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Abstract
The evidence that action shapes perception has become widely accepted, for example, in the domain of vision. However,
the manner in which action-relevant factors might influence the neural dynamics of acute pain processing has remained
underexplored, particularly the functional roles of anterior insula (AI) and midanterior cingulate cortex (mid-ACC), which
are frequently implicated in acute pain. To address this, we examined a unique group of heterozygous carriers of the rare
R221W mutation on the nerve growth factor (NGF) gene. R221W carriers show a congenitally reduced density of
C-nociceptor afferent nerves in the periphery, but can nonetheless distinguish between painful and nonpainful
stimulations. Despite this, carriers display a tendency to underreact to acute pain behaviorally, thus exposing a potential
functional gap in the pain–action relationship and allowing closer investigation of how the brain integrates pain and action
information. Heterozygous R221W carriers and matched controls performed a functional magnetic resonance imaging
(fMRI) task designed to dissociate stimulus type (painful or innocuous) from current behavioral relevance (relevant or
irrelevant), by instructing participants to either press or refrain from pressing a button during thermal stimulation.
Carriers’ subjective pain thresholds did not differ from controls’, but the carrier group showed decreased task accuracy.
Hemodynamic activation in AI covaried with task performance, revealing a functional role in pain–action integration with
increased responses for task-relevant painful stimulation (“signal,” requiring button-press execution) over task-irrelevant
stimulation (“noise,” requiring button-press suppression). As predicted, mid-ACC activation was associated with action
execution regardless of pain. Functional connectivity between AI and mid-ACC increased as a function of reported urge to
withdraw from the stimulus, suggesting a joint role for these regions in motivated action during pain. The carrier group
showed greater activation of primary sensorimotor cortices—but not the AI and mid-ACC regions—during pain and action,
suggesting compensatory processing. These findings indicate a critical role for the AI–mid-ACC axis in supporting a
flexible, adaptive action selection during pain, alongside the accompanying subjective experience of an urge to escape the
pain.
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Introduction
Acute pain carries a potent ability to influence action, not least
by perturbing ongoing voluntary behavior. But the functional
neuroanatomy of the relationship between sensory processing
and action selection during pain remains unclear. In a tra-
ditional view of pain, exemplified by Descartes’ mechanistic
model (Descartes 1632, translated in Hall 1972), the brain identi-
fies a stimulus as “pain” on the basis of afferent nerve signaling,
with a consequent behavioral response largely determined by
the noxious nature and experiential content of the sensory
signal (for discussion and critique of this premise in modern
neuroscience, see Sullivan 2008).

Yet a growing body of human neuroimaging studies belies
the simplicity of that model, showing instead that cortical rep-
resentation of pain is not straightforwardly driven by sensory
input (Seminowicz et al. 2004; Atlas et al. 2010; Perini et al.
2013; Wiech et al. 2014; Taylor et al. 2017; Woo et al. 2017;
Knudsen et al. 2018; Lopez-Sola et al. 2019). Further, the general
perspective that action goals influence sensory perception has
become widely accepted in recent decades, for example, in
the interplay between vision and action (e.g., Prinz, 1997; Nöe,
2004; Grush, 2004). However, this idea has not been extensively
explored in the case of acute pain, despite indications that pain
processing is interlinked with behavior and action (Shackman
et al. 2011; Morrison et al. 2013; Wiech and Tracey 2013). This
study therefore investigates the pain–action relationship in the
human cortex and the extent to which pain processing may be
flexibly shaped by current demands on behavior.

To disentangle any cortical-level integration of pain signaling
and action, we manipulated whether a stimulus was relevant
to current action goals, by using a paradigm in which painful
thermal stimulation was relevant to the button-press task in half
the trials (pain as “signal”) and irrelevant in the other half (pain
as “noise”) (Perini et al. 2013). If cortical pain processing were
driven primarily by stimulus information, such task variables
should not modulate behavioral or neural responses. On the
other hand, if the brain’s response to pain reflects integrative
processing of both stimulus- and task-relevant factors, changing
the task relevance of acute pain should affect these responses.
In a previous experiment, this paradigm revealed specific neural
activations that hinged on action-related processing regardless
of pain, for example, in midanterior cingulate cortex (mid-ACC
or MCC). This suggested that certain regional brain activity
during pain can be accounted for by an action variable: whether
the situation demands the execution or suppression of a given
behavior.

However, manipulating an action variable does not wholly
address how the stimulus signal from the periphery may be
integrated with action demands in the cortex, especially in
particular pain-related regions that show preferential responses
to pain regardless of overt behavioral outcome, such as ante-
rior insula (AI) (Perini et al. 2013). Previous research in healthy
populations has implemented higher-level task manipulations
during at- or under-threshold painful stimulation (Sinke et al.
2016; Zaman et al. 2018), demonstrating interactions between
task-driven expectations and cortical pain processing. A more
direct probe of the relative contribution of a stimulus variable
to cortical pain–action integration would require manipulation
of the stimulus-evoked signal, for example, through attenu-
ation or ambiguation. Yet a more “bottom-up” manipulation
of above-threshold painful stimuli—without impairing an abil-
ity to identify the stimulus as painful—would be difficult in

healthy individuals, for whom above-threshold painful stimu-
lation is robustly salient and comes with an inherently behav-
iorally relevant motivational component. We therefore turned to
a population in which nociceptive signaling from the periphery
was likely to be attenuated or ambiguated, potentially affect-
ing motivational and behavioral reactions to pain, but without
severe effects on the ability to identify a stimulus as subjectively
painful.

Heterozygous carriers of the R221W mutation (also called
R100W (Sung et al. 2018; Testa et al. 2019) on the nerve growth
factor (NGF) gene exhibit a congenitally reduced density of
nociceptive C-afferent nerves in the periphery (Minde et al.
2004; Larsson et al. 2009; Perini et al. 2016). The mutation can
therefore be regarded as reduction of function in the adult phe-
notype, with fewer typically functioning C-nociceptor afferents
in the skin. Variability in R221W carrier peripheral C nerve fiber
density (C-NFD) has also correlated with variability on clinical
and subjective measures of pain report (Perini et al. 2016). Yet
critically, heterozygous R221W carriers have shown a normal
ability to distinguish descriptions of painful from nonpainful
situations, but nonetheless report significantly lower estimates
of how painful they would find a given noxious stimulus (Perini
et al. 2016).

This crucial population-level dissociation in R221W het-
erozygotes, with altered subjective pain evaluation alongside
typical-range sensory discrimination, informed two parallel
hypotheses for the present study. First, reduced C-afferent
density would allow investigation of how the brain integrates
the nociceptive signal in the service of producing a situation-
appropriate behavioral response, potentially exposing underly-
ing cortical dynamics of a pain–action relationship. Second, it
may address whether the tendency for pain underestimation
previously observed in R221W carriers can be explained by a
simple sensory deficit or by a more complex decrement in the
cortical integration of nociceptive information with motivated
behavior. These two hypotheses could be jointly addressed
in this study because the upper part of heterozygotes’ C-
NFD variability overlaps with that of the healthy phenotype
(Perini et al. 2016). This implies that variance or skew in the
carrier group’s phenotypic range could offer a valuable glimpse
into typical functional neuroanatomy, providing statistical
traction for investigating features of the underlying functional
processing, as well as any compensatory processing.

To explore these questions, we compared a group of
heterozygous R221W carriers with age-, sex-, and education-
matched controls, using an experimental paradigm dissociating
the painfulness of a stimulus from its behavioral relevance to
a current task (Perini et al. 2013). We expected that, in R221W
carriers, both behavior- and cortical-level responses in pain-
related regions including mid-ACC (implicated in the action
component of pain), and AI (implicated in pain but also in
stimulus salience and task-set maintenance (e.g., Dosenbach
et al. 2008; Uddin 2015), would be altered or attenuated.

Materials and Methods
Participants

Twelve heterozygous R221W carriers (seven females, mean age
36.2; ± standard deviation [SD] 15.4) and twelve gender-, age-,
and education-matched controls gave informed consent in
accordance with the Declaration of Helsinki. This mutation is
rare, with ∼ 50 adult carriers currently identified by genetic
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Figure 1. Experimental design and task performance. (a) In each trial, a painful or nonpainful thermal stimulus was applied to the dorsum of the hand for 4 s. During
stimulation a task cue (dot) appeared, and participants responded by speeded button press, depending on instructions indicating whether the stimulus was to be
considered “signal” or “noise.” In signal trials a button press was required by the task, while in noise trials task instructions required participants to refrain from
pressing the button. (b) Heterozygous R221W carriers made more total button-press errors than controls in distinguishing signal from noise during painful stimulation

(P < 0.001). (c) Signal and noise distributions for heterozygous R221W carriers and controls exhibited wider separation between signal and noise (task sensitivity, d′)
for controls than carriers. (d) d′ covaried with R221W carriers’ C-afferent nerve fiber density (C-NFD), indicating a relationship between behavioral and C-afferent
phenotype. To illustrate the full range of task performance variance in the R221W mutation phenotype, additional data from a separate dataset of three homozygous
R221W carriers were included.

screening and mainly confined to a geographic area in the
far north of Sweden. Carriers were identified by pedigree,
and the presence of the mutation (an arginine-to-tryptophan
substitution) on one allele of the beta subunit of the NFG gene
was confirmed by DNA sequencing. All data were collected at
the Umeå Center for Functional Brain Imaging, Umeå University
Hospital (Umeå, Sweden). Carriers of the R221W mutation were
compensated at 200 SEK/h, along with travel expenses and
any lost work income. Local control volunteers did not need to
travel and were compensated at 200 SEK/h. Previously collected
data from three homozygous R221W carriers (one female, mean
age 35.3 [±SD 22.5]) were included in the correlational analysis
presented in Figure 1d.

MRI Acquisition
Data were collected using a 3-T General Electric (GE) Dis-
covery MR 750 scanner with a 32-channel head coil. A
gradient-echo echo-planar imaging (EPI) sequence was used
to acquire the whole-brain functional images (repetition
time [TR] = 3000 ms; echo time [TE] = 35 ms; flip angle = 90◦;
field of view [FOV] = 128 × 128; 46 axial slices; in-plane
resolution = 1.9 × 1.9 mm; slice thickness = 2.9 mm). A high-
resolution T1-weighted scan was acquired to aid registration
of the EPI images to standard space and to be used for cortical
thickness analysis: TR = 8.2 ms; TE = 1.5 ms; flip angle = 12◦; field
of view = 256 × 256; in-plane resolution = 0.4 × 0.4 mm; slice
thickness = 1 mm; and number of axial slices = 64.
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Experimental Design

The task and functional magnetic resonance imaging (fMRI)
paradigm were adapted from Perini et al. (2013) (Fig. 1a). The
paradigm was a 2 × 2 factorial design, with the factors pain (nox-
ious, innocuous) and motor response (press, no press). In each of
the 48 trials, noxious or innocuous heat stimuli were delivered
with a 30 x 30-mm thermal stimulator probe (PATHWAY Model
Advanced Thermal Stimulator [ATS], Medoc Ltd, Ramat Yishai,
Israel) for a 4-s plateau of target temperature on the dorsal part
of the left hand. Moderately painful heat and nonpainful warm
temperatures were used.

The stimuli were delivered in a counterbalanced order in two
separate runs. In half the trials, participants were instructed
to press a button when a cue appeared only if the stimulus
was painful (“pain signal”) and in the other half only if it was
nonpainful (“pain noise”). The task cue (dot) appeared 1 s before
stimulus offset. Because the design aimed to capture general
motor facilitation, stimulation was delivered to the nonresponse
(left) hand to reduce potential confounds between stimulus-
and response-related activations and to limit any effects of
thermode application on button-press fluency. Responses were
made with the right hand using a response pad system (4-
Button Diamond Fiber Optic Response Pad, Current Designs Inc.,
Philadelphia, United States). The painful temperature threshold
was determined for each participant before the fMRI session
by identifying the temperature rated as 8 on a numeric rating
scale (8 on a numeric rating scale [NRS], with anchors 0 = no
pain; 10 = intense pain). Similarly, the nonpainful temperature
was determined for each participant by identifying the reported
threshold temperature between warmth and 32 ◦C cold.

This forced-choice task presented four possible responses,
two for each stimulus. Two of the four possibilities reflected
correct responses (i.e., “hits” and “correct rejections”), whereas
the other two reflected errors (i.e., “misses” and “false alarms”)
(Green and Swets 1966; Wickens 2001). We examined the fre-
quency of correct (hits) and incorrect (misses, false alarms)
responses, regardless of stimulus type, between groups. We fur-
ther examined the two groups’ sensitivity to task requirements
(d′), on the basis of correct button presses (hits) and incorrect
button presses (false alarms). The higher the d′ score, the greater
the distance between “signal” and “noise” distributions, and
hence the clearer the separation in responses. d′ prime scores
were calculated by subtracting the Z-transformed false alarms
from the Z-transformed hits, divided by the group’s SD, for
each participant. Criterion scores, reflecting the threshold of
differentiation between signal and noise distributions, were also
calculated for each individual and compared between groups.
Criterion is an orthogonal score calculated using the same hit
and false alarm values, reflecting whether participants were
more likely to respond to signal or to noise. The further the
criterion shift into the signal or noise distribution, the greater
the bias for responding to signal or noise.

Following the fMRI session, “urge to move” ratings were
obtained (see also Perini et al. 2013). The trial structure was
identical to that of the fMRI paradigm, with a total of six painful
(hot) and six nonpainful (warm) thermal stimulations on the
dorsal part of the left hand. Participants held a mouse in their
right hand and were instructed to continuously rate their sub-
jective urge to move their hand away from the thermode, by
dragging the mouse on a visual analog scale (VAS) displayed
on a computer screen, with anchor points “no urge” (1) and
“high urge” (10). To investigate the pattern of continuous ratings

over time, each rating was fitted to a linear regression, and the
slope value was calculated. The mean slope values were then
compared between R221W carriers and control groups (Fig. 2d).

Statistical Analysis of Functional MRI Data
fMRI analysis was performed using the FMRIB Software Library
(FMRIB, Oxford, United Kingdom; www.fmrib.ox.ac.uk/fsl). fMRI
data analysis was carried out using FEAT (FMRI Expert Anal-
ysis Tool) version 6.00. The following prestatistics processing
was applied: motion correction using Motion Correction FMRIB
Linear Registration Tool (MCFLIRT) (Jenkinson et al. 2002), non-
brain removal using Brain Extraction Tool (BET) (Smith 2002),
spatial smoothing using a Gaussian kernel of full width at half
maximum (FWHM) 8 mm, grand-mean intensity normalization
of the entire 4D dataset by a single multiplicative factor, and
high-pass temporal filtering (Gaussian-weighted least-squares
straight line fitting, with sigma = 50.0 s). Predictors for the four
events (cue, nonpainful stimulation, painful stimulation, and
button-press response) were created for each subject and each
run and added to the first-level time-series statistical analysis.
Time-series statistical analysis was carried out using FMRIB’s
Improved Linear Model (FILM) with local autocorrelation correc-
tion. Higher-level analysis applied a fixed-effects model, with
the assumption that individual-specific effects would likely be
correlated with the independent variables in the carrier group,
based on previous observations on this unique population in
which C-NFD correlated with various outcome measures (Perini
et al. 2016), and also because the composition of the control
group (age, gender, education level) was matched to the carrier
group on an individual level. The previous normative study
was analyzed with random effects, so we are confident that
the effects in the control group, which replicated the previous
effects, were not driven by individual differences. This higher-
level fixed-effects analysis was performed using FEAT version
6.00 by forcing the random effects variance to zero in FLAME
(FMRIB’s Local Analysis of Mixed Effects) (Beckmann et al. 2003;
Woolrich et al. 2004; Woolrich 2008). Z statistic images were
thresholded using clusters determined by Z > 3 and a (corrected)
cluster significance threshold of P = 0.01, using the Gaussian
random field (GRF) theory (Worsley 2011).

An additional conjunction analysis, based on the study by
Perini et al. (2013), was performed to verify the reproducibility
of the previous findings in healthy controls (formerly modeled
with BrainVoyager software), as well as complementing analysis
of the differences between R221W carriers and controls. For each
participant, four predictors that modeled each of the following
four conditions across runs were created: painful heat press,
painful heat no-press, nonpainful heat press, and nonpainful
heat no-press (Perini et al. 2013).

Finally, to investigate which features of cortical organization
might differentiate R221W carriers in the healthy range from
those with lower performance, we performed a within-group
analysis testing in any continuous covariate interaction between
task sensitivity scores (d′) and blood-oxygen-level–dependent
(BOLD) signal change during pain stimulation. The analysis was
restricted to the bilateral insula, independently defined using
the Montreal Neurological Institute (MNI) Structural atlas. This
was a hypothesis-driven region-of-interest definition, based on
the pain-selective effects in insula in a previous study using
the same behavioral task (Perini et al. 2013). All other analyses
within R221W carrier and control groups were performed at the
whole brain level.

www.fmrib.ox.ac.uk/fsl
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Figure 2. Cortical responses depending on signal-to-noise separation during painful stimulation and connectivity as a function of subjective escape urge. Heterozygous

R221W carriers’ broad variance on task performance (b) uncovers AI activation in signal-to-noise discrimination as a function of d′ (a). The closer the task-dependent
signal-to-noise discrimination (as indexed by d′) to the healthy control range, the greater the activation in AI. To illustrate the full range of task performance variance
in the R221W mutation phenotype, (b) also plots d′ data from a separate dataset of three homozygotes. The carriers’ signal-sensitive AI activation cluster was used as
a seed in a PPI analysis with “urge to move” slopes as covariates (d), revealing functional connectivity between AI and MCC during pain in controls (c), increasing as

a function of the subjective urge to move away from the stimulus. No such interaction was seen in the carrier group, which reported a significantly lower and later
urge to move during pain (d), VAS = visual analog scale rating of urge (adapted with permission from Testa et al. 2019). These results indicate that adaptive voluntary
responses to pain rely on task-dependent signal-to-noise discrimination processes in AI, in conjunction with functional communication with MCC; impairment of this
signal-to-action pathway may underlie the R221W carrier group’s pain underreaction bias. Z statistic images were thresholded using clusters determined by Z > 3.4

and a (corrected) cluster significance threshold of P = 0.05, using the GRF theory (Worsley 2011).

The resulting cluster from this analysis, which covaried with
R221W carriers’ d′ scores, was used as a seed in a psychophys-
iological interaction (PPI) analysis (Friston et al. 1994; Friston
et al. 1997; O’Reilly et al. 2012). A denoising procedure was first
performed on all the runs using a probabilistic independent
component analysis (ICA) (Beckmann and Smith 2004) imple-
mented in MELODIC (Multivariate Exploratory Linear Optimized
Decomposition into Independent Components) v3.14. The noise
components were selected manually (Kelly Jr et al. 2010) and
excluded from the following statistical analysis. The time course
of the ROI for each run for each subject was then extracted
and added to the analysis as physiological regressor, together
with the four task regressors included in the original model

(psychological regressors), four additional PPI regressors model-
ing the interaction between the ROI time course and the psycho-
logical regressors and d′ as a covariate. This PPI analysis probed
the functional coupling of the seed cluster to other brain regions
with respect to the ability to discern between task “signal”versus
task “noise” stimuli (reflected by d′ scores). Similarly, a second
PPI analysis probed the functional coupling of this cluster to
the subjective motivation to escape a painful stimulus (urge
to move). Individual mean slopes for “urge to move” ratings
were calculated using linear regression and added as covariates
in a model of the interaction between urge and the whole-
brain BOLD time course, with the seed cluster defined by the d′
covariate analysis.
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Functional Connectivity and Cortical Thickness Analyses
To further characterize functional network differences between
groups, we also analyzed resting state connectivity, which
reflects spontaneous functional connectivity across the whole
brain in the absence of any task or stimulation. The resting state
MRI data were preprocessed with the CONN toolbox version
15 (http://www.nitrc.org/projects/conn; Whitfield-Gabrieli and
Nieto-Castanon 2020) implemented in SPM12 (Wellcome Trust
Centre for Neuroimaging, London, United Kingdom) with the
following steps: realignment, segmentation of anatomy images
into gray and white matter and cerebrospinal fluid maps,
normalization of anatomy and resting state images to an MNI
template all resliced to 2-mm3 voxel size, and smoothed with
an 8-mmFWHM Gaussian kernel. We defined four task-derived
ROIs for the ICA analysis, three atlas-based sensorimotor ROIs,
and four parcellated anterior insula ROIs for the seed-based
connectivity analysis in the following way: from the task-based
analysis results, four ROIs were obtained by creating a 10-mm
radius sphere around the peak activation voxel, for MCC (−8,
6, 32), right AI (32, 22, 6), left SI (−38, −30, 56), and left SII (−52,
−22, 18). Three sensorimotor network ROIs were taken from the
90 fROI atlas from the FIND lab: right medial sensorimotor, left
pre-/postcentral gyrus, and right pre-/postcentral gyrus (https://
findlab.stanford.edu/functional_ROIs.html (Shirer et al. 2020).
Four anterior insula ROIs were taken from a parcellation of
the insula (Larsson et al. 2020): left and right dorsal anterior
insula and left and right ventral anterior insula. Further analysis
of a group ICA algorithm for the connectivity between the
sensorimotor network and the task-derived ROIs was performed
using the MATLAB-based GIFT toolbox version 3.0a (Medi-
cal Image Analysis Lab; http://mialab.mrn.org/software/gift).
Default settings were used including subject-specific principal
component analysis for data reduction, and 25 maximally
spatially independent components were calculated with an
infomax algorithm. Stability of ICA findings was ensured by
rerunning ICA 100 times with the use of ICASSO; then the best
stable run estimates were used to back-reconstruct components
for each participant. The two components—a lateral and a
posterior parietal component—that best matched the dorsal
sensorimotor network from the 90 fROI atlas were selected for
between-group analysis. The difference in connectivity pattern
of the sensorimotor network between groups was initially
thresholded at P < 0.001 with cluster extent > 20 voxels, and
significance of connectivity differences in the four task-derived
predefined ROIs was determined with the use of SPM12 small-
volume corrections applied for each predefined ROI at P < 0.0125
Bonferroni-corrected (α = 0.05/11) for the four tested ROIs and
family-wise error (FWE) rate corrected for all voxels within each
ROI.

Further exploratory investigations were done for whole-
brain connectivity changes at the initial uncorrected threshold
(P < 0.001 uncorrected, cluster extent > 20 voxels). Bilateral
clusters of increased connectivity for carriers compared with
controls at this uncorrected threshold were found in the lateral
dorsal sensorimotor network with a cluster extent of 87 voxels
(left; 52, −10, 14) and 122 voxels (right; −56, −2, 12). Analysis
for seed-based correlations was performed using the ROI-to-
ROI function in the CONN toolbox with default parameters.
Preprocessed individual images were denoised by regressing
out blood-oxygen level–dependent (BOLD) effects related to the
white matter and CSF that are confounding to resting state,
and the datasets were linearly detrended. Subject motion was
filtered out from the data by regressing out the time series of the

obtained realignment parameters with the use of ART scrubbing
allowing for movement < 2 mm. Then, a band-pass filter of
0.008–0.09 Hz was applied. Bivariate correlations between ROIs
were calculated on the weighted general linear model of the
hemodynamic response function, and this data was entered
into the second-level group analysis. ROI-to-ROI analysis of
between-group differences was performed by investigating
the connectivity between seeds and ROIs, both defined as
our 11 predefined ROIs (4 task-derived, 3 sensorimotor, and 4
parcellated insula ROIs).

To explore the potential anatomical differences between
groups, we performed a cortical thickness analysis. MRI data
were preprocessed and analyzed using the freely available
semiautomated pipeline FreeSurfer (https://surfer.nmr.mgh.
harvard.edu/) (Fischl and Dale 2000). Briefly, preprocessing
included intensity normalization, removal of nonbrain tissue,
Talairach transformation, hemispheric separation, tissue
segmentation, and tessellation of gray/white matter boundary.
Cortical thickness was calculated as the distance between
the white (white/gray matter border) and pial surface (gray
matter/cerebrospinal fluid border) calculated for every point
(vertex) for each hemisphere. Cortical maps were smoothed
using a 10-mm FWHM Gaussian kernel. Cortical thickness
comparison between controls and patients was conducted
using a two-sample two-sided t-test, restricted to the insula
cortex, defined by the Destrieux Atlas (Destrieux et al. 2010)
as areas 47 (anterior insula), 17 and 18 (midposterior insula),
and 48 (posterior insula), and tested separately for each
hemisphere.

C Nerve Fiber Density (C-NFD)
We previously showed that, in a different sample of 19 R221W
carriers, C-NFD correlated with self-reported evaluation of the
painfulness of hypothetical pain situations (Perini et al. 2016),
as measured by the Situated Pain Questionnaire (SPQ) (Clark
and Yang 1983). In the previous study, carriers and healthy con-
trols underwent corneal assessment with the Heidelberg Retina
Tomograph (HRT III, Rostock cornea module) in vivo corneal con-
focal microscopy (Tavakoli and Malik 2011). Several scans of the
entire depth of the cornea were recorded at ×800 magnification.
The resulting images have a lateral resolution of 2 mm/pixel and
a final image size of 400 × 400 pixels of the subbasal nerve plexus
of the cornea from each subject. Quantification of C-NFD was
based on six images per subject from the center of the cornea,
which were examined in a masked and randomized fashion
using purpose-written, proprietary software (CCMetrics; M. A.
Dabbah, Imaging Science, University of Manchester). See Perini
et al. (2016) for further details.

A subset of this sample (seven heterozygotes) participated
in the present study. In addition, three homozygote carriers,
presenting with a more severe pain phenotype (Minde et al.
2006), for whom C-NFD data had been collected had performed
the present signal-to-noise task previously. Pooling the available
data allowed a limited investigation of any relationship between
behavioral (d′) and C-NFD measures in R221W carriers. For rest-
ing state data analysis, a subset of six carriers for whom both C-
NFD resting state data had been collected, a regression analysis
was performed with the C-NFD measures as a regressor added to
the CONN ROI-to-ROI analysis described above. The correlation
and regression analyses were corrected for age and gender, and
significance was tested with two-tailed t-tests with a threshold
of P < 0.0045 Bonferroni corrected (α = 0.05/11) for the 11 tested

http://www.nitrc.org/projects/conn
https://findlab.stanford.edu/functional_ROIs.html
https://findlab.stanford.edu/functional_ROIs.html
http://mialab.mrn.org/software/gift
https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/
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seed ROIs and false discovery rate (FDR) corrected for the 11
target ROIs.

Results
Behavioral Findings

Threshold testing revealed that human heterozygous R221W
carriers showed a normal ability to discriminate noxious from
innocuous thermal stimulation (Mann–Whitney; U = 59, P = 0.4
for innocuous, U = 53, P = 0.2 for painful). However, R221W
carriers’ task performance in terms of correct and incorrect
responses was less accurate than controls’ (χ2 [2, 23] = 316.39,
P < 0.001; incorrect presses when pain was signal [mean ± SD],
carriers 0.23 ± 0.22, controls 0.10 ± 0.11, incorrect presses when
pain was noise [mean ± SD], carriers 0.21 ± 0.15, controls
0.05 ± 0.07; Fig. 1b). Controls showed more skew toward higher
task sensitivity in the distribution of d′ scores (controls −0.951,
carriers −0.462). Controls also showed a larger, though trend-
level, difference in task sensitivity than carriers between signal
and noise distributions, as indexed by d′, (carriers 2.63 ± 0.99,
controls 3.22 ± 0.75; U = 43.0, P = 0.06; Fig. 1c). Carriers had a
larger bias to accept noise as signal, regardless of whether the
stimulation was painful or nonpainful (criterion scores −1.69
for controls, −1.24 for carriers, U = 26.5, P = 0.06; Fig. 1c).

The relationship between C-NFD and d′ was not significant in
the present subgroup of seven heterozygotes (P > 0.9). However,
for the larger group of R221W carriers for which both C-NFD and
d′ scores were available (including three homozygotes), C-NFD
was positively correlated with d′ scores (r = 0.75, P = 0.02; Fig. 2d).

AI Discriminates Behavioral Relevance
In a previous study, the upper range of C-NFD measures in the
heterozygous R221W carriers overlapped with the typical range
in controls (Perini et al. 2016; Fig. 2b), indicating that a subset
of the heterozygote population had a normal C-NFD pheno-
type. This is also implied by the decreased skew toward higher
d′ scores observed here in the carrier group, which provided
statistical traction for examining covariance of hemodynamic
responses with these phenotypic measures. Covariance with
higher scores might reveal functional activation in the typical
phenotypic range, whereas lower scores would likely reflect
mutation-linked functional perturbation. Regressing the R221W
carriers’ d′ scores onto whole-brain BOLD data revealed that
signal in contralateral AI during painful stimulation versus base-
line increased with performance accuracy in carriers compared
with controls (Fig. 2a,b). In R221W carriers right AI (32, 22, 6)
was positively correlated to d′ score values, indicating activation
increases in this region with higher task sensitivity. The control
group showed no significant activation, likely owing to a lower
degree of variance on task performance. As expected, ceiling
effects precluded this regression in the control group.

AI–Mid-ACC Functional Connectivity Increases with Motivational
Escape Urgency
Urge to move slope values for painful heat stimulation were
significantly different across groups (U = 31, P = 0.01). No differ-
ence was observed for warm temperature stimulation (U = 63.5,
P = 0.5). Painful versus nonpainful stimulation in both groups
elicited activation in regions robustly implicated in pain process-
ing, including mid-ACC and AI (Table 1). However, in controls,
the mid-ACC only responded to a stimulus if it was “signal”
requiring a behavioral response, even for innocuous stimulation,

replicating previous results (Perini et al. 2013; Fig. 3a, Tables 1
and 2). Controls but not R221W carriers showed significantly
higher functional connectivity between AI and mid-ACC (−8, 6,
32), as reflected in the interaction between these time courses
of these regions, together with additional premotor regions
(Table 3), which covaried with motivational urge during pain.

Compensatory Sensorimotor Pathways in Carriers
A psychophysiological interaction (PPI) analysis (Friston et al.
1994; Friston et al. 1997; O’Reilly et al. 2012) was performed to
investigate any interaction between the right AI cluster’s time
course and that of any other regions in the whole brain, as a
function of urge to move ratings. With d′ as a PPI covariate,
he AI seed cluster showed higher functional connectivity with
right SII (56, −4, 4), in controls compared with R221W carriers.
Consistent with this, controls had significantly thicker cortex
in the left posterior insula (area 48, thickness [mean ± SD]
controls 2.83 ± 0.20 mm, patients 2.67 ± 0.19 mm, P = 0.026;
Fig. 4b).

In both groups, thermal painful compared with nonpainful
stimulation activated brain regions classically involved in pain
processing: the insular cortex bilaterally, somatosensory and
premotor regions, cerebellum, and midbrain (Peyron et al. 2000).
However, functional analyses revealed that R221W carriers
showed significantly higher activity in primary motor and
sensory cortices compared with controls (Table 1), most notably
in a between-group, whole-brain comparison of responses for
thermal painful versus nonpainful stimulation (the main effect
of pain). Unlike the control group, R221W carriers showed no
significant activation in medial prefrontal (including mid-ACC)
and lateral premotor regions in a conjunction analysis between
all “signal” conditions regardless of pain. Similar to our previous
investigation, the controls showed motor-specific activations
in MCC together with premotor and sensory areas ([−8, 6,
40]; Table 2, Fig. 3a). Carriers showed no significant activation
in these medial and lateral premotor regions, with activation
limited to the left primary somatosensory and motor cortices
(−38, −30, 56) and the left SII ([−52, −22, 18]; Fig. 3b, Table 2).
Together with the main effect of pain results, the conjunction
analysis may indicate compensatory processing related to direct
motor output in the task.

R221W carriers showed greater resting state connectivity
than controls in left SI within the posterior parietal dorsal
sensorimotor network (peak level P = 0.006 family-wise error
[FWE]-corrected within the SI ROI). Increased bilateral opercu-
lum connectivity for R221W carriers compared with controls
in the lateral dorsal sensorimotor network was observed in a
whole-brain exploratory analysis (P < 0.001, uncorrected).

In the subset of six R221W carriers for whom measures
were available, R221W carriers with lower C-NFD showed higher
functional connectivity between left dorsal anterior insula and
right sensorimotor cortex (P = 0.003 FDR-corrected).

Discussion
These findings provide evidence in support of the idea that corti-
cal processing of acute pain is shaped not just by the nociceptive
signal but by the relevance of the stimulus to current behavior.
This is consistent with research demonstrating that cortical pain
processing is influenced by factors such as voluntary attentional
focus (Kulkarni et al. 2005), expectation (Ploghaus et al. 1999;
Wiech et al. 2010), social factors (Krahe et al. 2013), and other
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Table 1 Activations during “painful stimulation” (pain > nonpain)

Analysis Peak coordinates (x, y, z) Cluster size

Controls
Painful stimulation

Cluster #1
Superior frontal gyrus (pre-SMA) 5.05 (4, 22, 58) 1888
Superior frontal gyrus (SMA) 4.88 (6, 8, 58)
Superior frontal gyrus 4.72 (4, 32, 54)
Anterior cingulate cortex 4.67 (0, 30, 30)
Midcingulate cortex 4.05 (6, 22, 40)
Superior frontal gyrus (pre-SMA) 3.72 (−10, 14, 64)

Cluster #2
Anterior insula 5.66 (−36, 16, −6) 1106
Anterior insula 5.23 (−36, 24, −6)
Anterior insula 4.82 (−32, 24, 4)
Anterior superior temporal gyrus 4.29 (−54, 12, −8)
Inferior frontal gyrus (pars opercularis) 3.45 (−60, 4, 0)
Frontal operculum 3.26 (−52, 0, 2)

Cluster #3
Midbrain 5.31 (2,-20,-18) 877
Midbrain 4.27 (10, −24, −10)
Midbrain 3.9 (−6, −30, −14)
Midbrain 3.71 (10, −16, −16)
Midbrain 3.67 (−6, −8,-8)

Carriers
Painful stimulation

Cluster #1
Superior frontal gyrus (SMA) 7.6 (2, 10, 52) 18 155
Anterior insula 7.05 (−38, 14, −2)
Mid-insula 6.81 (34, 6, 16)
Anterior superior temporal gyrus 6.73 (−54, 12, −2)
Frontal operculum 6.66 (50, 8, 2)
Anterior insula 6.63 (34, 20, 6)

Carriers > controls
Painful stimulation

Cluster #1
Postcentral gyrus (BA 3b) 6.49 (56,-6, 22) 1230
Inferior frontal gyrus (pars opercularis) 4.91 (62, 8, 4)
Precentral gyrus 4.1 (46, −16, 64)
Postcentral gyrus (BA 4) 3.92 (42, −14, 48)
Precentral gyrus (BA 6) 3.8 (38, −24, 70)
Precentral gyrus (BA 6) 3.63 (52, −8, 44)

Note: All reported clusters Z > 3, P = 0.01 whole-brain cluster corrected (MNI coordinates). SMA, supplementary motor area; BA, Brodmann area

Table 2 Conjunction analysis

Analysis Peak coordinates (x, y, z) Cluster size

Conjunction pain-press ∩ non–pain-press (controls)
Cluster #1

Precentral gyrus (MI) 8.93 (−46, −20, 62) 6320
Supplementary motor cortex (−4, −8, 56)
Midcingulate cortex (−8, 6, 40)

Cluster #2
Cerebellum lobule V 8.47 (18, −52, −22) 3253

Cluster #3
Brainstem 4.36 (−10, −26, −8) 1409

Conjunction pain-press ∩ non–pain-press (carriers)
Cluster #1

Pre-/postcentral gyrus (SI/MI) 7.76 (−38, −30, 56) 2625

Activations showing shared motor activity to painful and nonpainful stimulation. All reported clusters Z > 3, P = 0.01 whole-brain cluster corrected (MNI coordinates).
MI, primary motor cortex; SI, primary somatosensory cortex
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Figure 3. Conjunction of “signal” conditions in which the task required an action (button press), regardless of whether the stimulus was painful or nonpainful. (a)
Activation in the mid-ACC, premotor, and subcortical regions in controls. (b) R221W carriers showed activations in MI as well as in SII, contralateral to the response

hand. These findings suggest a compensatory role for these regions in context-dependent voluntary responses during pain.

Table 3 PPI analysis results

Analysis Peak coordinates
(x, y, z)

Cluster
size

PPI (controls > carriers) covariate: urge to move
Painful stimulation

Cluster #1
Midcingulate cortex 4.58 (−8, 6, 32) 416
Supplementary motor area 3.90 (−4, 8, 50)
Supplementary motor area 3.64 (−4, −2, 50)

Activations showing high temporal synchrony with the right anterior insula (AI)
during “painful stimulation.” All reported clusters Z > 3, P = 0.01 whole-brain
cluster corrected (MNI coordinates)

contextual factors (Woo et al. 2017). With respect to the effects
of the R221W mutation on the nervous system organization of
heterozygous carriers, these findings further suggest that any
presentation of pain indifference (Minde et al. 2004) may be
attributed to an individually variable impairment in translating
nociceptive afferent signaling into situation-appropriate behav-
ioral responses, rather than to an impairment in the ability to
perceive and report nociceptive stimulation.

Despite reporting normal pain thresholds, R221W carriers’
task performance was worse than controls’, and their subjective
motivational urge to escape the noxious stimulation was lower.
Carriers also showed a lower signal sensitivity on the task, as
indexed by d′ scores, regardless of whether the “signal” stimulus
was painful. Carriers’ pattern of errors also displayed a bias to
respond to stimuli which the task required them to disregard.
This suggests that a certain degree of uncertainty, perhaps in
the form of a reduced signal-to-noise ratio, may have interfered
with task sensitivity for both painful and nonpainful stimuli. d′

as an index of task performance also correlated with peripheral
C-NFD in a subset of seven R221W carriers (including three
homozygotes) for which these data were available. The upper
range of both task performance and C-NFD measures in the
carriers overlapped with the typical range (Fig. 2b). Carriers with
higher task performance showed increased activation in the
contralateral AI cortex. This region showed higher functional
connectivity with mid-ACC as a function of increased motiva-
tional escape urge during pain, but in controls only. As a group,
carriers showed lower BOLD responses in AI and mid-ACC, as
well as thinner cortex in the posterior insula. However, they also
displayed a bias toward greater engagement of sensorimotor
cortices during pain, implying a compensatory role for these
regions in pain–action integration.

Sensitivity to Task Variables in Mid-ACC and AI

AI and midanterior cingulate cortex are the regions most likely
to be activated in fMRI studies in both healthy and patient
groups (Knudsen et al. 2018), but their joint functional roles
have remained unclear. Here, the engagement of the mid-ACC
in controls showed preferential responses to “signal” stimuli—
those for which an overt behavioral response was required—
even for innocuous stimulation. This replicates previous nor-
mative results, which indicate that mid-ACC responses to pain
depend on the modulation of behavioral response execution.
Perini et al. (2013) demonstrated that regions of ACC and mid-
cingulate cortex (MCC) did not respond to pain unless an overt
motor response was required by the task. Importantly, this
region of the MCC contains premotor fields, among them the
putative caudal cingulate motor zone (CMZ). The premotor prop-
erties of CMZ, alongside a correlation of CMZ BOLD changes
with reaction times for “signal” stimuli regardless of whether
they were painful (Perini et al. 2013), underscore the idea that
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the role of this region in pain processing lies in the selection,
preparation, and execution of voluntary behavioral responses (in
this case, to press or not to press the button). Crucially, although
the midcingulate cortex exhibits pain-specific, yet generalizable,
activation patterns compared with negative emotion and cogni-
tive control (Kragel et al. 2018), controlling for motor processing
in this study indicated that its predominantly premotor role was
not specific for pain (e.g., Mouraux et al. 2011; Wager et al. 2016;
see also Salomons et al. 2020).

The carrier’s neural responses shed light on the functional
role of AI during acute pain. As in the previous normative study
(Perini et al. 2013), AI was activated for painful versus nonpainful
stimulation in a main effect contrast. The interpretation of
this main effect of pain in healthy controls was limited by the
fact that this group’s task performance was at ceiling. Here,
however, the decreased skew toward ceiling within the R221W
carrier group’s d′ scores allowed us to probe the underlying
functional processing. Specifically, it enabled the examination
of whether the main effect of pain in the AI reflected a simple
selectivity for sensory nociceptive information (pain vs. non-
pain) or an engagement by nociceptive stimulation which also
involved a critical sensitivity to task. The latter alternative would
indicate that a difference in pain–action integration underlies
differences in task performance between groups. It would also
imply that the difference would lie at a relatively early stage
in a cortical processing hierarchy of the incoming nociceptive
signal.

Examining activation in the R221W carriers as a function
of performance (d′) revealed that AI did exhibit task sensitiv-
ity, discriminating task-relevant from task-irrelevant stimulus
features during pain. In effect, this region lifted “signal” from
“noise” against a backdrop of sensory stimulation. The lower
an individual’s task sensitivity, the less the AI was engaged.
AI’s ability to filter behaviorally relevant and irrelevant sensory
stimulation here is consistent with its proposed role in the
processing of task-relevant, salient stimuli (Seeley et al. 2007;
Mouraux et al. 2011; Uddin 2015; Wager et al. 2016; Salomons
et al. 2020), where “salience” may reflect underlying signal-to-
noise processing. It is also consistent with human neuroimaging
evidence suggesting that AI activity predicts whether a subject
will classify a stimulus as painful, biasing “perceptual deci-
sions” about pain even before the stimulus occurs (Wiech et al.
2010, 2014), and that context-dependent functional connectivity
increases between AI and different cortical networks during
pain (Ploner et al. 2011). On a network level, the AI is a key
hub implicated in task-set maintenance (Dosenbach et al. 2008),
consistent with a supervenient influence of behavioral goals
upon stimulus processing.

Controls’ cortical thickness was greater in the posterior
insula. The posterior insula is likely a primary target of
thalamocortical pain pathways (Craig and Zhang 2006; Dum
et al. 2009). Processing in the insular cortex has also been
linked to pain evaluation, as well as the subjective experience
of pain (Bancaud et al. 1976; Mazzola et al. 2012; Frot et al. 2014;
Segerdahl et al. 2015). The PI is likely a main cortical hub for
integration of nociceptive information into subjective (Craig
2003) and autonomic (Critchley et al. 2004) efferent terms.

Following the fMRI session, participants were asked to
continuously rate their urge to withdraw the stimulated hand
away from the thermode during stimulation, in trials structured
exactly like those in the main experiment. This task was
designed to capture any subjective motivational impetus to
action instigated by painful or nonpainful thermal stimulation.

Although these measurements were performed outside the
scanner and therefore cannot reflect direct relationships
with hemodynamic changes, they were used as indices of
interindividual variation in motivational urges and modeled as
covariants in the BOLD data. Using the task-sensitive AI cluster
as a seed region, a PPI functional connectivity analysis using
“urge to move” as an interaction term showed that AI activation
in controls synchronizes with mid-ACC activation as a function
of individuals’ subjective withdrawal urge reports during painful
stimulation (Fig. 2c). This was not the case in carriers, who
reported significantly lower motivational urges (Fig. 2d). This
may reflect a joint role for AI and mid-ACC in producing
motivated, subjectively “hot” representations characteristic of
pain experience, with AI signaling high behavioral relevance of
a stimulus, and mid-ACC selecting and prioritizing voluntary
actions on this basis (Morrison et al. 2013).

R221W Carriers Engage Sensorimotor Network Adequate for
Behavior but not Motivation
We further interrogated this relationship by exploring how cen-
tral the AI–mid-ACC network’s observed contribution to moti-
vated response selection in controls may be for producing appro-
priate pain behavior on the task in the R221W carrier group.
In contrast to the prominent insular involvement in controls,
R221W carriers showed greater engagement of a network involv-
ing lateral and primary sensorimotor cortices for the main effect
of pain, as well as for producing voluntary behavioral responses
regardless of pain. The lower an individual carriers’ C-NFD,
the greater the connectivity within this sensorimotor network,
particularly between left dorsal AI and right primary sensory
and motor cortices, though the statistical significance of this
effect may be inflated by the small group size. If reliable, this
relationship may indicate a greater compensatory involvement
in individuals with lower reported motivational impetus to take
action to escape pain. Taken together, however, these findings
suggest that carriers may rely disproportionately on processing
in sensorimotor networks during the integration of sensory and
other behaviorally relevant information. This is consistent with
a transgenic mouse model of the mutation which indicated
a selective deficit in pain-related fear conditioning alongside
reduced neuronal activity in motor, but not sensory, cortex
(Testa et al. 2019).

The carrier group’s relatively subtle behavioral deficits on the
task suggest an overall adequacy of this network for produc-
ing behavior in the presence of a sensory stimulus. However,
the significant costs in performance accuracy, alongside the
markedly higher latency and reduction in subjective urgency for
pain, imply that this alternate network nonetheless integrates
stimulus- and task-related information with behavior “less effi-
ciently.” A possibility to be addressed by future research is that
R221W carriers may evaluate pain on a linear intensity scale,
supported by sensorimotor networks, rather than in terms of
a motivation- or behavior-centered threshold, supported by the
AI–mid-ACC axis. In contrast, typical-range processing in the
insula–cingulate network probably achieves a more seamless
and rapid integration of stimulus processing and behavioral rel-
evance, stamped with motivational impetus. While not specific
for pain, this network is likely optimally suited for efficient, high
signal-to-noise, high-gain processing of behaviorally relevant
signals, thus occupying a central functional role in adaptive,
flexible behavioral changes to noxious events (Shackman et al.
2011; Morrison et al. 2013).
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Conclusions
In heterozygous R221W carriers, the relationship between pain
and action is disrupted at the level of cortical integration of
the stimulus, though their pain thresholds do not differ from
controls’. A possible explanation is that reduced C-afferent input
to central pathways may result in greater signal uncertainty
in the brain during integration of stimulus- and task-related
features. Such diminished signal-to-noise differentiation in the
AI, however subtle, may introduce bias or alter the weighting of
the signal, perhaps predictively (Roy et al. 2014; Eldar et al. 2016),
thus shifting a decision criterion and increasing the likelihood
of classifying noise as signal in the task. Rather than affecting
specific neural populations or brain regions, though, we specu-
late that these effects likely propagate through networks receiv-
ing predominant projections from C-afferent pathways, particu-
larly within an insula–cingulate network, thus influencing wider
network-level signaling. R221W carrier brains may compensate
via an increased contribution from dorsolateral sensorimotor
networks during pain–action integration. Though adequate for
task performance, this contribution may be inefficient for the
production of motivated behavior, in contrast with the contribu-
tion of motivational–affective processing in the insula–cingulate
network observed in controls and high-performing carriers.
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