences in pediatric and
adult CRPS brain

Of the few studies that have explored structural brain metrics in

CRPS, a common trend of gray matter atrophy is evident across

pediatric and adult populations. Interestingly, compared with controls,

comparison with our previous investigation (Erpelding et al., 2016)

and others, reveal widespread (sensory, motor, emotional, cognitive,

descending modulatory-related) brain alterations in pediatric CRPS

(Erpelding et al., 2016), whereas adult CRPS report fewer alterations

across sensory, emotional, and descending modulatory-related brain

sites (Baliki, Schnitzer, Bauer, & Apkarian, 2011; Barad et al., 2014;

Geha et al., 2008). In the present study, we report a similar trend, with

sensory (VPL)-emotional (MCC, ACC)-descending (OFC) and sensory

modulatory (TRN) alterations in pediatric CRPS, whereas a shift to

sensory (VPL)-emotional (ACC) changes in adult CRPS. Finally, it is

pertinent to note that although these differences in pediatric CRPS

were present when compared with controls, comparison was

restricted to those regions that were derived from comparing with

acute subjects. This is an important consideration since, it is well

established that a number of brain sites are engaged during acute pain

perception (Farrell, Laird, & Egan, 2005; Henderson, Bandler,

Gandevia, & Macefield, 2006). In any case, comparison within the

F IGURE 2 Plots of gray matter density values in patients (acute and chronic) and healthy controls. Note that these values were derived from
overlaying significant clusters from the patient contrast previously described. Significant between-group differences were determined using
independent two-sample t-test (*p < .05). Note that the white horizontal line reflects the mean, whereas gray shading represents one standard
deviation above and below, within each group [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Regions in which gray matter density was significantly different in adult chronic patients as compared with healthy controls

X Y Z t-statistic value Cluster size p-value

Chronic > controls

Left anterior cingulate cortex −14 15 34 5.44

−9 17 39 5.33 1,215 .046

−14 19 35 5.15

Chronic < controls

Left ventral posterolateral nucleus −12 −17 2 4.66 1,220 .045

−8 −5 8 3.65

Note: Locations are in Montreal Neurological Institute space. Significant clusters were from cluster-extent thresholding (family-wise error rate) to correct

for multiple comparisons.
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F IGURE 3 Whole brain gray matter density analysis between adult chronic and healthy controls. (a) Regional gray matter density reduced
within the ventral posterolateral thalamic nucleus (cool color bar) and increased within the anterior cingulate cortex (warm color bar) in adult
chronic as compared with controls, overlaid onto an axial and coronal T1-weighted anatomical image set. Slice locations are located on the top
left of each image and are in Montreal neurological institute space. (b) Correlations between regional gray matter density values within these
regions against pain intensity and disease duration. Note that no significant correlations were observed [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 5 Regions in which seed-based resting functional connectivity strengths were significantly different across pediatric (acute and
chronic) and adult (chronic) groups, as compared with healthy controls

X Y Z t-statistic value Cluster size p-value

Pediatric acute > controls

Orbitofrontal cortex “seed”

Right hippocampus 28 −28 −16 4.84

24 −26 −16 4.80 152 .013

16 −32 −20 3.95

Pediatric chronic < controls

Ventral posterolateral nucleus “seed”

Bilateral primary motor cortex/primary somatosensory cortex 2 −18 60 6.39

0 −32 62 4.74 254 .0001

−4 −22 68 3.93

Adult chronic > controls

Anterior cingulate cortex “seed”

Left primary somatosensory cortex −50 −24 62 5.46

−36 −26 66 4.61 93 .048

−34 −30 62 4.38

Adult chronic < controls

Ventral posterolateral nucleus “seed”

Bilateral posterior cingulate cortex −2 −30 44 4.30

0 −24 38 4.00 137 .023

6 −14 34 3.75

Note: “seed” clusters were derived from the previous pediatric and adult gray matter density analyses. Locations are in Montreal Neurological Institute

space. Significant clusters were from cluster-extent thresholding (family-wise error rate) to correct for multiple comparisons.
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F IGURE 4 Significant differences in seed-based functional connectivity in pediatric (acute and chronic) and adult chronic as compared with
controls. (a) Plots of resting seed-based functional connectivity from orbitofrontal cortex cluster, derived from pediatric acute and chronic gray
matter density analysis. Note that compared with controls, acute patients have significantly greater functional connectivity strengths between the
orbitofrontal cortex and the hippocampus. (b) Plots of resting seed-based functional connectivity from ventral posterolateral thalamic nucleus
cluster, derived from pediatric chronic and healthy control gray matter density analysis. Note that compared with controls, pediatric chronic
patients have significantly greater functional connectivity strengths between the ventral posterolateral thalamic nucleus and the primary motor
and somatosensory cortex. (c) Plots of resting seed-based functional connectivity from anterior cingulate cortex and ventral posterolateral
thalamic nucleus clusters, derived from between adult chronic and healthy control gray matter density analysis. Note that compared with
controls, adult chronic patients have significantly greater functional connectivity strengths between the anterior cingulate cortex and the primary
somatosensory cortex, whereas ventral posterolateral thalamic nucleus had reduced connectivity with the posterior cingulate cortex. Note that
no significant correlations were observed between these values and pain intensity or disease duration (p > .05) [Color figure can be viewed at
wileyonlinelibrary.com]
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same brain site in pediatric and adult CRPS revealed a differential pat-

tern of gray matter density alterations in sensory (VPL) and emotional

(ACC)-related brain regions.

In addition to structural metrics, differential resting functional con-

nectivity patterns have been reported across age groups. Here, our

previous functional brain imaging investigations have revealed wide-

spread hyperconnectivity patterns, notably within fear-related

(Simons et al., 2014), pain modulatory circuits (Erpelding et al., 2016),

and the default mode network (Becerra et al., 2014), among others.

Comparably, in adult CRPS, the inverse pattern of covariation is

observed, notably widespread hypoconnectivity patterns have been

shown within sensory and affective brain regions (Kim, Choi, et al.,

2017) and within the default mode network (Bolwerk et al., 2013).

Interestingly, Kim, Choi, et al. (2017) reported altered SI covariation

with both affective (anterior insula) and sensory (posterior insula)

processing. In our investigation, we report the inverse pattern of

connectivity with SI, that is, hyperconnectivity with an affective-

motivational (ACC) brain site. Although possible, this is not to suggest

that the ACC has a direct integrative role on SI somatotopic

processing, since while the VP-SI circuitry is well established, the role

of the SI-ACC integration remains relatively unclear. Instead, it is pos-

sible that the ACC may integrate SI processing indirectly through VP

or TRN alteration, and a lack of observed difference in this study may

correspond due to technical limitations such as relatively increased

voxel size and smoothing kernel. In any case, it is pertinent to note

that in this study patterns of resting functional connectivity were dis-

tinctive across pain conditions and age groups. Compared with con-

trols, we report altered resting functional connectivity strengths

between descending modulatory (OFC) and memory-related (hippo-

campus) brain sites in acute pain, within sensory (VPL-SI) regions in

pediatric chronic pain, and between sensory-affective (ACC-SI) and

sensory-working memory/awareness (VPL-PCC) in adult chronic pain.

4.2 | Somatotopical representation of lower
(pediatric) and upper (adult) limb: Fidelity of approach

As noted in the introduction, we utilized the somatotopic organization

of the afferent somatosensory pain system to define changes within

F IGURE 5 Overlay of significant pediatric and adult chronic structural and functional clusters within the ventral posterolateral thalamic
nucleus and the primary somatosensory cortex. (a) Altered gray matter density in the ventral posterolateral nucleus of the thalamus that are
consistent with upper (adult) and lower (pediatric) limb somatotopy, that is, lateral to medial, respectively. Note that increased gray matter density
in pediatric chronic patients was reported relative to both pediatric acute patients and healthy controls. (b) Altered resting functional connectivity
strengths within the primary somatosensory cortex, consistent upper limb (anterolateral) and lower limb (posteromedial) somatotopic organization
[Color figure can be viewed at wileyonlinelibrary.com]
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the three patient groups and their matched controls. The approach

provides a clear fidelity to the data presented. Thalamic somatotopy

for pain pathways has been described in rodents (Willis, 1985), non-

human primates (Kaas et al., 1984; Ralston 3rd., 2005) and humans

(Lenz et al., 1988). SI is one of the most investigated and well-

described human brain regions. It encompasses the postcentral gyrus

on both the left and right sides of the brain and has a well described

somatotopic map, with the leg represented medially in the paracentral

lobule and the hand and face more laterally towards the parietal oper-

culum. A few fMRI studies have examined somatotopy of the somato-

sensory pathway in healthy subjects (DaSilva et al., 2002; Hong,

Kwon, & Jang, 2011) and in pain patients (Maleki et al., 2012;

Shokouhi et al., 2017) and their connectivity (Yamada et al., 2007).

Both these regions show plasticity in pain (Hubbard et al., 2016; Kim,

Kim, et al., 2017). Here we report altered gray matter density in the

VPL thalamus that is consistent with upper and lower limb

somatotopy, that is, lateral to medial, respectively (Kaas et al., 1984).

4.3 | Gray matter changes follow somatotopic
organization

In patients with CRPS affecting the foot (pediatric group) and hand

(adult group), changes in gray matter show a high degree of

somatotopic organization within the somatosensory thalamus (VPL)

and somatosensory cortex (SI). Changes in the organization of the

ventroposterior lateral thalamus have been reported with sensory

deprivation that may induce reorganization in SI (Rasmusson, 1996)

with subsequent changes in function. Changes in gray matter volume

within the thalamus have been reported in humans with chronic pain

(Lutz et al., 2008), but few imaging studies have focused on specificity

of somatotopy in chronic pain. Clearly, the thalamus offers an oppor-

tunity to define changes in pain within regions that have clearly

defined somatotopy. Furthermore, changes within these regions may

provide insights into hypersensitivity (Nagasaka, Takashima,

Matsuda, & Higo, 2017). The changes have secondary effects on brain

connectivity since these areas connect with other brain regions

including well-defined areas such as SI and those that are not well rec-

ognized, such as the substantia nigra, VPL (Antal, Beneduce, & Regehr,

2014) and superior temporal sulcus (Yeterian & Pandya, 1989). Here,

we are the first to report somatotopic alterations within the somato-

sensory thalamus. It is pertinent to note that thalamic reduction in

gray matter density has been reported across a range of chronic pain

syndromes (Apkarian et al., 2004). In fact, in neuropathic pain

syndromes, decreased blood flow is often exclusively reported in the

thalamus (Moisset & Bouhassira, 2007). Furthermore, we report an

increase in gray matter density within the ACC, perhaps reflecting

increased dominance of the affective-motivational role in our adult

population. Specific evaluation of brain regions involved in affective-

motivational processing was not the focus of this study. Moreover, it

may reflect age-related differences, since our adult population is, on

average, 10 years older than previous studies.

4.4 | Acute versus chronic pain in the pediatric brain:
Potential insights into somatosensory chronification

Comparison of structural and functional metrics revealed distinct

alterations in sensory-discriminative regions with a well-described

somatotopical organization (VPL, SI). Moreover, we report alterations

within the TRN, a region heavily associated with collateral and termi-

nal branches of the VPL thalamocortical projection neurons, which

send collaterals to the TRN and which itself contains GABAergic neu-

rons which project to the VPL thalamus (Lam & Sherman, 2011). As a

result, altered VPL-SI, SI-VPL, and TRN-VPL circuitry may result in a

disturbance of the normal patterning of activity within the cortex,

which may result in the constant perception of pain. Indeed, recent

investigations have demonstrated that changes in thalamic function

may result in widespread whole brain activity changes and that

chronic pain may arise as a consequence of thalamocortical dysrhyth-

mia (Alshelh et al., 2016; Walton, Dubois, & Llinas, 2010). In support,

these thalamocortical loops have been shown to involve collaterals to

GABAergic neurons in the TRN (Pinault, 2004), and remarkably, inves-

tigations have shown reduced thalamic blood flow gray matter den-

sity, neural viability and GABAergic content (Gustin et al., 2011;

Youssef et al., 2014) and, specifically within the TRN, reduced blood

flow and increased infra-slow oscillation power and network connec-

tivity in patients with neuropathic pain (Alshelh et al., 2016; Gustin

et al., 2014; Henderson et al., 2013). The reports, in conjunction with

our findings, support the idea above, that although there is no obvious

nerve injury in Type I patients, one cannot exclude the possibility of a

subtle nerve injury that propagates along the ascending tract. Com-

pared with acute, we found gray matter increased within the contra-

lateral (left) VPL in pediatric chronic patients, whereas atrophy was

reported bilaterally within the TRN. Furthermore, in this study, we

found an association between pain intensity and gray matter density

that were exclusive with these somatosensory-related regions, nota-

bly within the contralateral VPL and bilateral TRN. Although we did

not observe any alterations within SI, it is pertinent to note that given

the widespread somatotopic organization, it is possible that a lack of

SI alteration may reflect the nature of the group analyses, that is, the

fine somatotopic representation of SI between individual subjects

may result in no overall SI group difference. Alternatively, it may be

that acute subjects are associated with SI gray matter atrophy, or no

change, corresponding with pediatric CRPS.

In addition, we reveal differential alterations in resting functional

connectivity patterns in the pediatric acute (ankle sprain) versus

chronic (CRPS) patients compared with controls. Specifically, pediatric

acute had greater rFC strength between the OFC and the hippocam-

pus. In contrast, pediatric CRPS had altered sensory circuit connectiv-

ity, that is, reduced rFC between the VPL and SI. Given these

differences, the acute stage appears to reflect alterations in pain mod-

ulatory and memory-related circuitry, whereas a shift to sensory-

circuits appears during the chronic phase. The latter is counter to prior

work showing a shift of acute pain from sensory to emotional circuits,

previously reported in the adult back pain patients (Hashmi et al.,

2013). The shift in rFC from acute to chronic pain in pediatric
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populations highlights a trend from initial pain modulatory distribution

in acute to sensory-affective circuits in chronic pain. Furthermore, we

report an age-related shift in chronic pain, with a sensory-emotional

alteration in our adult populations, a finding that is consistent with

pain chronification in adults (Hashmi et al., 2013). Indeed, given the

age-related shift across the same chronic pain syndrome, our results

may contribute to the well-known differences between child and

adult pain vulnerability and resilience.

5 | LIMITATIONS

We note the following limitations of this study: (a) Sex: Given that our

cohort was predominantly female, we did not have the statistical power

to explore sex-related differences. We cannot exclude the possibility

that some of the observed changes may be related to hormonal/men-

strual changes in our subjects; (b) CRPS subtype: We did not specify the

subtype of CRPS but grouped the patients. Clinically, patients had signs

and symptoms of neuropathic involvement. If measures of nerve fiber

integrity and function could have been used (including single fiber

microneurography), alterations in fiber function could be more fully

defined. Thus, is thus a difficult issue to define since while obvious

nerve injury is observed in some cases it is not clearly defined in Type

1 CRPS. (c) Pain intensity and duration: For the acute and chronic pediat-

ric comparison, the total pain intensity and duration differed between

the groups, and therefore our results may, in part, be influenced by

baseline differences in these parameters; (d) Technical: Given that we

used different scanning parameters for group comparisons, particularly

in the functional connectivity analyses, it is pertinent to note that for

each contrast, group differences were relative to control groups that

were sequence matched. Despite this, we acknowledge that we cannot

completely exclude influences of parameter factors such as repetition

time (signal covariation timeframe) and volume series (influence of

degrees of freedom) on the observed results; (e) Image flip: Given that

we flipped the patients' brain, for those with unilateral left-sided pain, it

is pertinent to mention that this may reflect laterality in brain networks

(Kucyi, Hodaie, & Davis, 2012; Vukelic et al., 2014). However, given the

relatively small sample size of our pediatric patients, and the focus on

somatosensory systems, we believe this approach is most appropriate;

and (f) Age and brain development: we are aware that differential trajec-

tories in gray matter density (Bourisly et al., 2015; Gennatas et al.,

2017) and functional connectivity strengths (Chou, Chen, & Madden,

2013; Grady, Sarraf, Saverino, & Campbell, 2016) patterns across brain

regions and networks may differ, and that inclusion of age does not

completely mitigate this influence.

6 | CONCLUSIONS

These data reveal shift in gray matter density alterations from pediat-

ric acute (descending modulatory) to pediatric chronic (descending

modulatory/sensory-affective) to adult chronic pain (sensory-affec-

tive) across brain sites. Furthermore, our data reveals a shift in resting

functional connectivity circuits, from sensory alterations in pediatric

populations to sensory-emotional alterations in adult populations that

are consistent with well-established somatotopical arrangements.
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