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Pain-related reorganization in the primary somatosensory
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(S1) have provided important insights into neural mechanisms underlying several
chronic pain conditions. However, the role of S1 plasticity in postherpetic neuralgia
(PHN) remains elusive. Combining psychophysics and magnetic resonance imaging
(MRI), we investigated whether pain in PHN patients is linked to S1 reorganization as
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compared with healthy controls. Results from voxel-based morphometry showed no
structural differences between groups. To characterize functional plasticity, we compared S1 responses to noxious laser stimuli of a fixed intensity between both groups
and assessed the relationship between S1 activation and spontaneous pain in PHN
patients. Although the intensity of evoked pain was comparable in both groups, PHN
patients exhibited greater activation in S1 ipsilateral to the stimulated hand. Painrelated activity was identified in contralateral superior S1 (SS1) in controls as
expected, but in bilateral inferior S1 (IS1) in PHN patients with no overlap between
SS1 and IS1. Contralateral SS1 engaged during evoked pain in controls encoded
spontaneous pain in patients, suggesting functional S1 reorganization in PHN.
Resting-state fMRI data showed decreased functional connectivity between left and
right SS1 in PHN patients, which scaled with the intensity of spontaneous pain.
Finally, multivariate pattern analyses (MVPA) demonstrated that BOLD activity and
resting-state functional connectivity of S1 predicted within-subject variations of
evoked and spontaneous pain intensities across groups. In summary, functional reorganization in S1 might play a key role in chronic pain related to PHN and could be a
potential treatment target in this patient group.
KEYWORDS

functional magnetic resonance imaging, pain perception, postherpetic neuralgia, primary
somatosensory cortex (S1), reorganization
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I N T RO DU CT I O N

connectivity in PHN patients could be related to the intensity of
chronic pain. Lastly, we used a multivariate pattern analysis (MVPA)

In the context of pain, multiple brain regions, such as the anterior cin-

approach to test (4) whether structural and functional features of S1

gulate cortex (ACC), insula cortex, and the primary and secondary

can predict laser-evoked and spontaneous pain intensities across PHN

somatosensory cortices (S1 and S2) are involved in the complex expe-

patients and healthy controls. Among the cortical regions frequently

riences of pain. Nevertheless, the role of different cortical areas in

activated by pain are S1 and S2, and a growing number of researchers

pain processing is controversial, particularly that of S1 (Apkarian

believe that neuropathic pain is consistently associated with S1 func-

et al., 2005; Hu et al., 2015; Valentini et al., 2012).

tional plasticity. Previous reports led us to hypothesize that the PHN

Experimental studies in animals and humans suggest that mal-

is associated with regional S1 functional and structural plasticity

adaptive changes in S1 are a feature of neuropathic pain (Seifert &

changes and the degree of plasticity is highly correlated to pain inten-

Maihofner, 2009). For example, Endo et al. demonstrated that

sity; and then, chronic pain may prompt that person to developing

mechanical hypersensitivity is associated with heightened contralat-

changes in the activity of pain-encoding areas.

eral S1 activity in an experimental model of neuropathic pain in rats
(Endo et al., 2008). In humans, studies using fMRI and positron emission tomography (PET) have demonstrated increased S1 responses to
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innocuous and noxious peripheral stimulation in patients with chronic
pain, such as fibromyalgia and phantom limb pain (PLP) (Bjorkman

2.1

|

Participants

et al., 2012; Desbordes et al., 2015).
In addition to S1 hyperexcitability, changes in its somatotopic

Sixteen right-handed PHN patients (5 males; mean age = 65.75 years;

organization through altered afferent input have been linked to pain

SD = 6.99) and 20 age- and gender-matched right-handed healthy

chronification, and have mainly been investigated for PLP (Flor

controls (HC, 8 males; Mean age = 61.55 years; SD = 8.21) partici-

et al., 1995; Makin et al., 2013), complex regional pain syndrome

pated in the study. Patients fulfilled the International Association for

(CRPS), and spinal cord injury (SCI). In CRPS patients, Juottonen et al.

the Study of Pain (IASP) criteria for PHN and were diagnosed by expe-

(2002) found a shortened distance between thumb and little finger

rienced clinicians based on clinical symptoms (including medical his-

representations in the S1 corresponding to the affected hand

tory, shingles history, pain severity, and pain types; Fields et al., 1998).

(Juottonen et al., 2002). Maihofner et al. (2003) observed that the S1

Characteristics of patients with PHN are shown in Table S1. On aver-

representation of the center of the hand moved toward that of the lip

age, PHN patients reported a spontaneous pain intensity of 3.06

in CRPS patients, and this cortical reorganization scaled with the

± 1.28 (present pain intensity, PPI; mean ± SD), with an average dura-

degree of CRPS pain and the extent of mechanical hyperalgesia

tion of 2.42 ± 3.36 years. All PHN patients were requested to stop

(Maihofner et al., 2003). A close relationship between the progressive

taking any analgesic medication 1 week before the MRI scan. None of

atrophic as well as microstructural reorganization across the somato-

the participants had a past or current diagnosis of any psychiatric or

sensory cortex and the sensory outcome following SCI has been

major neurological illness. The study was run in accordance with the

described (Freund et al., 2011; Grabher et al., 2015; Kambi

Declaration of Helsinki, and the Ethics Committee at the Institute of

et al., 2014).

Psychology, Chinese Academy of Sciences, approved the study (the

Postherpetic neuralgia (PHN), which is defined as pain persisting

National Natural Science Foundation of China, No: 31671141). Writ-

for more than three months following the onset or healing of herpes

ten informed consent was obtained from all participants before enroll-

zoster, is one of the most common types of chronic peripheral neuro-

ing in the study.

pathic pain (Scholz, Finnerup et al., 2019). PHN-related pain comprises spontaneous pain (e.g., sharp, burning, and aching) as well as
dynamic mechanical allodynia. Patients suffering from PHN often

2.2
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Demographic and pain characteristics

exhibit multiple signs of peripheral and central neuropathy
(e.g., hyperalgesia, allodynia, and sensory loss) as well as cerebral

All participants provided demographic information (age, gender, and

alterations in multiple brain regions, including S1 (Dworkin, 2002;

educational level) and completed psychological questionnaires to

Geha et al., 2007; Price, 2000; Sah et al., 2003). Importantly, sponta-

assess depression (Beck's Depression Index, BDI) (Beck et al., 1996)

neous pain in PHN patients was directly linked to increased cerebral

as well as state and trait anxiety (State–Trait Anxiety Index, STAI).

blood flow (CBF) in the S1 (Liu et al., 2013; Liu et al., 2017). However,

Spontaneous pain was assessed using the short form of the McGill

whether the perception of evoked and spontaneous pain related to

Pain Questionnaire (SF-MPQ) (Melzack, 1987). The SF-MPQ contains

PHN involves structural or functional S1 reorganization has not

(1) a pain rating index (PRI), which consists of 15 descriptors ranging

explicitly been addressed.

from 0 (none) to 3 (severe); (2) a present pain intensity (PPI) index

In this study, we explored (1) S1 activity and functional organiza-

ranging from 0 (no pain) to 5 (unbearable pain); (3) a 10-cm visual

tion related to evoked pain in PHN patients and healthy controls and

analogue scale (VAS) to assess the intensity of the mean daily pain

(2) related to spontaneous pain in the patient group. Furthermore, we

during the past 2 weeks. The SF-MPQ total score is the sum of the

investigated (3)

three indices.

whether

bilateral S1

resting-state

functional

3
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70 ; FOV = 220 mm  220 mm; matrix = 64  64; slice thickness =

Experimental design

3 mm; slices = 43).
The experiment comprised three different MRI scans in a fixed order: a
T1-weighted structural scan, a resting-state fMRI scan, and a task fMRI
scan. A schematic overview of the paradigm is shown in Figure 1a. For

2.6

|

Voxel-based morphometry

the resting-state fMRI scan, participants were required to lay supine in
the scanner and keep their eyes fixed on a white cross centered on the

Gray matter volume was examined using voxel-based morphometry

screen for 10 min. For the task fMRI scan, 20 nociceptive stimuli were

from FSLVBM. Voxel-based morphometry (VBM) has been used for

delivered to a square area on the dorsum of the left hand (see details

identifying gray matter volume (GMV) changes in diseases with

below). Each trial started with a 6s fixation of a white cross centered

chronic pain such as the trigeminal neuralgia, fibromyalgia, and chronic

on the screen, followed by the delivery of a nociceptive stimulus with

back pain (Li et al., 2017; Luerding et al., 2008; May, 2011; Obermann

a duration of 4 ms. A visual cue was presented 15 s after the nocicep-

et al., 2013). In our study, we selected the VBM is to allow for com-

tive stimulus to prompt participants to rate the pain intensity and

parisons with studies on other types of neuropathic pain which have

unpleasantness on an 11-point Visual Analog Scale (VAS), with 0 indi-

mainly focused on S1 and VBM. All T1-weighted images were first

cating “no sensation” and 10 indicating “unbearable sensation” within

brain extracted and then segmented into gray matter, white matter, or

6 s by pressing buttons on a shank in their right hand (Figure 1b). The

cerebrospinal fluid. A gray matter template was generated by register-

inter-trial interval (ITI) varied randomly between 1 and 2 s.

ing and averaging all gray matter images. The gray matter image for
each participant was then registered to the template using non-linear
transformation. A voxel-wise permutation test was used to identify

2.4
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Nociceptive stimuli

significant group differences between PHN patients and HC to a distribution generated from 5000 permutations of the data for each

Nociceptive stimuli were pulses of radiant heat generated by an infra-

voxel of the template, using a sigma filter of 3 mm for smoothing. The

red neodymium yttrium aluminum perovskite (Nd:YAP) laser with a

p < .05 (FWE, using the Threshold-Free Cluster Enhancement [TFCE]

wavelength of 1.34 μm (Electronic Engineering, Florence, Italy). We

method) were considered statistically significant.

decided to use noxious laser stimuli as they specifically activate Aδ
fiber and avoid the potentially confounding effect of touch from contact with skin. Moreover, laser stimuli are short-lasting and safe to

2.7
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fMRI data pre-processing

apply, which enabled us to acquire laser-evoked brain activation
quickly in the fMRI experiment. Laser pulses were delivered to a circu-

The fMRI image processing and data analyses were performed using

lar area (diameter ≈4 cm) on the dorsum of the participant's left hand.

FMRI Expert Analysis Tool (FEAT), version 5.98, which is part of the

The laser beam was set at a diameter of 7 mm by focusing lenses

Functional Magnetic Resonance Imaging of the Brain (FMRIB) Soft-

connected to the optic fiber, with a fixed stimulus intensity of 3.5 J to

ware Library (FSL; http://www.fmrib.ox.ac.uk/fsl/). Pre-processing of

elicit a painful pinprick sensation (Bromm & Treede, 1984). To prevent

functional imaging data included motion correction using MCFLIRT

nociceptor fatigue or sensitization, the laser beam target was manually

(Jenkinson et al., 2002); removal of non-brain structures using Brain

shifted by about 1 cm in a random direction after each stimulus (Jin

Extraction Tool (Smith et al., 2002); spatial smoothing using a Gauss-

et al., 2018). Notably, we only applied nociceptive stimuli to the par-

ian kernel with a 5-mm FWHM, and high-pass temporal filtering (cut-

ticipants' left hand and expected to obtain brain activation in the con-

off: 100 s). Independent component analysis (ICA)-based denoising

tralateral S1.

was performed (Beckmann & Smith, 2004) for each individual fMRI
data to remove the artifacts, including head motion, white matter and
cerebrospinal fluid noise, high-frequency noise, slice dropouts, gradi-

2.5

|

MRI data acquisition

ent instability, EPI ghosting, and field inhomogeneities.

Both structural and functional MRI data were acquired on a 3.0 T GEMRI scanner with an 8-channel head coil at the Institute of Psychol-

2.8
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Task fMRI: General linear model analysis

ogy, Chinese Academy of Sciences. For each participant, a
T1-weighted structural image was acquired using a 3D SPGR


Task fMRI data was modeled on a voxel-by-voxel basis using a general

sequence (TR/TE = 6.9/2.9 ms, FA = 8 , FOV = 256 mm  256 mm,

linear model (GLM) approach (Woolrich et al., 2001), and a whole-

matrix = 256  256,

A

brain analysis as well as S1-specific ROI analyses, were conducted.

whole-brain gradient-echo, echo-planar imaging (GE-EPI) sequence

The fMRI time series were modeled using a series of regressors,

was used to obtain functional data with 300 volumes for resting-state

including the events of interest (i.e., the occurrence of laser stimuli,

slices = 192,

slice

thickness = 1.0 mm).



fMRI scan (TR/TE = 2000/30 ms; flip angle: 90 ; FOV = 220 mm 

rating period) convolved with a gamma hemodynamic response func-

220 mm; matrix = 64  64; slice thickness = 4 mm; slices = 30) and

tion and their temporal derivatives. For each individual, parameter

320 volumes for the task fMRI scan (TR/TE = 2000/30 ms; flip angle:

estimates for the regressors that described BOLD activation evoked

4
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F I G U R E 1 Experimental paradigms and pain characteristics. (a) a schematic diagram summarizing the experimental design. Participants' pain
characteristics were confirmed during a psychological assessment. The MRI data consisted of three different scans: Scan 1 = high-resolution
structural scan; scan 2 = resting-state functional MRI data were acquired; scan 3 = task functional MRI data were acquired during nociceptive
laser stimuli applied to the participants' dorsum of the left hand. Each scan is represented visually by a different color. (b) Design of task fMRI
paradigm, which contained a single block of 20 trials with transient laser stimuli. Each trial started with a 6s fixation of the white cross centered
on the screen and followed by the delivery of a nociceptive stimulus. A visual cue presented 15 s after the nociceptive stimulus prompted the
participants to rate the perceived intensity and unpleasantness within 6 s on the 11-point NRS, respectively. The inter-trial interval (ITI) was 1–
2 s. (c) The comparison of pain intensities (SF-MPQ) and psychological variables (i.e., BDI, SAI, and TAI) between PHN patients and HC. Pain
intensity ratings (SF-MPQ) and psychological variables (i.e., BDI, SAI, and TAI) were significantly larger in PHN patients than in HC (***p < .001).
(d) The correlation between pain intensities and psychological variables in PHN patients. SF-MPQ ratings were positively correlated with BDI,
SAI, and TAI scores in PHN patients. (e) Scatter plots of perceived intensity and unpleasantness of nociceptive stimuli for all individuals, and the
comparison of pain intensity and unpleasantness between PHN patients and HC. The perceived intensity and unpleasantness to nociceptive
stimuli were not significantly different between PHN patients and HC (ns, not significant). BDI, Beck-depression index; SAI, state-anxiety index;
SF-MPQ, short-form McGill pain questionnaire; TAI, trait-anxiety index.
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by the laser stimuli were generated. The contrast of parameter esti-

both groups separately for bilateral IS1 and bilateral SS1. The same S1

mates (COPE) images was co-registered to a standard template in a

ROIs as defined in the section on task-fMRI were used in the resting-

two-stage spatial registration process: fMRI to structural images using

state analysis. First, IS1 and SS1 masks were registered back into each

FMRIB's

(Jenkinson

participant's native space. Next, we extracted the BOLD time series

et al., 2002) and structural images to a standard template

from the seed regions and subsequently calculated the correlations

(MNI152-2 mm) using FMRIB's Non-linear Image Registration Tool

between the bilateral IS1 as well as bilateral SS1 while controlling for

(FNIRT). Group-level statistical analyses (group average and differ-

participants' age, gender, and the duration of pain in both groups. The

ence) were carried out using a mixed-effect approach (FLAME,

resulting correlation coefficients were converted to z scores for fur-

FMRIB's Local Analysis of Mixed Effects; Beckmann et al., 2003;

ther statistical analysis. Independent sample t-tests were used for

Woolrich et al., 2004) with one-sample t-tests to obtain mean brain

each ROI to detect differences between PHN patients and

responses to nociceptive stimuli for each group and independent sam-

HC. Pearson correlation analyses were performed to assess the rela-

ple t-test to compare responses between groups. To test for differ-

tionship between pain intensities and functional connectivity in PHN

ences in stimulus-evoked S1 activity between PHN patients and HC,

patients. In order to explore the specificity of our S1 findings, the

BOLD activity was compared between both groups using a region-of-

same connectivity analysis was performed for the left and right pri-

interest approach with unilateral S1 defined in MNI space based on

mary motor cortex (M1). We chose M1 as the control region because

the Harvard–Oxford atlas (90% thresholded). Thus, we defined a new

it is located adjacent to S1 in the parietal cortex but subserves a very

variable HEMISPHERE (ipsilateral [S1Left] and contralateral [S1Right]

different function.

Linear

Image

Registration

Tool

(FLIRT)

side corresponding to the stimulation site). We performed a two-way
analysis of variance (ANOVA) with a between-subject factor GROUP
(PHN vs. HC) and a within-subject factor HEMISPHERE (S1Left

2.10

|

Multivariate pattern analysis

vs. S1Right). If the interaction between the two factors was significant,
post-hoc paired sample t-tests were carried out to compare S1Left and

Multivariate pattern analysis (MVPA) was used to investigate whether

S1Right activity, separately for PHN patients and HC. Bonferroni cor-

structural and functional features of S1 ROIs (IS1 and SS1), as defined

rection was applied for multiple comparisons. In addition, we also

above, were able to predict evoked pain in HC and spontaneous as

examined brain responses associated with laser-evoked pain and

well as evoked pain in PHN patients. The relationship between the

spontaneous pain in PHN patients. A general linear model was used

extracted BOLD signals/gray matter volume and spontaneous/evoked

with pain ratings for laser-evoked pain as regressors of interest and

pain ratings in PHN patients and HC were modeled using a multivari-

age, gender, and pain durations as covariates to determine pain-

ate linear regression (MVLR) and decoded using a support vector

related activation across the whole brain. The SF-MPQ questionnaire

regression (SVR), as implemented in the LIBSVM toolbox. The calcula-

(Melzack, 1987) was used to assess the intensity of spontaneous pain.

tion resulted in a pattern of prediction weights for all independent

Pain intensities were demeaned (zeroing set to mean) and included as

variables (Tu et al., 2019). The prediction of pain ratings was achieved

regressors to determine their relationships to brain activity after con-

based on the leave-one-subject-out cross-validation procedure. In

trolling the effects of age, gender, and pain durations. Statistical

each iteration, data of one participant was selected as the test sample,

images for activations of laser-evoked pain were thresholded using

and datasets of the remaining participants were used as training sam-

cluster-forming correction determined by z > 2.3 and a corrected clus-

ples. This procedure was repeated until data of each participant had

ter significance threshold of p < .05. Activity during spontaneous pain

been used as the test sample once. The predicted pain rating was cal-

was analyzed using FSL-Randomize with 5000 permutations within

culated by taking the dot product of the pattern of prediction weights

the S1 mask (p < .05 TFCE corrected). As explained in more detail in

obtained from the training samples and the BOLD signals/gray matter

the Section 3, our analyses of laser-evoked and spontaneous pain in

volume in S1 ROIs from the test sample. To evaluate the prediction

PHN patients revealed different activation patterns in the inferior and

performance, we calculated the prediction–outcome correlation,

superior portions of S1. To follow up on these findings, we divided

which was defined as the correlation coefficient between the actual

the S1 mask into an inferior (IS1) and a superior portion (SS1) in MNI

and predicted magnitudes of pain rating (Doehrmann et al., 2013;

space based on the encoding regions from the task fMRI results for

Lindquist et al., 2017; Wager et al., 2011). We also examined whether

further resting-state functional connectivity analyses (cortical coordi-

resting-state functional connectivity of bilateral S1 ROIs was able to

nates in both hemispheres: z = 56).

predict spontaneous pain ratings (SF-MPQ ratings) in PHN patients.
The prediction was modeled using the same MVLR and decoded using
the same SVR as described above.

2.9 | Resting-state fMRI: Seed-based functional
connectivity analysis
2.11

|

Statistical analysis

As our analyses of laser-evoked and spontaneous pain in PHN
patients revealed different encoding patterns in IS1 and SS1, we

Independent sample t-tests were used for detecting differences in

decided to compare resting-state functional connectivity between

demographic, pain, psychological variables, and mean pain intensity

6
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ratings following laser stimulation between PHN patients and HC. For

evidence for a main effect of within-factor HEMISPHERE (contralat-

PHN patients, Pearson correlation analyses were performed to assess

eral S1 vs. ipsilateral S1, F[1,34]) = 22.213, p < .001, ηp2 = 0.417) but

the relationship between pain intensities and psychological variables.

no evidence for a main effect of GROUP (PHN patients vs. HC, F

The significance level was set as p < .05.

[1,34]) = 0.597, p < .446, ηp2 = 0.019). There was a significant but
weak evidence for an interaction between both factors (F[1,34])
= 5.060, p = .032, ηp2 = 0.140, Figure 2b, right panel). Post-hoc

3

RESULTS

|

paired samples t-test revealed that HC showed a clear side difference
in S1 response to laser stimuli with a more pronounced response in

3.1

|

Psychophysics

contralateral S1 (t = 2.523, p = .021). This side difference was absent
in PHN patients (t = 0.024, p = .981). Importantly, patients exhibited

The comparison of demographic, pain, and psychological characteris-

significantly stronger activation in ipsilateral S1 compared with HC

tics between PHN patients and HC is summarized in Table 1. The two

(t = 2.077, p = .045), while contralateral S1 responses were not sig-

groups did not differ significantly with respect to gender, age, and

nificantly different between the two groups (t = 0.006, p = .991).

education level. As expected, the intensity of pain, as quantified by
PRI, PPI, VAS, and total SF-MPQ scores were significantly higher in
PHN patients than in HC (Table 1, Figure 1c). In addition, patients

3.4

|

S1 responses related to pain perception

reported higher levels of depression as well as state and trait anxiety
(Table 1, Figure 1c).

To test whether brain activity following laser stimulation were related

In PHN patients, BDI, SAI, and TAI scores were all positively cor-

to pain perception, the whole brain analysis was repeated but this

related with SF-MPQ total scores (BDI vs. SF-MPQ: r = .596,

time individual pain intensity ratings were included as regressors to

p = .019; SAI vs. SF-MPQ: r = .570, p = .026; TAI vs. SF-MPQ:

determine their relationships to brain activity. Results showed that

r = .600, p = .017; Figure 1d).

BOLD activity in contralateral S1 scaled with the reported pain inten-

Scatter plots of the perceived intensity and unpleasantness of

sity in HC. As shown in Figure 3a, the pain encoded region of S1 is

noxious laser stimuli for all participants are shown in Figure 1e. Mean

closer to the upper layers, which we defined as superior S1 (SS1). In

perceived intensity (t[34] = 0.621, p = .539) and unpleasantness (t

contrast, PHN patients showed pain intensity related activation in

[34] = 0.412, p = .683) of pain were not significantly different

more lower layers of S1 in both hemispheres (Figure 3b), which we

between PHN patients and HC, which indicates that the nociceptive

defined as inferior part of S1 (IS1). In addition, we also examined brain

laser stimuli of a fixed stimulation intensity induced a comparable sen-

responses associated with spontaneous pain in PHN patients, as

sation in both groups (Figure 1e).

assessed by the SF-MPQ. Results showed spontaneous pain intensity
related activation in the right SS1 (Figure 3a, third panel). Figure 3a
(fourth panel) displays all four findings superimposed on the S1 ana-

3.2

|

Voxel-based morphometry analysis

tomical template (yellow) for illustration purposes. Of note, there was
no overlap between the cluster in contralateral SS1 identified in HC

The whole-brain VBM analysis did not reveal any significant differ-

and the bilateral IS1 activation identified in PHN patients. Based on

ences in gray matter volume between PHN patients and HC, indicat-

visual inspection, z = 56 was set as the demarcation line between

ing that PHN was not linked to evident structural changes in our

activations observed in the two groups (i.e., the demarcation between

sample. We also found no significant group differences when the

IS1 and SS1). Importantly, the cluster in the right SS1 encoding spon-

analysis was limited to S1 (region-of-interest analysis).

taneous pain in PHN patients (shown in purple) strongly overlapped
with the cluster in contralateral SS1 processing laser-evoked pain in
HC (shown in green). This suggests that contralateral SS1 as the S1

3.3 | BOLD activations in response to nociceptive
laser stimuli in S1

subdivision responsible for encoding acute, evoked pain in HC
becomes involved in processing spontaneous pain in PHN patients,
whereas acute nociceptive stimuli engage bilateral IS1 instead.

Stimulus-locked noxious laser stimuli elicited significant activation in a

Figure 3b shows the correlation between individual pain intensity rat-

wide range of pain-associated brain regions in both PHN patients

ings and cerebral responses in S1 for illustration purposes.

(Figure 2a, top panel) and HC (Figure 2a, bottom panel). Regions with
increased activation include the thalamus, S1, S2, ACC, posterior cingulate cortex (PCC), and insula. A whole-brain analysis comparing both
groups showed no significant differences in laser evoked activations.

3.5 | Resting-state functional connectivity
between bilateral S1

Patients' laser-evoked activation maps are organized in the order of
dermatomes affected as seen in Figure S1.

Intrinsic resting-state functional connectivity between (i) left and right

Our next analysis step used a region-of-interest approach to

IS1 and (ii) left and right SS1 was compared between PHN patients

focus on S1 (Figure 2b, left panel). A two-way ANOVA showed strong

and HC. Results indicated that functional connectivity between
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T A B L E 1 Comparison of
demographic, pain, and psychological
characteristics between PHN patients
and healthy controls (HC, mean ± SD)

Female/male

PHN patients

Healthy controls

11/5

12/8

Age, yr

65.75 ± 6.99

61.55 ± 8.21

χ 2/t value

p value

0.295

.587

1.627

.113

Education, yr

11.25 ± 3.92

12.20 ± 2.58

0.834

.389

PRI

15.22 ± 9.19

0.90 ± 1.97

6.794

<.001

PPI

3.06 ± 1.28

0.40 ± 0.94

7.190

<.001

VAS

5.06 ± 2.30

0.55 ± 1.13

7.697

<.001

SF-MPQ

23.46 ± 12.06

1.85 ± 3.77

7.586

<.001

BDI

6.27 ± 3.93

2.15 ± 2.45

3.803

<.001

SAI

41.73 ± 13.35

26.25 ± 4.98

4.781

<.001

TAI

42.27 ± 8.48

31.05 ± 6.36

4.747

<.001

Abbreviations: BDI, Beck-Depression Index; PPI, present pain intensity; PRI, pain rating index; SAI, stateanxiety index; SF-MPQ, short-form McGill pain questionnaire; TAI, trait-anxiety index; VAS, 10-cm visual
analogue scale.

bilateral IS1 was not significantly different between PHN patients and

MPQ; r = .235, p = .379; Figure 5B[c]). When BOLD activity in SS1

HC (t = 0.886, p = .381), and was not correlated with spontaneous

was used as a predictor, SS1 activity in HC was able to predict their

pain in PHN patients (r =

.171, p = .942, Figure 4a). In contrast,

ratings of laser-evoked pain (r = .509, p = .022; Figure 5B[d]). In con-

PHN patients exhibited significantly weaker functional connectivity

trast, SS1 activity in PHN patients was unable to predict ratings of

between bilateral SS1 than HC (t = 2.355, p = .024). Importantly, this

evoked pain (r = .267, p = .317; Figure 5B[e]), but could predict spon-

bilateral SS1 functional connectivity was negatively correlated with

taneous pain (assessed by SF-MPQ; r = .469, p = .050; Figure 5B[f]).

spontaneous pain in PHN patients (r =

.526, p = .036, Figure 4b).

Finally, using resting-state functional connectivity data, ratings of

That is, the more intense the spontaneous pain, the less intrinsic

spontaneous pain in PHN patients were unable to predicted by bilat-

resting-state functional connectivity we found between left and right

eral IS1 functional connectivity (r = .082, p = .761; Figure 5C[a]), but

SS1. Results for the control region (i.e., M1) showed that functional

could predicted by bilateral SS1 functional connectivity (r = .519,

connectivity between bilateral M1 was not significantly different

p = .039; Figure 5C [b]). In contrast, ratings of evoked pain in HC

between PHN patients and HC (t = 0.731, p = .470) and was not cor-

could not be predicted by resting-state functional connectivity of

related with spontaneous pain in PHN patients (r =

bilateral SS1 and bilateral IS1.

.138, p = .610,

Figure 4c).

4
3.6 | S1 activity predicts spontaneous and evoked
pain intensities

|

DI SCU SSION

S1 is known to be a key brain region for pain processing. Changes in
S1 activity and functional organization have so far mainly been docu-

Using a multivariate pattern analysis approach, we first tested

mented for patients with PLP, CRPS, and SCI. Here, we investigated

whether pain ratings could be predicted from structural brain mea-

whether structural and functional alterations can also be found in

sures. When gray matter volume in IS1 was used as predictor, predic-

patients suffering from PHN. As the main finding of this study, we

tion of HC's intensity ratings of evoked pain was not successful

report functional S1 reorganization in PHN patients related to acute

(r = .237, p = .315; Figure 5A[a]). Likewise, gray matter volume of IS1

evoked as well as spontaneous pain. Following laser stimulation, PHN

could not predict laser-evoked pain ratings or SF-MPQ ratings in PHN

patients did not show the typical lateralized contralateral S1 response

patients (r = .190, p = .481; r = .043, p = .874; Figure 5B[b,c]). A sim-

but instead displayed bilateral activation and significantly stronger

ilar pattern was found for predictions from SS1 gray matter volume.

ipsilateral S1 activity than controls. More specifically, the laser stimu-

Prediction of HC's intensity ratings of evoked pain was not successful

lation engaged the (bilateral) inferior sections of S1 (IS1), whereas

(r = .172, p = .468; Figure 5A[d]) and in PHN patients, SS1 gray mat-

activity was located in a superior (contralateral) section of S1 in

ter volume did not predict laser-evoked pain ratings and SF-MPQ rat-

HC. Importantly, the right superior portion of S1 (SS1) that responded

ings (r = .014, p = .095; r = .021, p = .939; Figure 5A[e,f]).

to (contralateral) stimulation in HC, encoded spontaneous pain (SF-

Turning to predictions from functional brain measures, we found

MPQ) in PHN patients. Resting-state fMRI data showed weaker bilat-

that IS1 activity in HC was unable to predict their ratings of laser-

eral SS1 functional connectivity in PHN patients than in HC, and the

evoked pain (r = .052, p = .829; Figure 5B[a]), whereas in PHN

degree of functional connectivity was negatively correlated with

patients, IS1 activity predicted ratings of evoked pain (r = .566,

spontaneous pain (SF-MPQ). Lastly, using MVPA, we found that

p = .024; Figure 5B[b]), but not of spontaneous pain (assessed by SF-

BOLD activity in S1 subregions predicted intensity ratings of laser and
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F I G U R E 2 BOLD activations in response to nociceptive laser stimuli in S1. (a) Nociceptive laser stimuli elicited significant activations in the
primary/secondary somatosensory cortices (S1/S2), thalamus, anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), and insula in both
PHN patients (top panel) and HC (bottom panel). (b) The comparison of BOLD percentage changes in bilateral S1. When the bilateral S1 (MNI
anatomical template) were used as the ROIs, two-way ANOVA analysis revealed that HC exhibited a significant activation focus in contralateral
S1 to the stimulated (left) hand; while PHN patients showed greater activation in ipsilateral S1 than HC (ns, not significant; *p < .05).

spontaneous pain in PHN patients and HC, and resting-state func-

syndrome indicating CNS pathology (Lindberg et al., 2007; Pelled

tional connectivity between left and right SS1 was able to predict the

et al., 2007).

intensity of spontaneous pain in PHN patients.

4.1

|

Laser-evoked brain activity in S1

4.2 | Different encoding patterns of evoked and
spontaneous pain in S1

The comparison of laser-evoked BOLD activity showed that the

In order to directly link our findings to pain perception, we tested

noxious stimulation engaged S1 in both hemispheres in PHN

whether activity in S1 scaled with patients' pain intensity ratings. Sim-

patients with more pronounced ipsilateral S1 activity than in

ilar to the group of healthy volunteers, PHN patients showed pain-

HC. Given that afferent somatosensory fibers decussate at the level

related activity in S1 albeit with a markedly different topography.

of the spinal cord, a signal increase in contralateral S1 is expected

Healthy controls exhibited a stimulation-induced increase in signal

and has been demonstrated in a multitude of imaging studies in

level that correlated with reported pain intensity in contralateral S1.

healthy individuals using electrical stimulation, vibration, and touch

In the patient group, the same analysis revealed significant bilateral S1

as stimuli (Kropf et al., 2019). In contrast, ipsilateral activation is less

activity with more pronounced activity in the inferior section of S1

frequent. A signal increase in ipsilateral S1 most likely reflects input

(IS1) on the contralateral side compared with controls. Pain that

from contralateral S1—either through direct transcallosal connec-

occurred spontaneously in these patients on the other hand engaged

tions (Allison et al., 1989) or through projections via the S2 or thala-

the right superior portion of S1 (SS1) that processed acute noxious

mus (Blankenburg et al., 2008). This also explains the later onset of

stimuli in healthy controls. Together, these findings suggest S1 func-

ipsilateral compared with contralateral activation in intracranial and

tional reorganization in those with PHN.

MEG recordings (Allison et al., 1989; Kanno et al., 2003). Plasticity

Because our study protocol did not include extensive mapping of

studies in animals and humans have demonstrated increased ipsilat-

different body parts beyond the noxious stimulation that was applied

eral S1 responses, for instance, following peripheral nerve deaffer-

to an unaffected site (e.g., dorsal aspect of the left hand), we can only

entation or stroke, suggesting that they can be part of a clinical

speculate about potential reasons for this reorganization. In most
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F I G U R E 3 Correlation between pain intensity ratings and S1 responses to laser stimulation. (a) S1 activity maps reflecting subjective ratings
of laser-evoked and spontaneous pain. Subjective ratings of laser-evoked pain were positively correlated with activations of contralateral SS1 in
HC (first panel). Subjective ratings of laser-evoked pain were positively correlated with activations of bilateral IS1 in PHN patients (second panel).
Subjective ratings of spontaneous pain assessed by SF-MPQ were positively correlated with activations of the right SSI in PHN patients (third
panel). Positive brain activity maps of both groups were superimposed on the S1 anatomical template (fourth panel). Yellow mark, S1 anatomical
template; green mark, positive brain activity map identified by subjective ratings of laser-evoked pain in HC; red mark, positive brain activity map
identified by subjective ratings of laser-evoked pain in PHN patients; purple mask, positive brain activity map identified by subjective ratings of
spontaneous pain in PHN patients. (b) Scatter plots show the correlations between subjective ratings of pain and responses in S1.

patients of our study, PHN-related pain was located on the right side

afferent input (e.g., somatosensory training). In this case, body parts

of the trunk and right wrist. According to the S1 homunculus, both

that received stimulation would show an enlarged representation in

these sites are represented more superiorly than the hand where the

S1. In our case, this would mean an enlarged representation of the

noxious laser stimuli were applied. While this relative placement was

sites of spontaneous pain (e.g., trunk and wrist) including the part of

preserved, both representations seem to have shifted toward a more

S1 that would normally respond to input from the fingers. As a conse-

inferior position in the patient group compared with the healthy con-

quence of this expansion, body parts situated below (e.g., fingers)

trols. This observation is compatible with the notion of an enlarged

would now engage a more inferior section in the homunculus com-

representation of the affected body parts and a shift of the finger rep-

pared with the representation in healthy controls. Whether such

resentation toward a more inferior position. So far, studies investigat-

“training-like” effects indeed add to the organizational pattern found

ing S1 reorganization in the context of chronic pain have largely

in our study remains to be investigated.

reported reduced representation of the affected body part (although
see (Mancini et al., 2019). However, these observations predominantly stem from patient groups in which the hurting body part is no
longer present (e.g., PLP), is deafferented (e.g., following SCI) or in

4.3 | Resting-state functional connectivity
between bilateral S1

which pain has largely led to the disuse of the affected extremity
(e.g., CRPS). With afferent pathways' generally intact and nociceptive

Our analysis of resting-state functional connectivity revealed that

input increased, PHN patients in contrast might rather show changes

the intrinsic connectivity between bilateral SS1 was significantly

in S1 organization that are known from scenarios with increased

weaker in PHN patients than in HC, and that the connectivity
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F I G U R E 4 Resting-state functional connectivity (FC) in bilateral IS1/SS1/M1. (a) When IS1 was used as the seed, resting-state FC in bilateral
IS1 was not significantly different between PHN patients and HC (ns, no significant; middle panel); resting-state FC in bilateral IS1 was not
correlated with SF-MPQ ratings in PHN patients (right panel). (b) When SS1 was used as the seed, PHN patients exhibited weaker resting-state
FC in bilateral SS1 than HC (*p < .05; middle panel); resting-state FC in bilateral SS1 was negatively correlated with SF-MPQ ratings in PHN
patients (right panel). (c) When M1 was used as the seed, resting-state FC between left and right M1 was not significantly different between PHN
patients and HC (ns, no significant; middle panel); resting-state FC in bilateral M1 was not correlated with SF-MPQ ratings in PHN patients (right
panel).

between both regions was negatively correlated with spontaneous

connectivity with the ipsilateral homologue and that this alteration

pain. Of note, such reduced functional connectivity was not found

scales with the pain intensity reported.

in the adjacent M1.

So far, the link between S1 connectivity and pain perception is

A study by Tal et al. recently identified two relevant features of

only poorly understood, and findings are inconsistent. For instance,

resting-state connectivity between left and right S1 in healthy individ-

Kong et al. reported reduced functional connectivity between left and

uals (Tal et al., 2017). Firstly, connectivity follows the same somatoto-

right S1 in chronic low back pain patients, with bilateral S1 functional

pic organization as activations depicted in the homunculus and

connectivity positively predicting the intensity of low back pain (Kong

secondly, connections between hemispheres are strongest between

et al., 2013). Furthermore, changes can also occur in the connectivity

homologous regions and with decreasing connectivity to adjacent

between S1 and other brain regions. Our recent work in PHN patients

body parts. This gradient has been interpreted as a sharpening mecha-

found enhanced functional connectivity between right S1 and thala-

nism that ensures optimal information processing in homologue

mus as well as decreased functional connectivity between left S1 and

regions. Our findings showed that it is not only the representation of

PAG, which was correlated with increased pain intensities at resting

peripheral input and spontaneous pain that is disrupted but also the

state (Li et al., 2020).
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F I G U R E 5 Prediction of subjective
intensities of evoked and spontaneous
pain using S1 features. (A) When gray
matter volume in IS1 was used as
predictors, gray matter volume of IS1 in
HC could not predict laser-evoked pain
ratings across HC (a), and gray matter
volume of IS1 in PHN patients could not
predict laser-evoked pain ratings and SFMPQ ratings across patients (b,c); when
gray matter volume in SS1 was used as
predictors, gray matter volume of SS1 in
HC could not predict laser-evoked pain
ratings across HC (d), and gray matter
volume of SS1 in PHN patients could not
predict laser-evoked pain ratings and SFMPQ ratings across patients (e,f).
(B) When BOLD activity in IS1 was used
as predictors, IS1 activity in HC could not
predict laser-evoked pain ratings across
HC (a); however, IS1 activity in PHN
patients could predict laser-evoked pain
ratings (b) but not SF-MPQ ratings (c);
when BOLD activity in SS1 was used as
predictors, SS1 activity in HC was able to
predict laser-evoked pain ratings across
HC (a); and SS1 activity in PHN patients
was unable to predict laser-evoked pain
ratings (b), but able to predict SF-MPQ
ratings across patients (c). (C) PHN
patients' FC of bilateral IS1 was unable to
predict SF-MPQ ratings across patients
(a); PHN patients' FC of bilateral SS1 was
able to predict SF-MPQ ratings across
patients (b).

4.4 | Prediction of within-subject variability of pain
intensity from S1 features

could potentially function as predictors for inter-individual differences
for pain perception. Further investigations are needed to specify neural processes underlying these alterations. Possible routes to this reor-

As a final step in our series of analyses, we formally tested whether

ganization include an increase in bottom-up information transfer

structural and functional features of IS1 and SS1 could predict within-

(e.g., through increased peripheral input) and a decrease of top-down

subject variability of pain intensity. To this end, we used a multivariate

modulation that reveals a reorganized S1 map.

pattern analysis approach to decode within-subject variability of pain
intensity associated with spontaneous and laser-evoked pain from S1
gray matter volume, activity related to evoked and spontaneous pain

5

|

CON C LU SION AN D OUT LO OK

as well as resting-state functional connectivity. Findings of previous
investigations into structural and functional changes in S1 in several

Together, our findings provide robust evidence for changes in func-

chronic pain conditions have been controversial as they reported

tional features of S1 in patients with PHN-related pain. However,

increases, decreases, or no change in S1 activity (Klug et al., 2011;

they also raise a number of questions that need to be addressed.

Lenz et al., 1987). We found that laser-evoked pain was predicted by

Firstly, we only applied nociceptive stimuli to the participants' left

IS1 activity in PHN patients and by SS1 activity in controls, whereas

hand, which limits our ability to explore the lateralization of

SS1 activity predicted spontaneous pain in patients. These observa-

responses. Further studies are therefore needed to investigate any

tions confirm our univariate analyses and suggest that changes in S1

site-specific differences. Secondly, the MVPA results were not
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validated in a separate dataset which should be the focus of future
investigations. Thirdly, it needs to be explored what led to the functional reorganization, why patients show a predominantly ipsilateral
response and whether alterations in S1 representation are a cause or
consequence of changes in functional connectivity. Only longitudinal
studies in larger samples allow us to track the development of the key
variables over time to shed light on their relationship and develop a
causal model of plasticity underlying pain perception and neural processing in PHN. Finally, the correlation between changes in S1 functional organization and pain (evoked and spontaneous) requires
further investigation. The relationship between these two variables
has been debated in the context of PLP for a long time but it has
remained unclear how changes in the representation or connectivity
of S1 can give rise to the sensation of pain.
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