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ABSTRACT

Although the small-diameter primary afferent fibers in the skin promptly respond to nociceptive stimuli and con-
vey sensory inputs to the central nervous system, the neural signatures that underpin the relationship between
cutaneous afferent fibers and pain perception remain elusive. We combined skin biopsy at the lateral aspect of
the distal leg, which is used to quantify cutaneous afferent fibers, with fMRI, which is used to assess brain re-
sponses and functional connectivity, to investigate the relationship between cutaneous sensory nerves and the
corresponding pain perception in the brain after applying heat pain stimulation to the dorsum of the right foot
in healthy subjects. During painful stimulation, the degree of cutaneous innervation, as measured by epidermal
nerve fiber density, was correlated with individual blood oxygen level-dependent (BOLD) signals of the posterior
insular cortex and of the thalamus, periaqueductal gray, and rostral ventromedial medulla. Pain perception was
associated with the activation of the anterior insular cortex and with the functional connectivity from the anterior
insular cortex to the primary somatosensory cortex during painful stimulation. Most importantly, both epidermal
nerve fiber density and activity in the posterior insular cortex showed a positive correlation with the strength of
coupling under pain between the anterior insular cortex and the primary somatosensory cortex. Thus, our find-
ings support the notion that the neural circuitry subserving pain perception interacts with the cerebral correlates

of peripheral nociceptive fibers, which implicates an indirect role for skin nerves in human pain perception.

© 2015 Elsevier Inc. All rights reserved.

Introduction

Sensory nerves, which belong to the small-diameter category in the
most superficial layer of the skin, the epidermis, respond to nociceptive
stimuli (i.e., actual or potential tissue-damaging stimuli encoded by
nociceptors) and serve the sensation of pain (i.e., an unpleasant sensory
and emotional experience) (Merksey and Bogduk, 1994) by transmit-
ting these sensory inputs to the brain (Ringkamp et al., 2013; Todd
and Koerber, 2013). Despite extensive studies on their functions, the
data obtained from both healthy controls (Selim et al., 2010) and
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neuropathic conditions (Herrmann et al., 2004; Zhou et al.,, 2007) have
not revealed a direct correlation between skin innervation and the
perception of pain, thus suggesting additional central modulations
during the transmission from the periphery to the brain. In primates,
anatomical tracer studies have shown that the peripheral nociceptive
inputs that are received by epidermal nerves are relayed to the
brainstem homeostatic centers, ascend to the thalamus, and project
heavily to the posterior insular cortex (IC), primary somatosensory cor-
tex (SI), and anterior cingulate cortex (ACC) (Craig, 2003; Dum et al.,
2009; Willis et al., 2001). Although these brain regions serve as the ce-
rebral destination of nociceptive transmission, direct evidence from
functional brain imaging studies in humans is lacking concerning the
central representation of skin nerves and their role in pain perception.

In contrast to the posterior IC which receives nociceptive informa-
tion, the anterior IC, which has the highest incidence of activation to
acute experimental pain (Apkarian et al., 2005) and displays neural ac-
tivity correlated with pain perception (Coghill et al., 1999; Tseng et al.,
2013b), is a region that is critical to integrating pain information with
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emotional and cognitive processes to create the subjective pain experi-
ence (Baliki et al., 2009; Craig, 2009). Recent evidence indicates that the
processing of pain engages the functional linkage between the anterior
IC and pain-related brain areas, such as the somatosensory cortices and
cingulate (Peltz et al., 2011; Wiech et al., 2010). Considering intensity to
be the most salient characteristic of pain (Turk and Melzack, 1992), it is
thus plausible that the functional connectivity of the anterior IC also
modulates the perception of intensity in the context of pain. Moreover,
because evidence suggests that the insula plays a pivotal role in
transforming nociceptive inputs into pain perception (Baliki et al.,
2009), it is likely that anterior IC-associated functional circuitry inter-
acts with the posterior IC to integrate pain information that is conveyed
via cutaneous afferent fibers. Nevertheless, evidence in support of these
hypotheses is still missing in humans. It remains an open question
whether the neural representation of pain perception is related to the
neural substrates of peripheral afferent nerves.

Several groups, including ours, have developed sensitive staining
techniques to visualize and quantify these cutaneous nerve terminals
(Lauria et al., 2010). Recently, we demonstrated altered cerebral activity
(Tseng et al., 2013a) and functional connectivity (Hsieh et al., 2015) fol-
lowing cutaneous nerve degeneration, which suggested the existence of
a quantitative relationship between the peripheral and central neural
substrates of pain. Based on this observation, the purpose of the current
study is to investigate the relationships among peripheral afferent fi-
bers, brain responses to pain, and pain perception in healthy subjects.
We combine skin biopsy (Lauria et al., 2010) and functional magnetic
resonance imaging (fMRI) to measure the epidermal nerve fiber density
(ENFD) of the distal leg and corresponding pain perception and brain
activities after applying heat pain stimulation to the foot. We hypothe-
sized that the neural correlates representing the quantity of cutaneous
afferent nerves, particularly the posterior IC, would be parametrically
associated with the functional network related to the perception of
pain (i.e., the functional connectivity of the anterior IC).

Methods
Subjects

Seventeen healthy right-handed subjects (8 men and 9 women) be-
tween 26 and 70 years of age (mean: 48.5) participated in the study.
Each subject's personal history of neurologic systems was taken to ex-
clude latent neurologic disorders, and neurological examinations were
performed to exclude any neuropsychiatric disorder or pain symptoms.
Because clinically silent cerebrovascular pathology in persons of ad-
vanced age may affect neurovascular coupling and blood oxygen level-
dependent (BOLD) signals (D'Esposito et al., 2003), subjects with the
presence of cerebral infarcts, hemorrhage, or subcortical arteriosclerotic
encephalopathy on T2 MRI were not enrolled in the current study. The
study was approved by the Ethics Committee of National Taiwan
University Hospital, Taipei, Taiwan. Informed consent was collected
from all subjects before the experimental procedures.

Quantification of epidermal nerve fiber density

Under local anesthesia with 2% lidocaine, a 3-mm punch of skin was
taken from the distal leg 10 cm above the lateral malleolus. The immu-
nohistochemical staining of skin tissues and quantification of ENFD
followed previously established protocols (Tseng et al., 2006). Briefly,
to visualize intraepidermal nerve fibers, protein gene product 9.5
(PGP 9.5; 1: 1000; UltraClone, Isle of Wight, England) immunostaining
was performed on 50-um skin sections perpendicular to the dermis.
PGP 9.5-immunoreactive nerve fibers in the epidermis were counted
at a magnification of 400x with an Olympus BX40 microscope (Tokyo,
Japan), and the length of the epidermis along the upper margin of the
stratum corneum in each section was measured using Image-Pro PLUS
(Media Cybernetics, Silver Spring, MD, USA). ENFD was therefore

expressed as the number of fibers per millimeter of epidermal length.
For each skin tissue, there were 48-50 sections, and all of the sections
were sequentially labeled. Every fifth section was immunostained and
quantified. The mean value of these sections was considered the ENFD
of the specimen. In our laboratory, the normative values [mean + SD
(5th percentile)] of ENFD in the distal leg were 11.16 + 3.70 (5.88)
fibers/mm for subjects aged <60 years and 7.64 + 3.08 (2.50)
fibers/mm for subjects aged > 60 years. The cutoff point for ENFD
was 5.88 and 2.50 fibers/mm in the two age groups, respectively
(Tseng et al., 2006).

Thermal stimulation

An MR-compatible contact heat-evoked potential stimulator (PATH-
WAY sensory evaluation system; Medoc, Ramat Yishai, Israel) with a
27-mm-diameter circular thermofoil (572 mm?) was used to apply
thermal stimulation (Tseng et al., 2013b). The thermofoil permitted a
very rapid heating rate (up to 70 °C/s) and a fast cooling rate (up to
40 °C/s). Cooling began immediately after the thermode reached its
target temperature. In this study, the stimulus temperature was defined
as the temperature of the thermofoil applied to the skin.

Experimental paradigm

The fMRI study was performed either before the skin biopsy or
7 days after it. None reported pain from the skin biopsy wound at the
time of scanning. The block-designed fMRI paradigm was similar to
our previous protocols (Tseng et al., 2013b). One hour before fMRI scan-
ning, subjects familiarized themselves with the instructions for the ex-
periment and the rating procedure in a waiting room. The imaging
session consisted of one T2-weighted imaging, one T1-weighted ana-
tomical scan, and one EPI run. To avoid pain from the skin biopsy
wound and because the ENFDs at different anatomical sites on a lower
limb were highly correlated in each individual (McArthur et al., 1998),
the thermode was strapped to a fixed site on the dorsum of the right
foot without causing any pressure to apply stimuli during the functional
scan. The EPI run consisted of 5 presentations of the same stimulus that
increased from the baseline 32 °C (36 s) to 44 °C (12 s) at 20 °C/s and
then immediately returned to the baseline temperature at 40 °C/s
after the thermode reached its target temperature. Throughout the im-
aging session, subjects were instructed to keep their eyes closed during
stimulation, to refrain as much as possible from moving, to pay atten-
tion to the stimuli, and to keep in mind the sensation that they felt
and report it after each functional scan was completed. To minimize
the confounding effects of rating-related cognitive activity on pain per-
ception (Bantick et al., 2002; Kong et al., 2006), subjects were asked to
verbally rate the average perception for the 5 stimuli. To measure
perceived pain intensity, we used a verbal rating scale (VRS) ranging
from O to 10, with 0 indicating no sensation, 4 just barely painful, and
10 unbearable pain (Ochsner et al., 2006).

fMRI data acquisition

All images were collected using a 3 T MRI scanner (Trio, Siemens,
Erlangen, Germany). The subject's head was comfortably positioned in-
side a receive-only, 8-channel head coil that was padded with sponges,
and the head was fixed with a strap across the forehead to minimize
head motion. Each subject was provided with earplugs to minimize
scanner noise. A whole-brain structural image was acquired using T1-
weighted image (TR = 581 ms; TE = 6.7 ms; flip angle = 87°; field of
view = 25 x 25 cm; slice thickness = 3.9 mm; 35 slices in axial
plane; acquisition matrix = 256 x 256). Blood oxygenation level-
dependent (BOLD) signals were acquired using a gradient-echo echo-
planar imaging (EPI) sequence (TR = 3000 ms; TE = 30 ms; flip
angle = 90°; field of view = 250 x 250 mm; slice thickness = 3.9 mm;
acquisition matrix = 64 x 64; voxel size = 3.9 x 3.9 x 3.9 mm). A total
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of 35 horizontal slices along the anterior/posterior commissure line were
obtained, which covered the entire brain. The first 4 volumes were
discarded to allow for spin saturation effects.

fMRI data analysis

fMRI data processing and analysis were performed using SPM8
(www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB (Mathworks,
Sherborn, MA, USA). Briefly, the fMRI data series were realigned to the
first volume in each scan sequence and re-sliced with sinc interpolation
to correct for motion artifacts. Subjects who were enrolled in the pres-
ent study had no scans with sudden head movements greater than
2 mm. The resulting mean image was registered to the corresponding
T1-weighted anatomical image. To enable inter-subject analysis, the
T1-weighted image of each subject was normalized to the standard
Montreal Neurological Institute (MNI) template (Collins et al., 1994),
and the normalization parameters were then applied to the functional
data of that subject. The resampled voxel volume of the normalized
images was 2 x 2 x 2 mm. Subsequently, data were smoothed using
an isotropic Gaussian kernel with an 8 mm full width at half maximum
(FWHM). A high-pass filter with a cutoff period of 128 s was used to
remove low-frequency noise.

To identify voxels whose BOLD signals were significantly associated
with the experimental paradigms, a general linear model (Friston et al.,
1995b) was employed to model the two temporally discrete responses
representing each stimulus temperature (i.e., 44 °C and 32 °C). These
two regressors were obtained by convolving a boxcar sequence with
the hemodynamic response function implemented in SPM (Friston
et al., 1995a). Pain-specific effects were examined by evaluating the
contrasts of the parameter estimates between the two regressors
(i.e., 44 °C> 32 °C), which produced a t statistic for each voxel. The
first-level t-contrasts from each subject were then entered into a
second-level random-effects group analysis (Holmes and Friston, 1998).

The rationale of the analysis in the current study was as follows.
First, we confirmed brain activations that are typically associated with
pain to 44 °C stimuli using a one-sample t-test model in SPM. Activated
areas from this group analysis were defined as pain-related brain re-
gions in the current study. Second, to isolate the contribution of epider-
mal nerves to fMRI activations during painful stimulation without bias, a
multiple linear regression analysis was conducted, using brain activa-
tions to 44 °C stimuli as dependent variable and individual ENFD values
as independent variables, regressing out the effects of age (Tseng et al.,
2013b), gender (Greenspan et al., 2007) and difference in VRS ratings
(Peyron et al., 2000). For this analysis, a whole-brain exploratory inves-
tigation was followed by small-volume correction analyses in regions of
interest, which included the thalamus, periaqueductal gray (PAG), and
rostral ventromedial medulla (RVM). These regions were selected be-
cause previous studies have shown heavy projections of nociceptive
spinothalamic tracts to these brain areas (Craig, 2003; Dum et al.,
2009; Willis et al., 2001). In the third part of our analysis, we aimed to
identify brain areas associated with pain perception. For this purpose,
we conducted a whole-brain linear regression analysis in SPM, using
VRS ratings as independent variables to detect brain activity correlated
with pain intensity ratings. To further confirm that the ENFD values and
VRS ratings were correlated with the BOLD signals in different portions
of the IC, we employed another multiple linear regression analysis in
SPM, using both ENFD values and VRS ratings as predictors and the
BOLD signal in the left IC as the dependent variable. Fourth, to clarify
whether anterior IC-related circuitry served as the neural basis of pain
perception, we performed a psychophysiological interaction (PPI) anal-
ysis with a subsequent linear regression model to identify pain
perception-related functional connectivity (described below). We hy-
pothesized that the anterior IC interacted with other pain-related
brain regions during painful stimulation to reflect perceived pain inten-
sity and thus chose the bilateral anterior ICs as seed in PPI analysis be-
cause (1) it is the most frequently activated brain region in functional

imaging studies of pain (Apkarian et al., 2005), (2) it has been shown
to have a crucial integrative role in the awareness of interoceptive infor-
mation such as pain (Craig, 2009), and (3) its activity has been demon-
strated to parallel pain ratings in the present report (see Results and
Fig. 4) and previous studies (Coghill et al., 1999; Tseng et al., 2013b).
To confirm that the identified regions were pain-related, a conjunction
analysis was conducted on the results obtained from this linear regres-
sion analysis of PPI contrasts and the one-sample t-test that identified
pain-related brain regions. Finally, because our main aim concerned
the relationship between cutaneous afferent nerves and pain percep-
tion, we hypothesized that the neural circuitry underpinning this rela-
tionship should be correlated with both ENFD values and VRS ratings.
Given that our PPI analyses demonstrated a positive correlation be-
tween pain perception and the functional connectivity from the anterior
IC to SI, dorsomedial prefrontal cortex (PFC), and occipital cortex (see
Results and Fig. 6), we thus examined whether the strength of the func-
tional connectivity in these areas was also correlated with ENFD values.
To this end, small-volume correction analyses in SI, dorsomedial PFC,
and occipital cortex on the PPI analysis using ENFD values as a covariate
were performed. To ascertain a spatial overlap of SI clusters whose con-
nectivity with the anterior IC paralleled both VRS and ENFD, we per-
formed small-volume correction analyses within the contralateral SI in
both the linear regression analysis of PPI contrasts using VRS ratings
as a covariate and the linear regression analysis of PPI contrasts using
ENFD values as a covariate. This was followed by a conjunction analysis
using the results of both analyses.

The statistical threshold for group statistical maps was a cluster size
with at least 792 mm? and a voxelwise threshold of p = 0.001, which
achieved an o value of 0.05 after correcting for multiple comparisons.
This threshold was based on the results of the Monte Carlo simulation
(n =10000) (Forman et al.,, 1995) implemented in the 3dClustSim pro-
gram of the Analysis of Functional Neuroimages software package
(AENI; http://afni.nimh.nih.gov/afni/), where the correction for multi-
ple comparisons was confined within the brain mask (1547296 mm?)
that was obtained from the analysis of average group activation maps
in SPM8 (Tseng et al., 2013b). Small-volume correction analyses were
performed using an initial height threshold of p < 0.005, uncorrected
with subsequent family-wise error (FWE) correction for multiple
comparisons at a level of p < 0.05. Considering somatotopy in SI, the
definition of the region of interest (ROI) for the foot area in this region,
i.e.,, a sphere with a 12-mm radius centered on MNI coordinates
x/y/z = —12/—39/64 for the left SI, was based on previous fMRI
studies applying painful heat stimuli to the foot (Bingel et al., 2004).
According to a meta-analysis of painful heat-related activation
(Duerden and Albanese, 2013), the ROI of the left thalamus was defined
as a 12-mm sphere centered at MNI coordinates x/y/z = —16/—20/12.
ROIs of the PAG (0/—32/—10) and RVM (— 2/—36/—40) were defined
as spheres with a radius of 6 mm based on previous brainstem fMRI
studies on pain (Eippert et al., 2009; Fairhurst et al., 2007). In the cur-
rent study, we used the automated anatomical labeling ROI library in
the SPM MarsBar toolbox (Tzourio-Mazoyer et al., 2002) to define the
anterior (with an MNI y-coordinate > 0) and posterior (with an MNI
y-coordinate < 0) portion of insula, dorsomedial PFC, and occipital cor-
tex. All stereotactic coordinates are reported in MNI space (http://mni.
mcgill.ca/). For each subject, the mean BOLD signal change of the fMRI
data and the parameter estimates in brain regions showing significant
PPI effects were extracted from each ROI using the MarsBaR toolbox
(http://marsbar.sourceforge.net/) (Brett et al., 2002).

PPI analysis

To investigate whether painful stimulation altered patterns of func-
tional connectivity, we performed functional connectivity analyses
using a generalized form of a context-dependent PPI method (http://
www.nitrc.org/projects/gppi) (McLaren et al., 2012). This analysis as-
sesses context-dependent interactions of brain regions by examining
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temporal correlations between BOLD signals of different brain areas that
were significantly changed with the experimental conditions (Friston
et al., 1997). We extracted the deconvolved time series of activity aver-
aged over the seed region (i.e., the bilateral anterior ICs and bilateral
posterior ICs) in each subject. The regressors in the PPI analysis included
(1) a vector representing the contrast of tasks (1 for painful 44 °C
stimulation; — 1 for painless 32 °C stimulation) (the psychological
regressor), (2) a regressor representing the activation time course of
the seed region (the physiological variable), and (3) a PPI regressor
representing the cross product of the previous two. To identify
brain regions in which the degree of functional coupling with the an-
terior IC during painful stimulation reflected the perception of pain
or ENFD, first-level PPI contrasts were entered into second-level
linear regression analyses using individual VRS ratings or ENFD
values as the covariate.

Statistical analysis

Statistical analyses were conducted using SPSS (Chicago, IL, USA)
and GraphPad Prism (GraphPad Software, San Diego, CA, USA). Contin-
uous variables following a Gaussian distribution were expressed as the
mean + standard deviation. Pearson's correlation test was employed
to assess the linear relationship between two variables. Analysis of
covariance (ANCOVA) was employed to test whether slopes of linear
regression lines were significantly different (Fig. 3).

Results
Epidermal nerves and psychophysical data

In the skin of healthy subjects, cutaneous afferents of the small fiber
type, arising from the dermis, terminated in the epidermis with varicose
appearance (Fig. 1). The abundance of epidermal nerve fibers varied
among different subjects and ENFD served as a quantitative measure.
In the current study, the ENFD values for all of the recruited subjects
were within the normal limits (Table 1). On average, subjects felt
moderate pain sensation at the 44 °C stimulation (mean + SD for
VRS ratings, 6.8 4+ 1.8). Individual ENFD values did not correlate
directly with the corresponding VRS ratings to painful stimuli
(p = 0.090).

Fig. 1. Sensory nerve fibers in the skin. Skin sections from healthy subjects were immuno-
stained with anti-protein gene product 9.5, which labels sensory nerve terminals in the
skin. Epidermal nerve fibers (arrows) arose from nerve fibers in the subepidermal nerve
plexus (snp) of the dermis and entered the epidermis vertically with a varicose
appearance (scale bar = 20 um).

Table 1
Epidermal nerve fiber density (ENFD) of the distal leg and ratings from the verbal rating
scale (VRS) in our subjects.

Subject no Age (year) Gender ENFD (fibers/mm) VRS
1 26 F 13.17 9
2 26 F 9.6 7
3 27 M 9.11 7
4 32 M 11.92 6
5 32 M 11.75 9
6 43 M 8.59 7
7 44 M 6.42 7
8 47 F 7.89 7
9 49 F 9.53 4
10 50 F 7.21 9
11 56 F 11.79 10
12 59 F 7.63 5
13 64 F 7.06 4
14 64 F 437 7
15 66 M 4.59 4
16 69 M 5.45 8
17 70 M 5.72 6

Epidermal nerves and fMRI signals

As observed in Fig. 2 and Supplementary Table 1, painful 44 °C
stimuli evoked brain activations in typical pain-related regions, which
included the SI, secondary somatosensory cortex, IC, ACC, PFC, and thal-
amus (Apkarian et al., 2005). This result thus validated our paradigms.

To further explore the significance of epidermal nerves, we exam-
ined if the quantity of epidermal nerves was associated with the brain
activity to pain. Because age (Tseng et al., 2013b), gender (Greenspan
et al,, 2007), and individual pain intensity ratings (Peyron et al., 2000)
potentially biased brain responses to pain, we included these factors
in addition to the ENFD values in a whole-brain multiple linear regres-
sion model in SPM to isolate activity that was unbiasedly correlated
with the quantity of epidermal nerves. Consistent with our hypothesis,
this analysis indicated that only the activity in the contralateral posteri-
or IC was significantly associated with ENFD values across the entire
brain (Fig. 3A; Table 2). Moreover, small-volume correction analyses

7=66 z=0

Left

Fig. 2. Brain regions activated to heat pain stimulation. In this whole-brain analysis, activa-
tions to 44 °C stimulation are illustrated at p < 0.001, with an extent threshold of 792 mm>
(see Materials and Methods) and overlaid on an average structural image. The bar on the
right side shows the range of t scores for SPM8. ACC, anterior cingulate cortex; IC, insular
cortex; MI, primary motor cortex; SI, primary somatosensory cortex; SII, secondary
somatosensory cortex.
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Fig. 3. BOLD signals correlated with epidermal nerve fiber density. Functional magnetic resonance imaging signals to thermal pain stimuli that were positively predicted by epidermal
nerve fiber density (ENFD) are overlaid on an average structural image. Analyses across the whole brain (A) and in regions of interest (p < 0.05, small-volume corrected) (B) are displayed.
The plot in C shows that the correlation between activity in the posterior insular cortex (pIC) and ENFD values was significantly stronger than the correlation between pIC activity and
ratings from the verbal rating scale (VRS) (analysis of covariance, F; 30y = 5.76, p = 0.023). The bar on the right side in A shows the range of t scores for SPM8. The image data in B
are thresholded for display at p < 0.005 uncorrected. *p < 0.05 by an analysis of covariance. Th, thalamus; PAG, periaqueductal gray; RVM, rostral ventromedial medulla.

restricted to the ROIs showed that brain responses in the thalamus, PAG,
and RVM were also positively correlated with ENFD values (Fig. 3B;
Table 2).

Pain perception and fMRI signals

Because the anterior part of the insula has a crucial role in the
awareness of pain perception (Craig, 2009), we first confirmed that
the anterior IC was associated with pain perception. As shown in Fig. 4
and Table 3, in a simple regression model in SPM using VRS scores as
a covariate, the pain intensity ratings were positively correlated with
the BOLD signal in the anterior IC, SI, secondary somatosensory cortex,
and ACC.

The above findings suggested that different insular subregions were
associated with ENFD values (the posterior IC) and VRS ratings (the an-
terior IC). Because different parts of the insula may play different roles in
pain processing (Baliki et al., 2009; Craig, 2009), we further clarified

Table 2
Brain activity correlated with epidermal nerve fiber density.

Region Side MNI coordinates  tvalue  pvalue Correlation with
VRS
(x.y,2) r p value
pIC Left —38,—12, -8 8.28 <0.001 0.276  0.283
—34, —30,12 5.37 <0.001
Thalamus  Left —12,-22,18 4.20 0.001* 0.189  0.468
PAG Left —2,—-28,-8 5.29 <0.001* 0.195 0453
RVM Right 2,—34, —42 4.66 <0.001* 0.158  0.546

The table shows the anatomical locations, MNI coordinates, t scores, and uncorrected p
values of peak voxels. The right panel shows the correlation coefficients and p value of
the linear regression between the BOLD signal in activated clusters and the ratings from
the verbal rating scale (VRS). Based on a Monte Carlo simulation, only voxels surviving a
threshold of p < 0.001 uncorrected with an extent size of 792 mm? are reported. See
Materials and Methods for details. PAG, periaqueductal gray; pIC, posterior insular cortex;
RVM, rostral ventromedial medulla.
* Small-volume corrections with family-wise error correction of p < 0.05.

whether the BOLD signals in the anterior and posterior insula were pre-
dicted by ENFD values and VRS ratings, respectively. By conducting a
multiple linear regression analysis using ENFD values and VRS ratings
as covariates and performing small-volume correction analyses in the
IC, our results confirmed that the BOLD signal in the posterior IC was
predicted by ENFD values rather than VRS ratings, whereas activity in
the anterior IC was parametrically associated with VRS ratings but not

=22 z=0

Left Right

Fig. 4. BOLD signals correlated with pain perception. In a whole-brain inter-subject linear
regression analysis of functional magnetic resonance imaging data, regional responses to
thermal pain stimuli that were positively correlated with ratings from the verbal rating
scale are overlaid on an average structural image. The bar on the right side shows the
range of t scores for SPM8. ACC, anterior cingulate cortex; IC, insular cortex; MI, primary
motor cortex; SI, primary somatosensory cortex; SII, secondary somatosensory cortex.
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Table 3
Brain activity correlated with the perception of pain.

Region Side MNI coordinates tvalue  pvalue Correlation with
ENFD
x5, 2) r p value

IC Left —32,12,—-10 5.24 <0.001 0405  0.107

Right  44,2,10 6.20 <0.001 0524 0275
SI Left —10, —42, 66 3.90 0.001 0.138  0.599
MI Left —6, —30, 66 5.31 <0.001 0323 0207
SII Right 54, —34,22 5.94 <0.001 0.440  0.077
ACC Left 0, 4,40 4.61 <0.001 0.241 0.351

The table shows the anatomical locations, MNI coordinates, t scores, and uncorrected p
values of peak voxels. The right panel shows the correlation coefficients and p values of
the linear regression between the BOLD signal in activated clusters and the epidermal
nerve fiber density (ENFD) values. Based on a Monte Carlo simulation, only voxels
surviving a threshold of p < 0.001 uncorrected with an extent size of 792 mm? are report-
ed. ACC, anterior cingulate cortex; IC, insular cortex; MI, primary motor cortex; SI, primary
somatosensory cortex; SII, secondary somatosensory cortex.

with ENFD values (Fig. 5). In line with this finding, the BOLD signals in
brain areas whose activities covaried with ENFD values were not corre-
lated with VRS ratings (Table 2), and vice versa (Table 3). Moreover, the
correlation between activity in the posterior IC and ENFD values was
significantly different from the correlation between posterior IC activity
and VRS ratings (ANCOVA, F; 30y = 5.76, p = 0.023) (Fig. 3C), strongly
suggesting that ENFD values specifically contributed to the response in
the posterior IC.

Given that evidence points toward functional interplay between the
anterior IC and other pain-related brain areas during pain processing
(Peltzetal,, 2011; Wiech et al., 2010), we performed a PPI analysis to ex-
amine if the bilateral anterior ICs were functionally linked with other
pain-processing areas during painful stimulation to substantialize pain
perception. A whole-brain analysis revealed a correlation of VRS ratings
with the coupling between the anterior IC and contralateral SI,
dorsomedial PFC, and occipital cortex (Fig. 6, Table 4). A conjunction
analysis proved that the clusters in the SI and PFC overlapped with the
pain-related brain regions described above (Supplementary Fig. 1),
thus supporting our hypothesis that the coupling between the anterior
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Fig. 6. Functional connectivity correlated with pain perception. A whole-brain psycho-
physical interaction analysis using the bilateral anterior insular cortices (alC) (green) as
the seed showed that the functional synchrony between the alC and the primary somato-
sensory cortex (SI) as well as the dorsomedial prefrontal cortex (DMPFC) during painful
stimulation paralleled pain intensity ratings. The bar on the right side shows the range
of t scores for SPM8.

IC and pain-related brain regions underlay pain perception. By contrast,
another PPI analysis using the bilateral posterior ICs as the seed did not
identify any significant functional connectivity that paralleled pain
perception.

Epidermal nerves and pain perception
The main focus of the present study is to elucidate the relationship

between peripheral afferents and pain perception. We hypothesized
that the neural responses mediating this relationship should be

alC

Fig. 5. Insular activity specifically predicted by epidermal nerve fiber density (ENFD) values and ratings from the verbal rating scale (VRS). In a multiple linear regression analysis using
ENFD values and VRS ratings as predictors, BOLD signals in the left insula (p < 0.05, small-volume corrected) to thermal pain stimuli that were positively predicted by ENFD values (Mon-
treal Neurological Institute [MNI] peak coordinates = —40/—8/2; t value = 4.79) (A) or VRS ratings (MNI peak coordinates = —32/12/—10; t value = 4.43) (B) are overlaid on an av-
erage structural image. The plots below illustrate positive correlations (1) between ENFD values and activity in the posterior insular cortex (pIC) (A) and (2) between VRS ratings and
activity in the anterior insular cortex (alC) (B). The image data are thresholded for display at p < 0.005, uncorrected.
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Table 4

Functional connectivity associated with the perception of pain.
Region Side MNI coordinates (x, y, z) tvalue p value
SI Left —20, —50, 66 5.10 <0.001
DMPFC Left 0, 6, 66 5.58 <0.001
oc Left —12,-62,10 5.28 <0.001

The table shows the anatomical locations, MNI coordinates, t scores, and uncorrected p
values of peak voxels. Bilateral anterior insular cortices were selected as the seed region
in the psychophysical interaction analysis. Based on a Monte Carlo simulation, only voxels
surviving a threshold of p < 0.001, uncorrected with an extent size of 792 mm? are report-
ed. DMPFC, dorsomedial prefrontal cortex; OC, occipital cortex; SI, primary somatosensory
cortex.

correlated with both ENFD values and VRS ratings. If the pain
perception-related functional circuitry identified above (Fig. 6)
integrated information about stimulus intensity that was conveyed via
cutaneous primary afferents, it would be associated with the quantity
of epidermal innervation. To prove this hypothesis, we performed
small-volume correction analyses in the SI, dorsomedial PFC, and
occipital cortex on the above-mentioned PPI analyses. Importantly,
only the functional connectivity from the anterior IC to the SI exhibited
a significant correlation with ENFD values (Fig. 7A). Another conjunc-
tion analysis using anterior IC-SI connectivity associated with VRS
ratings (Fig. 6) and ENFD values (Fig. 7A) confirmed a spatial overlap
(Supplementary Fig. 1). In addition to ENFD, the strength of anterior
IC-SI coupling also covaried with ENFD-related brain activity, i.e., the
BOLD signal in the left posterior IC (Fig. 7B).

The interrelationships among pain perception, anterior IC-SI cou-
pling, activity in the left posterior IC, and skin innervation were illus-
trated in Fig. 8, in which the mean BOLD signal change in the left
posterior IC and the parameter estimates representing the strength
of the anterior IC-SI coupling were extracted and correlated with
the ENFD values and VRS ratings. Taken together, these findings
strongly suggested that the functional coupling between the anterior
IC and SI underlay the relationship between skin innervation and
pain perception.

o
b

alC-Sl coupling
g 2
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0.488
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Fig. 8. Neural substrates underlying the relationship between cutaneous afferent nerves
and pain perception. Pain perception is represented by the functional connectivity be-
tween the anterior insular cortex (alC) and the primary somatosensory cortex (SI) (iden-
tified in a whole-brain analysis in SPM8; see Fig. 6), which is parametrically associated
with epidermal nerve fiber density (ENFD) values and activity in ENFD-associated brain
region, i.e., the posterior insular cortex (pIC) (identified in a whole-brain analysis in
SPM8; see Fig. 3A). Black lines represent significant pair-wise correlations (p < 0.05)
using Pearson's correlation tests. Numbers in the rectangles indicate the pair-wise
correlation coefficients.

Discussion

Cutaneous primary afferents consist of C and Ad fibers (Kennedy and
Wendelschafer-Crabb, 1993). Although they are correlated with the
perception of innocuous heat in healthy subjects (Pan et al., 2001), a
gap exists between these small-diameter afferents and the sensation
of pain. The current study investigated the coupling of the small-
diameter primary afferent fibers evaluated by using skin biopsy on the
perception of heat pain and analyzing pain-evoked fMRI signals. The
results indicate that, along the pain pathway, the degree of cutaneous
innervation was correlated with brain responses in the posterior IC,
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Fig. 7. The relationship between skin innervation and functional connectivity related to pain perception. (A) A psychophysical interaction analysis using the bilateral anterior insular cor-
tices (alC) as the seed showed that, during painful stimulation, the functional coupling between the alC and the primary somatosensory cortex (SI) (p < 0.05, small-volume corrected),
which has already been shown to parallel pain intensity ratings (see Fig. 6), was correlated with epidermal nerve fiber density (ENFD) values. The image data are overlaid on an average
structural image and are thresholded for display at p < 0.005, uncorrected. The bar on the left side shows the range of t scores for SPM8. The plot on the right illustrates that the larger the
ENFD value, the stronger the alC-SI coupling during painful stimulation. (B) The BOLD signal in the left posterior insular cortex (pIC), which paralleled the ENFD values (see Fig. 3A), also
correlated with the strength of the aIC-SI connectivity (slope = 1.481 & 0.623, r = 0.524, p = 0.031).
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thalamus, PAG, and RVM. Activity in these regions and the abundance of
skin innervation itself did not covary with the perception of pain.
Instead, the quantity of epidermal nerves and the response in the poste-
rior IC to pain were correlated with the functional coupling between the
anterior IC and SI, which was parametrically associated with pain per-
ception. The current study suggests that when we perceive the intensity
of heat pain stimulation, the anterior IC interacts with the SI to integrate
information about stimulus intensity conveyed via peripheral afferent
fibers.

The functional activity associated with epidermal nerves

In contrast to a variety of studies showing that the extent of cutane-
ous innervation was associated with pathological pain conditions
(Lauria et al., 2010), little attention has been paid to delineate its rela-
tionship with acute experimental pain in healthy subjects. In the pres-
ent study, fMRI data were regressed for the possible effects of age
(Tseng et al., 2013b), gender (Greenspan et al., 2007) and pain intensity
ratings (Peyron et al., 2000), and the responses in the posterior IC, thal-
amus, PAG, and RVM were significantly predicted by the quantity of
ENFD. Anatomically, nociceptive spinothalamic neurons project to the
RVM and PAG (Craig, 2003), both of which receive input from the amyg-
dala, hypothalamus, and limbic neocortex to subserve the descending
modulatory processing of painful stimulation (Todd and Koerber,
2013). Moreover, efferent fibers from the PAG enter the thalamus
(Groenewegen, 1988), from which the posterior IC receives nociceptive
inputs (Craig, 2003). Although these pathways are suggested to reflect
the ongoing physiological responses to nociceptive stimulation (Craig,
2003), empirical evidence is lacking concerning the relationship be-
tween peripheral afferents and pain-related brain activity during pain
processing in humans. Hence, our data not only establish the relation-
ship between primary nociceptive afferents and pain-related brain
regions but also substantiate the concept that a painful stimulus acti-
vates both the bottom-up pathway and the top-down pain modulatory
regions in the brainstem, thereby achieving homeostatic control.

Of particular note is the posterior IC, the only brain region whose
BOLD signals to pain correlated with ENFD in our whole-brain analysis.
Indeed, this finding is in accordance with previous studies showing that
the posterior IC receives the densest projections from the lamina I
spinothalamocortical pathway (Craig, 2003). This part of the insula con-
tains nociceptive neurons (Robinson and Burton, 1980) and participates
in processing the sensory-discriminative features of pain (Brooks et al.,
2002; Treede et al., 1999), including the coding of objective thermal in-
tensity (Bornhovd et al., 2002; Craig et al., 2000). Recent work has re-
vealed that the posterior IC was responsive to physical pain rather
than mental representations of pain stimuli (Fairhurst et al., 2012)
and that its response was parametrically associated with the magnitude
of noxious stimulation irrespective of its quality (Peltz et al., 2011). Di-
rect electrical stimulation of this region in humans can elicit painful sen-
sations (Ostrowsky et al., 2002; Mazzola et al., 2006). Clinically, lesions
encroaching the posterior IC alter pain threshold (Garcia-Larrea et al.,
2010; Greenspan et al., 1999; Schmahmann and Leifer, 1992). Taken to-
gether with our results, these observations suggest that the posterior IC
serves as the primary representation of the nociceptive information in
the cortex (Craig, 2009).

Distinct roles of insular subregions in pain processing

The lack of correlation between the extent of epidermal innervation
and pain intensity ratings implies distinct neural substrates to subserve
pain perception. This speculation was proved by our regression analysis,
which showed that the activity in the anterior IC, somatosensory corti-
ces, and cingulate cortex paralleled individual ratings of pain intensity.
The dissimilarity between ENFD- and pain rating-correlated brain re-
gions suggests that different central mechanisms are responsible for
representing pain input and evoking painful sensation in the human

brain, with the former depending on both the brainstem, subcortical,
and cortical structures and the latter relying primarily on the responses
in cortical substrates.

Although both ENFD values and VRS ratings covaried with the BOLD
signal in the IC, our analyses found that both factors predicted responses
in distinct insular subregions. Different from the posterior IC, whose re-
sponse was associated with the quantity of skin innervation, activity in
the anterior IC was specifically predicted by subjective pain ratings. This
result corroborates the structural connectivity of the insula, with the
posterior IC receiving projections from nociceptive spinothalamic neu-
rons (Craig, 2003; Dum et al., 2009; Willis et al., 2001) and its anterior
counterpart connected with the PFC and limbic structures for associat-
ing with the awareness of interoceptive stimulation (Craig, 2009). Our
observation also resonates with a previous study demonstrating distinct
roles of different insular portions in thermal sensation, with the
posterior IC coding for stimulus intensity and the anterior IC related to
subjective stimulus perception (Craig et al., 2000). Thus, the insula
potentially serves as the interface between the representation of
nociceptive inputs and subjective pain perception (Baliki et al., 2009)
during the processing of pain in the human brain.

Functional connectivity related to pain perception

The notion that the anterior and posterior insula have different roles
in pain processing is further supported by our functional connectivity
analyses. Compared with the painless baseline, the functional connec-
tivity between the anterior IC and SI and PFC during painful stimulation
paralleled the perception to pain. By contrast, no connectivity with the
posterior IC was found to reflect subjects' feelings. In contrast to the pat-
tern of structural and resting state connectivity of the insula (Wiech
et al., 2014), these findings suggest a unique set of insular functional
connectivity for processing perceived pain intensity, which is consistent
with recent observations that the anterior IC couples with distinct pain-
related brain regions to process pain (Peltz et al., 2011; Wiech et al,,
2010). However, it remains unclear whether the functional connectivity
of the anterior IC pertains to the perception of pain. Our data therefore
clarify this issue by demonstrating that the anterior IC is the critical
structure in determining pain perception. Although no substantial noci-
ceptive spinothalamic neurons send nerve fibers to the anterior IC, they
have been shown to project to the SI (Craig, 2003; Dum et al., 2009;
Willis et al., 2001). The response to nociceptive stimulation in SI neu-
rons depends largely on input from lamina I nociceptive neurons
(Craig, 2003), and SI activity has been shown to strongly correlate
with heat pain intensity (Coghill et al., 1999; Timmermann et al.,
2001; Tseng et al., 2010). Moreover, the anterior IC is connected with
the SI and projects to the PFC (Augustine, 1996; Cipolloni and Pandya,
1999). Given that the SI and medial PFC are putatively responsible for
the sensory-discriminative and affective-cognitive dimensions of pain,
respectively (Treede et al., 1999), the constellation of functional cou-
plings between the anterior IC and both regions thus serves well to re-
flect the complex nature of pain. Unlike the posterior IC, damage to
the anterior IC does not change pain sensitivity but results in pain
asymbolia (Berthier et al., 1988; Greenspan et al., 1999). Taken together,
our results indicate that the anterior IC couples with other pain-related
brain regions to integrate information related to the multiple
dimensions of pain into its perception.

Relationships between epidermal nerves and pain perception

Above all, our analyses not only demonstrated different central rep-
resentations of skin innervation (i.e., activity in the posterior IC) and
pain perception (i.e., anterior IC-SI connectivity) but also revealed cor-
relations between anterior IC-SI connectivity and activity of the posteri-
or IC, as well as the quantity of epidermal nerves. These relationships
provide neuroimaging evidence for an indirect role of cutaneous affer-
ent fibers in human pain perception. The correlations also substantiate
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the notion that the neural circuitry subserving pain perception interacts
with the neural substrate representing nociceptive fibers (Fig. 8). These
cerebral modulation mechanisms explain why prior studies failed to
find a direct correlation between skin innervation and the perception
of pain (Herrmann et al., 2004; Selim et al., 2010; Zhou et al., 2007).

In conclusion, an integrated analysis of structures at both the peripheral
and central levels substantially improves our understanding of the neural
mechanisms of pain processing. Our study sheds light on a new research
direction to unravel the underlying mechanisms of pain processing
along the neural axis and provides a basis to investigate alterations in
central nociceptive processing following peripheral nerve injury in
future studies.
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