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ABSTRACT

Functional magnetic resonance imaging (fMRI) has been widely used in studying the neural mechanisms of pain in the human
brain, primarily focusing on where in the brain pain-elicited neural activities occur (i.e., the spatial distribution of pain-related
brain activities). However, the temporal dynamics of pain-elicited hemodynamic responses (HDRs) measured by fMRI may also
contain information specific to pain processing but have been largely neglected. Using high temporal resolution fMRI (TR =0.8s)
data acquired from 62 healthy participants, in the present study we aimed to test whether pain-distinguishing information could
be decoded from the spatial pattern of the temporal dynamics (i.e., the spatiotemporal pattern) of HDRs elicited by painful stim-
uli. Specifically, the peak latency and the response duration were used to characterize the temporal dynamics of HDRs to painful
laser stimuli and non-painful electric stimuli, and then were compared between the two conditions (i.e., pain and no-pain) using
a voxel-wise univariate analysis and a multivariate pattern analysis. Furthermore, we also tested whether the two temporal
characteristics of pain-elicited HDRs and their spatial patterns were associated with pain-related behaviors. We found that the
spatial patterns of HDR peak latency and response duration could successfully discriminate pain from no-pain. Interestingly, we
also observed that the Pain Vigilance and Awareness Questionnaire (PVAQ) scores were correlated with the average response
duration in bilateral insula and secondary somatosensory cortex (S2) and could also be predicted from the across-voxel spatial
patterns of response durations in the middle cingulate cortex and middle frontal gyrus only during painful condition but not
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during non-painful condition. These findings indicate that the spatiotemporal pattern of pain-elicited HDRs may contain pain-

specific information and highlight the importance of studying the neural mechanisms of pain by taking advantage of the high

sensitivity of fMRI to both spatial and temporal information of brain responses.

1 | Introduction

Pain perception is ultimately an outcome of neural activities in
the brain and is likely to be determined by the spatial and tempo-
ral patterns of brain activities. Functional magnetic resonance
imaging (fMRI), as a non-invasive neuroimaging technique, has
been shown to have relatively high spatial and temporal resolu-
tion and thus has been widely used in studying the neural mech-
anisms of pain in the human brain. Most pain-related fMRI
studies focused on where in the brain pain information is pro-
cessed (i.e., the spatial aspect of pain related neural activities)
and have identified a set of brain regions robustly responding
to painful stimuli (Boly et al. 2008; Favilla et al. 2014; Garcia-
Larrea and Peyron 2013; Jensen et al. 2016; Ingvar 1999; Stern,
Jeanmonod, and Sarnthein 2006; Su et al. 2019; Talbot et al. 1991;
Tracey and Mantyh 2007; Whyte 2008; Xu et al. 2020) and those
containing information preferential to pain processing in their
spatial patterns of brain activations (Krishnan et al. 2016; Liang
et al. 2019; Wager et al. 2013).

Another important neural coding mechanism underlying pain
perception may lie in the temporal dynamics of pain-elicited
neural activities. Most evidence related to temporal aspect of
neural coding of pain come from intra-cerebral recordings (Frot,
Faillenot, and Mauguiére 2014; Bastuji et al. 2018), electroen-
cephalography (EEG) (Hu and Iannetti 2019; Tu et al. 2023;
Ploner and May 2018; Zis et al. 2022) and magnetoencephalogra-
phy (MEG) (Ploner et al. 1999, 2009, 2006) studies due to the fact
that these techniques measure neural activities directly with the
best temporal resolution. For instance, intra-cerebral recordings
could reveal a~30ms time-lag of neural activities between the
posterior insula (latency: 212-220ms) and the anterior insula
(237-309ms) elicited by painful stimulation (Frot, Faillenot,
and Mauguiére 2014). Many scalp-EEG studies have reported a
clear difference in ERP (event-related potentials) peak latencies
between painful and electric conditions (e.g., the N2 compo-
nent typically peaks at~200ms and ~130ms for a painful laser
stimulation and an electric stimulation, respectively) (Hu and
Tannetti 2019; Zhang et al. 2021; Tu et al. 2023). Using MEG,
Ploner et al. (1999, 2009) observed concurrent activations of con-
tralateral S1 and bilateral S2 around 130 ms after painful stimuli
but serial activations at S1 (~30ms) and S2 (~75ms) after non-
painful stimuli. These findings obtained from direct recordings
of neural activities laid the foundation of our understanding of
the central processing of pain in the temporal domain and could
also help with the interpretation of fMRI findings of the tem-
poral dynamics of pain processing in the brain. Several fMRI
studies showed that hemodynamic responses (HDR) to neural
activities measured by fMRI is also sensitive to subtle timing
differences of stimulus presentations (Grinband et al. 2008;
Hernandez et al. 2002; Menon, Gati, et al. 1998; Menon,
Luknowsky, and Gati 1998; Misaki, Luh, and Bandettini 2013;
Tomatsu et al. 2008; Baliki, Geha, and Apkarian 2009). For ex-
ample, it has been shown that time differences as short as 100 ms

could be decoded from the temporal dynamics of HDR measured
by fMRI (Menon, Luknowsky, and Gati 1998; Misaki, Luh, and
Bandettini 2013). These findings raise the possibility that fMRI
may be able to detect subtle temporal differences of cerebral pro-
cessing between pain and no-pain. Indeed, a few fMRI studies
on pain processing in the brain have shown that pain-elicited
fMRI responses in some brain regions shows slower speed
(Chen et al. 2002; Moulton et al. 2005) and/or longer duration
(Chen et al. 2002; Lui et al. 2008) than the fMRI responses elic-
ited by innocuous stimuli, although opposite results (i.e., shorter
latency for painful stimulation in the anterior insula) have also
been reported (Pomares et al. 2013). For example, the peak la-
tency of the fMRI responses to painful contact heat stimuli were
found to occur later than those of the fMRI responses to innoc-
uous stimuli (low-intensity contact heat or brushing) in several
brain regions such as the contralateral primary somatosensory
cortex (S1) and secondary somatosensory cortex (S2), anterior
mid-cingulate cortex (aMCC), and supplementary motor area
(SMA) (Chen et al. 2002; Moulton et al. 2005). Two subsequent
studies using transient mechanical or laser stimuli reported
shorter peak latency (Pomares et al. 2013) as well as prolonged
responses to high-intensity painful stimuli than to low-intensity
non-painful stimuli in the insula and aMCC (Lui et al. 2008).

These previous studies suggested that pain processing in the
brain may have its characteristic temporal dynamics that is
distinct from processing of non-painful somatosensations.
Nonetheless, two main questions remained unclear. First, these
studies only looked at the temporal characteristics of pain-
elicited neural activities (i.e., the peak latency or response du-
ration) of a single brain area or voxel. Given the complexity of
pain perception, a deeper understanding of the neural coding
mechanism for pain could be gained by investigating the spa-
tial patterns of the temporal characteristics of neural activities
across different brain regions. However, such studies have not
yet been conducted. Second, given that the neural activity in
most brain areas was found to be intensity-dependent (Mouraux
et al. 2011; Su et al. 2019), and that the stimulus intensity was
not matched between painful and non-painful conditions when
comparing their temporal characteristics of fMRI responses in
these previous studies, their findings may have been contami-
nated by differences in stimulus intensity.

To address these two problems, in the present study, we first
matched the stimulus intensity between painful and non-painful
conditions, and then performed both voxel-wise univariate anal-
yses to compare the peak latencies and response durations of
fMRI responses between painful and non-painful conditions
and multivariate pattern analyses (MVPA) of across-voxel spa-
tial patterns of fMRI response latencies/durations to examine
whether such spatiotemporal characteristics of HDRs could
discriminate painful condition from non-painful condition. In
addition, we also tested whether the temporal characteristics of
pain-elicited fMRI responses were associated with pain-related
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behavioral traits by performing correlation and regression anal-
yses between the fMRI response peak latencies/durations and
four pain-related questionnaire scores across individuals.

2 | Materials and Methods
2.1 | Participants

Sixty two right-handed healthy volunteers participated in this
study (24 males and 38 females, 23.9+2.2years). They did not
have any history of neurological or psychiatric disease. This
study was approved by the Medical Research Ethics Committee
of Tianjin Medical University General Hospital, and an informed
consent was obtained from each subject prior to the experiment.

2.2 | Assessment of Pain-Related Behaviors

All participants were asked to fill out the Chinese version of four
pain-related questionnaires: Fear of Pain Questionnaire (FPQ),
Pain Anxiety Symptoms Scale (PASS), Pain Catastrophizing
Scale (PCS), and Pain Vigilance and Awareness Questionnaire
(PVAQ).

The FPQ includes 30 items, according to which a self-reported
measure of pain-related fear in (chronic) pain syndromes as well
as in non-clinical samples (McNeil and Rainwater 3rd. 1998;
Osman et al. 2002) can be obtained for each subject. Subjects
were asked to rate how fearful they were on each painful situ-
ation described in each item using a scale from 1 (not at all) to
5 (extreme). This scale has been shown to have a good reported
internal consistency, with Cronbach's a of 0.93 (Zhou Yang
et al. 2013). The final FPQ score was calculated as the sum of
all 30 items.

A short-form version of PASS, consisting of 20 items, was used
to measure pain-related anxiety and fear responses (McCracken
and Dhingra, 2002). Subjects were asked to indicate how fre-
quent each item was a true description of their behavior on a
six-point scale (0=never; 5=always). This 20-item version of
PASS has been demonstrated to have a good internal consis-
tency (mean a=0.81) and to be correlated strongly with the
original 40-item version (mean r=0.95) (Wong, McCracken, and
Fielding 2012). The final PASS score was calculated as the sum
of all 20 items.

The PCS, consisting of 13 items, was used to measure pain-
related catastrophizing of each subject (Sullivan, Bishop, and
Pivik 1995; Yap et al. 2008). Subjects were asked to reflect on past
painful experiences and to indicate the frequency with which
they experienced each of 13 thoughts or feelings when experi-
encing pain on a 5-point scale (0= “not at all”; 4="“very often”),
with higher scores indicating higher pain catastrophizing. The
final PCS score was calculated as the sum of all 13 items.

The PVAQ, consisting of 16 items, was used to measure the
tendency of each subject to attend to pain sensations or pain-
related bodily stimuli (McCracken, 1997; Wong, McCracken,
and Fielding 2011). Each item was rated on a frequency scale
from 0 (never) to 5 (always). The PVAQ has been shown to be

internally and temporally consistent, and the final PVAQ score
was calculated as the sum of all 16 items.

2.3 | Experiment Design and Data Acquisition

While lying in the scanner, participants received stimuli of two
different sensory modalities: painful and non-painful stim-
uli. painful stimuli were pulses of radiant heat (5ms duration)
generated by an infrared neodymium yttrium aluminium per-
ovskite (Nd:YAP) laser (wavelength:1.34 um; E1En Group, Italy).
Such laser pulses are optimal to selectively elicit painful pin-
prick sensation (i.e., A8 inputs) without the contamination by
activations of non-painful somatosensation related receptors
(i.e., A inputs) (Cruccu et al. 2003; Iannetti et al. 2003). These
painful laser stimuli were delivered to the right foot dorsum
within the sensory territory of the superficial peroneal nerve.
Non-painful stimuli were constant current square-wave electri-
cal pulses (2ms duration; DS7A, Digitimer Ltd., UK) delivered
through a pair of skin electrodes (1 cm inter-electrode distance)
over the superficial peroneal nerve of the right foot. The dura-
tion of laser and electrical stimulation aligned with those used
in previous studies (Mouraux et al. 2011; Zhang, Lu, et al. 2022).
Prior to the scanning, subjects were familiarized with the laser
and electrical stimuli and the intensity rating procedure, during
which appropriate stimulus intensities were determined for each
subject using the following procedure: in the first round, a series
of laser pulses with ascending energies was delivered, and par-
ticipants were asked to rate the perceived intensity after each
stimulus using a numerical rating scale (0 indicates no sensation
and 10 indicates the worst pain imaginable); we started from a
very low energy of 0.5] for safety reasons, and increased the en-
ergy with a step of 0.25J until the subject rated the stimulus as
8; as we aimed to identify the physical intensities corresponding
to the perceived intensity ratings of 3 and 6 as the low and high
painful stimulus intensities, respectively, used in the subsequent
fMRI experiment, in the second round the physical intensities
corresponding to intensity ratings of 3 and 6 identified in the
first round were repeated at least three times to test whether
the laser stimuli of these physical intensities were reliably rated
as 3 and 6—if not, several stimuli of physical intensities near
the previously identified physical intensities were delivered and
tested again until reliable ratings of 3 and 6 were obtained for
the given participant. The reason why we designed two stimulus
intensities was to create some variations of perceived stimulus
intensity so that the subjects would pay more attention to the
stimulus intensity as they knew that the stimulus intensity was
not fixed. The intensities of electrical stimuli were determined
using the same way with a similar VAS (0 indicates no sensa-
tion and 10 indicates the strongest sensation as an electric shock)
for each subject and were ensured to be under pain threshold.
Again, two stimulus intensities corresponding to 3 and 6 were
used as the low and high intensity electrical stimuli during the
formal experiment for each subject. To ensure that the elec-
trical stimulation did not elicit any pain sensation, during the
pre-experimental stage when demining the physical intensities
of electrical stimuli, we clearly instructed the subjects that the
electrical stimuli should not be painful, and they should imme-
diately inform the experimenter if they experienced any pain
sensation for electrical stimulations and the stimulus intensity
would be adjusted accordingly. Furthermore, we confirmed
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with each subject after the formal experiment whether they ex-
perienced any pain sensations for electrical stimulation and all
subject confirmed that they only felt pain after laser stimulation
but not after any other types of stimulations. More details about
how the stimulus intensity of each level was determined for each
subject can be found in our previous studies (Song et al. 2021; Su
et al. 2019; Zhao et al. 2021).

The fMRI experiments were carried out with an event-related
design, which consisted of 2 sessions, 6 blocks per session, 4 trials
per block, for a total of 48 trials. The inter-trial interval (ITI) was
25s, the inter-stimulus interval (ISI) was from 15 to 35s. Each
trial consisted of a stimulation period (~10s duration), followed
by a rating period (~10s duration) with a gap (~2s duration)
between the onset of the trial and the onset of the stimulation
period and a gap (~3s duration) between the end of the stim-
ulation period and the beginning of the rating period. During
the stimulation period of each trial, a single stimulus was de-
livered at a random time (uniform distribution) and the partici-
pants were instructed to fixate a white cross at the center of the
screen. During the 10-s rating period of each trial, subjects were
asked to rate the stimulus intensity by using a VAS displayed on
the screen (before the experiment, each subject was instructed
to finish the intensity rating within 10s). An illustration of the
experimental design is shown in Figure 1. This dataset has been
reported previously (Liang et al. 2019).

Whole-brain fMRI data were acquired using a MAGNETOM
Prisma 3T MR scanner (Siemens, Erlangen, Germany) with
a 64-channal phase-array head-neck coil. Tight but com-
fortable foam padding was used to minimize head motion,
and earplugs were used to reduce scanner noise. Functional
images were acquired with a prototype simultaneous multi-
slices echo-planar imaging (EPI) sequence with the follow-
ing parameters: TR=800ms, echo time (TE)=30ms, field of
view (FOV)=222x222mm?, matrix=74x 74, in-plane resolu-
tion=3x3mm?, flip angle (FA)=54°, slice thickness=3mm,

gap=0mm, number of slices=48, slice orientation=trans-
versal, bandwidth=1690Hz/Pixel, PAT (parallel acquisi-
tion technique) mode, slice acceleration factor=4, phase
encoding acceleration factor=2. A T1l-weighted structural
image was acquired with two inversion contrast magnetiza-
tion prepared rapid gradient echo sequence (MP2RAGE) with
the following parameters: TR=4000ms, TE=3.41ms, inver-
sion times (TI1/TI2)=700ms / 2110ms, FA1/FA2=4/5, ma-
trix=256x 240, FOV =256 X 240mm?, number of slices=192,
in-plane resolution=1x1mm?, slice thickness=1mm, slice
orientation =sagittal.

2.4 | Data Pre-Processing

Data pre-processing and statistical analysis were performed
using MATLAB (Mathworks, Natick, MA, USA) and SPM12
software (Wellcome Trust Centre for Neuroimaging, London,
UK; http://www.fil.ion.ucl.ac.uk/spm/). Four participants were
excluded from subsequent analyses due to incomplete acqui-
sition of cerebellum. All fMRI volumes of each subject were
spatially realigned for motion correction. The images were nor-
malized to the Montreal Neurological Institute (MNI) standard
brain using the unified normalization-segmentation procedure
via the structural T1 images and resampled to 3x3x3mm3
voxel size. Normalized data were then spatially smoothed (5mm
full-width-at-half maximum [FWHM]) using a Gaussian ker-
nel. Finally, the time series from each voxel were filtered using
a high-pass filter with a cut-off period of 128s to remove low-
frequency noise and signal drifts.

2.5 | Matching Perceived Intensity Between
Painful and Non-painful Stimuli

To rule out the possible confound of differences in stimulus in-
tensity between the two stimulus modalities when comparing

Experimental design
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® Siemens Prisma 3.0 T scanner, TR =0.8 s

® Two sessions, 6 blocks per session

® Four trials per block, 1 stimulus & 1 rating period in each trial
e Inter-stimulus-interval (ISI) = 15 ~ 35 s (uniform distribution)

FIGURE1 | Experimental design. The experiment design consisted of 2 sessions, 6 blocks per session, 4 trials per block, for a total of 48 trials. Pain

blocks are indicated in red and no-pain blocks are indicated in blue.
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fMRI responses induced by painful and non-painful stimuli, we
matched stimulus perceived intensity between the two condi-
tions at individual level using the following procedure: for each
subject, a laser stimulus and an electric stimulus were consid-
ered to be matched in terms of their intensity if the difference
in their intensity ratings was less than 0.5. This threshold was
selected to achieve a good matching of intensity ratings between
conditions while retaining a sufficient number of trials for sub-
sequent analyses (Liang et al. 2019; Su et al. 2019). For a given
laser stimulus with an intensity rating of r, if there were more
than one electric stimuli whose ratings were within the range
between r-0.5 and r+0.5, the electric stimulus with the small-
est rating difference was selected to match with this given laser
stimulus; if there was no electric stimulus within this range,
this laser stimulus was labeled as unmatched. Hence, all stim-
uli were divided into four groups: intensity-matched painful
stimuli, intensity-matched non-painful stimuli, the remaining
unmatched painful stimuli, and the remaining unmatched non-
painful stimuli. To avoid possible bias caused by difference in
stimulus intensity, the subsequent analyses of the HDR tempo-
ral characteristics during the two conditions in the present study
were focused only on the intensity-matched painful and non-
painful stimuli.

2.6 | Brain Activation Analyses

We used a general linear model (GLM) with regressors model-
ing each of the five types of stimuli (intensity-matched painful
stimuli, intensity-matched non-painful stimuli, the remaining
painful stimuli, the remaining non-painful stimuli, and the rat-
ing period) and their time and dispersion derivatives (Friston
et al. 1998) to obtain individual statistical parametric maps of
each condition. The head motion parameters and framewise
displacement (FD) (Power et al. 2012) were also included in the
GLM as covariates. We first identified the painful activation
areas and the non-painful activation areas showing significant
responses to intensity-matched painful and non-painful stim-
uli, respectively. The resultant individual activation maps were
then used to obtain the group-level painful and non-painful ac-
tivation maps. The group-level statistical maps were corrected
using family-wise-error (FWE) method at voxel level (p <0.05).
After obtaining group-level activation maps for both painful and
non-painful condition, we created a common activation mask
by overlapping the group-level activation maps of the two con-
ditions (Nichols et al. 2005). This common activation mask was
then used as a mask in the subsequent analyses to identify uni-
variate voxel-level and regional-level differences in the temporal
characteristics of stimulus-elicited BOLD time courses between
painful and non-painful conditions.

2.7 | Extraction of HDR Temporal Characteristics

Within the identified activated brain areas, we then used finite
impulse response (FIR) function (Glover 1999) to model the
HDR at each voxel. More specifically, the FIR function modeled
the response at each time point for each condition by a delta
function and thus was able to fully characterize the variability
of the HDR. The modeled time points were restricted within
15s after stimulus onsets (i.e., the shortest ISI) to avoid possible

interferences of the subsequent stimulus. The ¢ value of model
fit was used as the estimated response because the t values are
more stable than beta values (Misaki et al. 2010). For each stim-
ulus condition, 18 (i.e., ISI/TR=15s/0.85) ¢t values, each for a
time point, were obtained to model the HDR at each voxel. Then
we extracted two temporal characteristics, the peak latency and
the response duration, of the FIR-modeled HDRs for intensity-
matched painful and non-painful stimuli in each voxel, using
the same procedure as in Misaki, Luh, and Bandettini (2013).
The peak latency was measured as the time from the stimulus
onset to the time point when the HDR amplitude reaches the
peak. The response duration was measured as the length of
the period during which the HDR amplitude was continuously
higher than the half of the peak amplitude (i.e., full width at half
maximum, FWHM).

2.8 | Univariate Analysis of Temporal
Characteristics

First, voxel-wise paired t-tests were applied to identify the brain
areas showing significant differences in temporal characteris-
tics (i.e., peak latency and response duration) between pain and
no-pain, and the resultant statistical map was corrected for mul-
tiple comparisons using FWE at voxel level (p <0.05) within the
common activation mask. This common activation mask was
further divided into different regions by intersecting with each
region of the Human Brainnetome Atlas (BN) (Fan et al. 2016)
(http://atlas.brainnetome.org) and each cerebellar region of the
AAL atlas (Tzourio-Mazoyer et al. 2002). Only the regions with
at least 50% voxels showing significant responses to both painful
and non-painful stimulation were kept, resulting in a total of 49
regions. The mean peak latency and response duration were also
obtained for each region by averaging the values of all activated
voxels within this region and were compared between painful
and non-painful conditions using paired t-tests. The statistical
significance of the results of the regional level comparisons was
determined using Bonferroni correction (p <0.05/49 =0.00102).

To further investigate the temporal sequence of the stimulus-
elicited neural responses across the 49 regions, paired t-tests
were performed on the peak latency between each pair of
these regions (49 x48/2=1176 pairs in total) for each condition
(pain and touch) to evaluate the peak latency differences be-
tween regions. The statistical significance was corrected using
Bonferroni correction (p <0.05/1176 =4.25x 1075).

2.9 | Multivariate Pattern Analyses
for Classification Between Pain and No-Pain

We further performed MVPA to investigate whether the spa-
tial patterns of the two HDR temporal characteristics (peak la-
tency and response duration) within the brain areas activated
by painful and non-painful stimuli could discriminate between
the two conditions using the MVPANT toolbox (http://funi.tmu.
edu.cn) (Peng et al. 2020). In contrast with the above univariate
analyses which compares the temporal characteristics of every
single voxel/region one by one between the two conditions,
MVPA is a multivariate machine learning technique which ex-
amines the spatial pattern of the temporal characteristics across
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all voxels within the activated brain areas at once by solving a
classification problem. Here we adopted a linear support vector
machine (SVM) as the pattern classifier with the peak latency
and the response duration as the classification features sepa-
rately. A “leave-one-subject-out” cross-validation approach was
employed to train and test the classifier. That is, in each cross-
validation step, the classifier was trained using the data from
57 subjects and tested using the remaining subject. This proce-
dure was repeated 58 times, using a different subject as the test
dataset each time. The final classification accuracy was calcu-
lated as the percentage of correctly classified samples over all
cross-validation steps. We also obtained the average classifica-
tion weight map (i.e., the linear SVM weight) for each of the two
“pain versus no-pain” classification tasks (one using the peak la-
tency and the other using the response duration). The weight of
a voxel represents the contribution of this voxel to the classifica-
tion, and its sign indicates the class preference of this voxel—in
the present study, a positive weight implies a higher value (i.e., a
longer peak latency/response duration) during painful condition
than during non-painful condition, whereas a negative weight
implies the opposite.

To test whether the classification accuracy was higher than
chance level, we performed a permutation test (n=5000) to
build a null distribution of chance-level classification accura-
cies. Note that the random permutation of class labels were only
performed for the training samples. The non-parametric p-value
was then derived from the following equation (Phipson and
Smyth 2010):

b+1
m+1

p:

E]

where m is the number of permutations (m = 5000 in the present
study), and b is the number of times when the chance-level ac-
curacy is equal or higher than the actual classification accuracy
obtained using the true labels.

To make sure that only the across-voxel spatial pattern of, rather
than the overall difference in, the HDR peak latencies/response
durations within the activation mask can contribute to the clas-
sification, the data of each sample were standardized to z values
using the following formula

X; — mean
“="%p

where x; represents the value of peak latency/response duration
of voxel i, and mean and SD represent the mean and the standard
deviation of all voxels within the activation mask, respectively.

2.10 | Associations Between the HDR Temporal
Characteristics and Pain-Related Behaviors

To explore whether the temporal characteristics of HDR to pain-
ful stimuli were associated with pain-related behaviors, we per-
formed univariate correlation analyses and multivariate linear
regression ((MVLR)) analyses between the HDR temporal char-
acteristics (peak latency and response duration) and the scores
of pain-related questionnaires (FPQ, PASS, PCS and PVAQ)

across individuals. The same correlation and regression analy-
ses were also performed between the temporal characteristics
of HDR to non-painful stimuli and pain-related questionnaire
scores to test whether the associations between painful HDR
latencies/durations and pain questionnaire scores, if any, were
specific to pain.

In detail, we first tested whether the mean HDR latency/duration
of each of the 49 commonly activated brain areas was correlated
with pain-related questionnaire scores using univariate Pearson
correlation, and the statistical significance was determined by
Bonferroni correction (p<0.05/49=0.00102). For each ques-
tionnaire and each brain region, we also built a MVLR model
to test whether the spatial pattern of the HDR latencies/dura-
tions across the voxels within this given region could predict
the questionnaire scores. For the MVLR analyses, we adopted
a machine learning procedure with model training and testing
steps using a “leave-one-subject-out” cross-validation approach,
similar with that adopted in the above MVPA for “pain versus
no-pain” classifications. In this way, every subject was used as a
test sample once. The performances of the MVLR models were
assessed by the correlation between the predicted and the true
questionnaire scores across all test samples, and their statisti-
cal significance was determined by nonparametric permutation
test (n =5000) and corrected for multiple comparisons (p <0.05,
corrected for FWE) (Nichols and Hayasaka 2003). In brief, the
maximal r value across all brain regions was selected in each
permutation step and the resultant 5000 maximal r values of all
permutations were used to construct the null distribution of r
values. The calculation of p values here were the same as in the
above MVPA for classifications. More details about the multiple
comparisons correction procedure can also be found in our pre-
vious study (Hua et al. 2020).

3 | Results
3.1 | Behavioral Data

In the present study, the laser stimuli of low physical intensi-
ties across all subjects ranged from 1.75 to 6.25J (Mean =+ SD:
3.84+0.92J) and those of high physical intensities across all
subjects ranged from 2.25 to 6.75J (4.56 £0.93J), respectively;
the electric stimuli of low and high physical intensities across
all subjects ranged from 1.00 to 20.00mA (6.29 £4.51 mA) and
from 2.80 to 35.00mA (13.16 +8.25mA), respectively. For pain-
ful stimuli, the physical intensities and the perceived intensi-
ties (i.e., the subjective intensity ratings) were 4.21+0.99J and
4.16+2.03, respectively. For electric stimuli, the physical in-
tensities and the perceived intensities were 9.60+7.17mA and
4.35+1.73, respectively. The pain-related behavioral assessment
scores of all participants are summarized in Table 1.

3.2 | Brain Activation Analyses

Figure 2 shows the brain areas significantly activated by pain-
ful and non-painful stimuli and the brain areas commonly acti-
vated by both types of stimuli. Clearly, painful and non-painful
stimuli activated very similar brain areas, including the bilat-
eral thalamus, the primary and secondary somatosensory areas,
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insula, temporal superior lobe, inferior frontal lobe, SMA, mid-
cingulate cortex, anterior cingulate cortex, and cerebellum.

3.3 | Univariate Differences of Temporal
Characteristics Between Pain and No-Pain

Before intensity-matching, each subject has 24 painful and 24
tactile stimuli, after intensity-matching, 56% of the trials were
retained on average. For painful stimuli, the response duration
and peak latency were 2.51 £0.45s (ranging from 1.53 to 3.10s)
and 6.56+0.40s (ranging from 5.96 to 7.46s), respectively. For
non-painful stimuli, the response duration and peak latency
were 2.47+0.49s (ranging from 1.54 to 3.48s) and 6.00£0.42s
(ranging from 5.41 to 6.98s), respectively.

TABLE1 | Pain-related behavioral assessment scores.

Behavioral measures Score (mean +SD)

PCS 11.7+9.0
PASS 36.4+17.3
PVAQ 33.0+£12.2
FPQ 89.5+14.5

Abbreviations: FPQ, Fear of Pain Questionnaire; PASS, Pain Anxiety Symptom
Scale; PCS, Pain Catastrophizing Scale; PVAQ, Pain Vigilance and Awareness
Questionnaire.

z=0mm

z=14mm

Figure 3 shows the results of the paired f-tests on peak laten-
cies between each pair of the 49 activated regions for examin-
ing the temporal sequence of neural responses across these
brain regions. A total of 694 and 684 out of 1176 pairs of brain
regions showed significantly different peak latencies in pain
and no-pain condition, separately (Figure 3a,b). To visualize
the temporal order of these regions, we averaged all ¢ values for
each row to represent how late the response peak latency of a
region (denoted in the row) was compared to all other regions
for each condition; these averaged t values were then mapped
onto the corresponding brain regions and shown in Figure 3c,d.
We found that the temporal order of neural responses across
these regions were similar between the two conditions (pain
and no-pain). In both cases, the insula-operculum area and the
thalamus demonstrated faster responses (i.e., shorter peak laten-
cies, colored coded in dark blue), compared to other regions; in
contrast, the sensorimotor, prefrontal areas, and also the vermis
of the cerebellum exhibited slower responses (i.e., longer peak
latencies, colored coded in red-yellow).

Both voxel-level and regional-level comparisons showed some
significant differences in peak latencies between painful and
non-painful conditions (Figure 4). As shown in Figure 4a, the
voxel-level comparisons identified only a few voxels responding
significantly faster to non-painful stimuli than to painful stim-
uli, mainly located in the secondary somatosensory cortex, in-
sula, and SMAs. The results of the regional-level comparisons

z=56mm z=71mm

z=28mm z=42mm

z=42mm  z=56mm z=71mm
Tvalue T
0 12

z=56mm z=71mm

z=28mm z=42mm

T value [T
0 12

FIGURE2 | Group-level activation maps. (a) Activation map of painful stimuli. (b) Activation map of non-painful stimuli. (c) Conjunct activation
map of painful and non-painful stimuli. The colors encode the corresponding activation ¢ values in (a) and (b) or the average ¢ values of the two

conditions in (c).

7 of 17



a Pain b

- - . e - - * ax x mmEE o Ax % *
z 5 By SEEEE. mpTEEEEE . gLt g= : sms ? 3
& N Bl O Ao - - -~ - TmEr x r * *
- - - e ,S;GGJ"_-f'; R ’a - * . *
- ==¢ - ——— MEGL T4 * - * - AR Rk ek - * o kx
- - - - - - - . - - - - - - kR
1 - 1 - !"{'!‘ S —— ;;g:tf"f_é . W !# JEaddgl camidddad g *
- LB | Lt n = -==- - - i-.. MFGRT 6 - . - LR AT AL . * LR
2B zm : e 2 8 : "
B = - - - -5
i L 8 ECRE e B e
*  eeme = om om - e x ™ *
s amem 2 x om 2 = Fo1sd $Ei LS. af= 8 -
- - - - - -
- - - - - - - - E:LR:sg - - ’;a'.'t .a.'.'.' -
- .- .- - - - PGLES MEmrm L . - * * b
DEREAETT.. .p 2 2 s RO omp T
L "G
- - == ,=’!!' !(9!‘! ! - g's- SPL-L-S-J - - - ". - "y.%...' ’.'.. .'. L
. - *
PLLs3
L =me cEE" AEEESNY EESENSSE A= SsEs PLRE3 PRt 2 0% ARl Gag & -.lﬂ't.a-.‘-t"t' SAB®
- - - - - - . PLLEE REmes A .- - . ok ok
. ==,=.-- =~ = - .= DS g’n - .. . - * LR
BuE 4 [ 1] PLRESE ] 3
- e - - - *W PGCJ2 * *ramas - - * * ko
- - - - - - PoG R 42 L . - - -
‘g_;--'g.l=m= . . “.= .. ol WSTET * a'.’.. - - - * PR
L & N - *® NSHE1 LR * * - o x
PR 5 S . ank - = & 1SRE2 o TR . - ik
§--38:8..2 . BaR " e BRI (i e I L | o ms g
- .- . . - .: NSLBL . sommia . . .. * .
» meamem  * e . . e agao‘ . . 'a‘a! . .k
§ IEEE 7 ] 2 B NSHES $ReE : 1 & i
-2 & 2 2 INSLB® 4
5 SaMEE = L * = WNSKES amsa 2 A LA A LT
- ~m - . . . .
3 BE. BRESE: EEEEIEaas mx mex 172 2 - 2
- It%t%’ x : : .E CC:L>~5 - ':.: - - :t, - .:
: CORTS . ces o » RNPUPRN
- %1.“‘ .. - -
s . - - . o . *
Thal 81
sty i R iR o
:re-d : - $ mivs i1 :
L ~m - Lh;i;":!;sz - -~ .g..... L - -
- - a‘-tn- - - Vmi:4:5 .. . .. ’%h "%ﬂ_ :i.%t’*t.ﬁ LR R L
Vermis_7
QPEEEEETATATDD 29992 FF<ES - DOOZZZZZFRRATARATT VIVO555TV°Z 2222223232 0000mmM=A=t==
R R R R R 000000000 SRR iR e 28555 55566650000008 828533 SR R 00080088 R R S R R R R g R G 5000000 28353
12900,D,0,0,0,00 1ttt R e e a i n A B D a0 3 3 3 QOO0 000 @0, \ \ e e e ) ®333
Dl -l AR R R D! AL A R R A B i o & p o AR D D s r-:u:or;:r-nr-:orx"”"”"”r:or'w-~-
LOLGEAL R e 0ees o0 e 0o xee, 0'6-“.MQQOQOQOQQQV‘NVN‘QOOQGQ__._\. r-;ur-,—r-;,r-x 0 M o N aaa
DR R R R GO OO ORI D et IO IO RO OO=i SN N OO . ammmm&mommgﬁawm‘ mmmmmm@mmmm, NN mcnmmmv_l )
Llal ) gl =N e o aln ey "' W' no'a @ho'o ‘NN“‘NNV‘N‘_ RO W'Dy ' 3 Nuuuh‘wu'mm”u"'m“h’—' eo'ag! BN
B a%w - = NGo

FIGURE3 |
touch, respectively, and the magnitudes of ¢ values are colored coded: The warm color (yellow-red) indicates a positive ¢ value, suggesting that the brain

Paired-t-test results of peak latency of 49 activated regions for pain and touch. Panels (a) and (b) show the ¢ value matrices for pain and

region denoted in the row has a slower response (i.e., longer latency) than the region denoted in the column, while the cold color indicates the opposite.
The asterisks indicate statistical significance of paired t-tests after Bonferroni correction (p <0.05/1176). Panels (c) and (d) show the averaged t map
for the 49 activated regions. The ¢t value of each region was obtained by averaging all ¢ values in the corresponding row of the ¢ value matrix. BG, basal
ganglia; CG, cingulate gyrus; IFG, inferior frontal gyrus; INS, insular gyrus; IPL, inferior parietal lobule; MFG, middle frontal gyrus; PoG, postcentral
gyrus; PrG, precentral gyrus; SFG, superior frontal gyrus; SPL, superior parietal lobule; Tha, thalamus; Vermis, cerebellum vermis.

showed that several brain regions responded to non-painful
stimuli significantly faster than to painful stimuli, including
the right thalamus, bilateral secondary somatosensory cortex,

3.4 | Multivariate Pattern Analyses for “Pain
versus No-Pain” Classifications

insula, inferior frontal gyrus, SMA, mid-cingulate cortex, and
anterior cingulate cortex (Figure 4b). No significant differences
in HDR durations were observed in either voxel-level analysis or
region-level analysis.

The classification between painful and non-painful stimuli based
on the spatial patterns of HDR peak latencies or response dura-
tions showed that the information contained in the spatial distri-
bution of both peak latency and response duration of HDR across
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FIGURE 4 | Differences in peak latency between painful and non-painful conditions identified by univariate comparisons (painful—non-
painful) at voxel level (a) and region level (b) using paired t-tests. Positive t-values indicate that the voxel/region responding more slowly to painful

stimuli than to non-painful stimuli.

voxels within the commonly activated brain areas allowed distin-
guishing between painful stimuli and non-painful stimuli (peak
latency: classification accuracy = 71%, p=1.99 X 10~*; response du-
ration: classification accuracy =74%, p=1.99 x 10~4; Figure 5a,b).
In both classifications, the classification weight maps revealed
that the voxels contributing to the classification were widely dis-
tributed across the whole activated areas, rather than restricted in
one or several specific brain regions (Figure 5c,d).

3.5 | Associations Between the HDR Temporal
Characteristics and Pain-Related Behaviors

Univariate correlation analyses identified 10 brain regions
showing significant negative correlations between the PVAQ
score and the response durations during painful condition
(p<0.05/49=0.00102, Bonferroni corrected; Figure 6, red scatter
plots), including the bilateral insula (7 brain regions), S2 (2 brain
regions) and the middle cingulate cortex (1 brain region). In con-
trast, no significant correlations between the PVAQ scores and the
response durations during non-painful condition were found in
these 10 brain regions (Figure 6, blue scatter plots) or any other
brain regions (all p > 0.05). The PVAQ scores were not significantly
correlated with the HDR peak latency during either painful or
non-painful condition. Furthermore, none of the other three pain-
related questionnaire (FPQ, PASS and PCS) scores were found to
be significantly correlated with either peak latency or response du-
ration during either painful or non-painful condition (all p>0.11).

MVLR analyses showed that the spatial patterns of the re-
sponse durations in the middle cingulate and middle frontal
gyrus could significantly predict subjects’ PVAQ scores only
for the painful condition but not for the non-painful condition
(Figure 7). Successful predictions of pain-related questionnaire

scores were not observed in other brain regions for either pain-
ful or non-painful condition (all p> 0.46).

4 | Discussion

In the present study, we investigated the differences in temporal
characteristics (i.e., peak latency and response duration) of HDRs
elicited by transient painful and non-painful stimuli based on
high-temporal resolution fMRI data (TR=0.8s) using both uni-
variate and multivariate analysis strategies. It is worth noting that,
as possible differences in perceived stimulus intensity between
pain and no-pain may confound the comparisons of the stimulus-
elicited HDRs between the two conditions (Mouraux et al. 2011;
Su et al. 2019), the perceived stimulus intensities were strictly
matched between the two conditions on a trial-by-trial basis in
all analyses of the present study. We showed that the HDR peak
latency and response duration varied considerably across brain re-
gions during both painful and non-painful conditions, suggesting
that the spatial distribution and the temporal characteristics of
stimulus-elicited HDRs may jointly encode the stimulus informa-
tion. Furthermore, non-painful stimuli elicited faster HDRs (i.e.,
shorter peak latency) in several brain regions than painful stimuli,
which could be explained by the difference in peripheral conduc-
tion time (~60ms) between pain and no-pain, thus demonstrating
the high sensitivity of fMRI signals in detecting subtle temporal
differences of neural activities. After adjusting the difference in
peripheral conduction velocity between the two conditions by
removing the difference in mean peak latency between the two
conditions, MVPA showed that the spatial pattern of HDR peak
latency and response duration could still successfully discriminate
between pain and no-pain, suggesting that the pain-specific infor-
mation contained in the HDRs could be reflected by the spatio-
temporal characteristics of stimulus-elicited HDRs. Interestingly,
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FIGURE 5 | Classification accuracies and their null distributions of “pain versus no-pain” classifications based on peak latency (a) and response

duration (b), along with their corresponding weight maps (c and d). In panels a and b, classification accuracies are indicated by the red vertical lines
and the corresponding null distributions (obtained from 5000 permutations) are indicated by the black bell shapes centered around the chance level
accuracy of 0.5. Panels c and d show the weight maps of the classifications based on peak latency and response duration, respectively. The sign of the
SVM weight indicates the preference for pain (positive values in red-yellow) or for no-pain (negative values in blue-green).

we also found that the PVAQ scores were correlated with the
response durations of pain-elicited HDRs in bilateral insula and
S2 and could be predicted from their spatial patterns across the
voxels within the middle cingulate and the middle frontal gyrus.
Importantly, such significant correlations and successful predic-
tions were only observed during painful condition but not during
non-painful condition, further supporting that the HDR temporal
characteristics contained pain-specific information and were as-
sociated with a person's pain-related behavior.

4.1 | Temporal Differences of HDRs Between Pain
and No-Pain

IthaslongbeenthoughtthatfMRIisinsensitiveindetecting dif-
ferences in temporal dynamics of neural activities as it reflects

hemodynamic changes per se rather than the neural activity
itself. However, several studies mentioned in the Introduction
have suggested that subtle differences in temporal dynamics
of neural activity may be detectable at the level of hemody-
namic responses measured by fMRI (Grinband et al. 2008;
Hernandez et al. 2002; Menon, Gati, et al. 1998; Menon,
Luknowsky, and Gati 1998; Misaki, Luh, and Bandettini 2013;
Tomatsu et al. 2008). In addition, a two-temporal-channel
modeling approach developed to model joint contributions
to fMRI responses across visual cortices from both sustained
and transient visual stimulations has been demonstrated to
be able to decipher neural activity in millisecond resolution
from fMRI signals (Stigliani, Jeska, and Grill-Spector 2017).
In the field of pain neuroimaging, latency differences in fMRI
responses between painful and non-painful conditions have
also been reported in previous studies. Chen et al. observed
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FIGURE 6 | Legend on next page.

that the responses in the contralateral S1 and S2 had longer
peak latency for painful contact heat stimuli (~17s after the
onset of the stimulus) than for non-painful brushing stimuli
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(~10s) (Chen et al. 2002). Slower HDRs to painful stimuli
(6-8s delay) than to non-painful stimuli was also reported
in other brain regions, including aMCC and SMA (Moulton
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et al. 2005). Compared with the two previous studies, our
present study controlled for the difference in stimulus inten-
sity and also observed significantly longer peak latencies of
HDRs to painful stimuli than those to intensity-matched non-
painful stimuli in even a wider range of brain areas, including
the right thalamus, bilateral secondary somatosensory area,
insula, inferior frontal gyrus, SMA, anterior, and middle cin-
gulate cortex. This may be because the event-related design
adopted in the present study is supposedly more suitable to
detect temporal information than the block-design paradigm
adopted in the two previous studies. The slower HDRs to pain-
ful stimuli than to non-painful stimuli observed in the pres-
ent and previous studies may be explained by the difference
in peripheral conduction velocity between the two modali-
ties—~10-20m/s for painful (AS fiber) inputs and ~50m/s
for non-painful somatosensory (Af fiber) inputs (Ferrington,
Sorkin, and Willis Jr. 1987; Kakigi and Shibasaki 1991; Vallbo
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et al. 1979), which is further corroborated by the finding of
60ms delay of painful responses than non-painful responses
measured by MEG (Inui et al. 2003). However, it should be
noted that inconsistent result was also reported that shorter
latencies were observed for the HDRs elicited by painful con-
dition (high-intensity laser) than those elicited by non-painful
condition (low-intensity laser) in the anterior insula (Pomares
et al. 2013). Considering that the insular gyrus has been ex-
tensively shown to play an important role in the processing of
stimulus intensity, it is likely that this finding may have been
confounded by differences in stimulus intensity.

Although the temporal order of neural responses across brain
regions were similar for pain and no-pain conditions, it is inter-
esting to note that the temporal resolution of data acquisition
in the present study seems to be able to discern the differences
in response peak latencies between brain regions (significantly
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FIGURE 7 | Prediction of the PVAQ scores using the MVLR model based on the across-voxel pattern of the HDR durations in the middle frontal
gyrus (a) and the caudodorsal part of the cingulate gyrus (b). The brain maps in the upper row show the locations of these two brain regions.
The scatter plots and the fitted straight lines in the middle row show the correlations between the predicted PVAQ scores and the true PVAQ
scores obtained for the painful condition (in red) and the non-painful condition (in blue). The correlation coefficients and their corresponding null
distributions obtained from 5000 permutations are shown in the bottom.

FIGURE 6 | The scatter plots for the correlations between the PVAQ score and the average FWHM of HDR for the 10 identified brain areas
(p<0.05/49=0.00102, Bonferroni corrected) under the painful condition (red dots and the fitted straight line) and the non-painful condition (blue
dots and the fitted straight line). The brain map above the scatter plots in each panel shows the location of the corresponding brain region: BN 169
ventral dysgranular and granular insula_L (a), BN 170 ventral dysgranularand granularinsula_R (b), BN171 dorsal granular insular_L (c), BN172
dorsal granular insular_R (d), BN173 dorsal dysgranular insular_L (e), BN174 dorsal dysgranular insular_R (f), BN164 hypergranular insular_ R
(g), BN183 cingulate gyrus caudodorsal area (h), BN 157 postcental gyrus_tonla,area_L (i), BN 158 postcental gyrus_tonla,area_R (j). FWHM: full
width at half-maximum; L: left; PVAQ: Pain Vigilance and Awareness Questionnaire; R: right.
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different peak latencies were detected between 694 and 684
out of 1176 pairs of brain regions for pain and no-pain condi-
tions, respectively). We found that the responses of the insula-
operculum area and the thalamus peaked the earliest, followed
by the sensorimotor, prefrontal areas and the vermis of the cer-
ebellum. This result is largely consistent with the information
flow from the lower-level areas receiving somatosensory infor-
mation at the early stage to the higher-level areas responsible for
stimulus-elicited cognitive, emotional, and executive activities
(Tracey and Mantyh 2007).

It is worth noting that our present finding, along with those pre-
vious findings mentioned above, suggest that, apart from having
a good spatial resolution, fMRI also has an acceptable temporal
resolution to decipher temporal information of brain activity.
Therefore, compared with EEG or MEG, fMRI exhibits a bet-
ter balance between temporal resolution and spatial resolution,
which makes it one of the best options so far for investigating the
spatiotemporal characteristics of brain activity.

In the present study, no significant difference in response du-
ration was found between painful and non-painful conditions
in either voxel level or regional level in the univariate analyses.
This result seems inconsistent with a previous study showing
that the fMRI post-stimulus responses elicited by painful stim-
uli lasted significantly longer than non-painful ones in the an-
terior insula and anterior mid-cingulate cortex (Lui et al. 2008).
However, the result of the previous study may have been con-
founded by the difference in stimulus intensity between painful
and non-painful conditions (i.e., the painful stimuli were more
intense than the non-painful stimuli). Indeed, it has been shown
that the neural activities in many brain areas including anterior
insula and cingulate cortex were intensity-dependent (Mouraux
et al. 2011; Su et al. 2019); that is, the fMRI responses elicited
by high intensity stimuli tend to last longer than those elicited
by low intensity stimuli. An alternative explanation for the lack
of differences in response durations between painful and non-
painful conditions might be because the temporal resolution
used in the present study was still not sufficiently high, and thus
further enhancing the temporal resolution by restricting the im-
aging field (i.e., the FOV) to some preselected brain areas should
be attempted in future studies.

4.2 | The Spatial Patterns of Temporal
Characteristics Encode Pain-Distinguishing
Information

Understanding how pain is specifically encoded in the human
brain is an ongoing quest in the field of pain neuroscience (Liang
et al. 2019; Wager et al. 2013). Although previous studies have
shown that intensity matched painful and non-painful stimuli
activate almost identical brain areas (Su et al. 2019) and that
the activation amplitudes in these brain areas were correlated
with the stimulus intensity (Su et al. 2019), the spatial pattern of
the amplitudes of neural activities in the brain has been shown
to be distinguishable between painful and non-painful condi-
tions and to be predictive of pain intensity (Wager et al. 2013;
Liang et al. 2019). In particular, one seminal work by Wager and
colleagues showed that the spatial pattern of fMRI responses
in the “pain matrix” areas elicited by painful stimuli can be

used to predict successfully the intensity of physical pain, but
not social pain (Wager et al. 2013). After properly controlling
for stimulus intensity in the somatic domain, our previous work
demonstrated that the spatial patterns of the amplitudes of fMRI
signals still allowed distinguishing between equally intense
painful and non-painful stimuli (Liang et al. 2019). This has led
to the hypothesis that the spatial pattern of neural activity am-
plitudes contain information specific to pain and could be con-
sidered as a representation of pain in the brain. In contrast to
these previous studies that have all focused on the amplitudes of
HDRs, our present study focused on the temporal aspects (i.e.,
peak latency and response duration) of HDRs and identified
the pain-distinguishing spatial patterns of the HDR temporal
characteristics across different voxels. Although no difference
in response durations was identified and only a few voxels or
regions were found to have significantly different HDR peak
latencies between painful and non-painful conditions using
univariate analysis strategy, the results of MVPA showed that
the spatial patterns of both peak latency and response duration
could successfully distinguish between painful and non-painful
conditions with matched stimulus intensity. As different brain
regions/voxels may respond to a stimulus at slightly different
times, the spatial pattern of HDR peak latencies reflects the
time sequence of HDR peaks across different voxels within the
activated brain areas. Similarly, the spatial pattern of HDR du-
rations reflects the spatial pattern of how long the HDRs last
at different regions/voxels. Therefore, in addition to the spatial
pattern of how strongly different voxels respond to painful stim-
uli (i.e., response amplitudes) being a pain-encoding mechanism
suggested by previous studies, the findings of the present study
proposed another possible mechanism from a spatiotemporal
perspective, that is, that the spatial pattern of the temporal se-
quence and durations of the responses across activated voxels
may also encode pain-specific information and thus could be
considered as a representation of pain in the human brain.

Another intriguing aspect of the present finding is that sub-
tle differences in temporal characteristics of HDRs between
painful and non-painful conditions could be detected from the
supposedly slow fMRI responses with relatively low tempo-
ral resolution (compared with EEG or MEG), highlighting the
power of machine learning techniques in exploration of subtle
information about temporal dynamics of neural activities con-
tained in fMRI signals. Indeed, a previous study also demon-
strated that 100-ms onset differences of ocular dominance
activations could be detected from the spatiotemporal pattern
of fMRI signals with a sampling rate of TR =250ms and a voxel
size of 2x2x 3mm? that is much larger than the width of ocu-
lar dominance columns ( <0.7mm) using MVPA (Misaki, Luh,
and Bandettini 2013). The results of the previous study and our
present study demonstrate that the multivoxel spatial pattern of
HDRs measured by fMRI contain subtle temporal information
about underlying neural activities that can be utilized by MVPA
even if the fMRI sampling rate is much slower than the events
to decode.

It should also be mentioned that, apart from the possible con-
found of differences in stimulus intensity for the classifications
between painful and non-painful conditions based on re-
sponse amplitudes or temporal characteristics, classifications
based on HDR peak latencies face an additional challenge of
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different peripheral and spinal conduction times for painful
and non-painful somatosensory afferents. To avoid this con-
founding factor, we normalized the feature values (i.e., peak
latency or response duration) within each data sample to have
amean of 0 and a standard deviation of 1, regardless of which
class the data sample belongs to, before training and testing
the MVPA. In this way, the average peak latency across all
voxels were forced to be the same (i.e., equal to 0) for all pain-
ful samples and non-painful samples, and thus the overall
difference in peak latencies between painful and non-painful
conditions due to their peripheral and spinal conduction ve-
locity difference is unlikely to have contributed to the success-
ful classifications based on HDR peak latencies. In addition,
it should be clarified that BOLD signals are still an indirect
measure of neural activities and thus our present results does
not mean that we could detect absolute timing of neural activ-
ities using BOLD signals of current spatiotemporal resolution.
What we demonstrated here was the ability to detect a “pain
versus no-pain” difference in the patterns of neural activities
with subtle timing differences, but not to identify the timing
of neural activities itself.

4.3 | Durations of Brain Responses Elicited by Pain
Are Associated With individuals’' PVAQ Scores

The PVAQ assesses an individual's awareness of and attention
toward pain, with higher scores corresponding to a higher de-
gree of pain vigilance and awareness. In the present study, we
observed a negative correlation between the PVAQ score and the
durations of HDRs elicited by painful stimuli in the bilateral in-
sula and S2, that is, a shorter-lasting response in these areas was
associated with a higher PVAQ score. Based on this observation,
one speculation is that, as all participants had similar percep-
tions of pain intensities (the stimulus intensity was adjusted for
each participant in order for all participants to have similar pain
perception—the stimuli that were rated as 3 and 6 were used as
the low- and /high-intensity stimuli in the fMRI experiment for
all participants) in the present study, a shorter response in an
individual with higher vigilance to pain was already sufficient to
elicit a similar pain perception as a longer response in an indi-
vidual with lower vigilance to pain. This association between the
PVAQ scores and the response durations was further supported
by the results of MVLR analyses that the multivariate across-
voxel spatial patterns of HDR durations in the middle cingulate
and middle frontal gyrus were predictive of the PVAQ scores
under the painful condition, suggesting that the spatial patterns
of the response durations also contain the information about the
alertness and sensitivity to changes in pain that may be related
to the consciousness of pain (Boly et al. 2008; Garcia-Larrea
and Bastuji 2018). All these identified brain regions associated
with PVAQ scores have been reported to be closely associated
with the psychological modulation of pain perception. For ex-
ample, both the insula and the secondary somatosensory cortex
has previously been identified as key regions involved in the
processing of painful stimuli, such as processing stimulus inten-
sity (Bornhovd et al. 2002; Haefeli et al. 2014; Liang et al. 2019;
Su et al. 2019), shaping the pain experience (Afif et al. 2008;
Baumgirtner et al. 2010; Brooks et al. 2005; Mazzola et al. 2012;
Starr et al. 2009), and modulating the pain-emotion interac-
tion (Orenius et al. 2017); the middle cingulate cortex has been

shown to be involved in defensive motor response execution,
threat processing and negative affect during anticipation of po-
tentially painful stimulation (Devinsky, Morrell, and Vogt 1995;
Wiech et al. 2010; Yang, Jackson, and Huang, 2016); and the mid-
dle frontal gyrus has been shown to be involved in the cognitive
aspect of pain processing in migraine (May 2008; Zhang, Zhou,
et al. 2022). Our present findings further suggest that their in-
volvements in the modulation of pain perception could affect a
person's vigilance to/awareness of pain and could be reflected in
the duration of their responses. Interestingly, in one of our recent
studies, the PVAQ score was found to be negatively correlated
with the individual identifiability based on individual brain ac-
tivation patterns, indicating that the pain-elicited activation pat-
tern is more variable for individuals more vigilant to pain (Zhao
et al. 2021). The results of the two studies suggest that both the
variability of the activation pattern and the HDR durations in the
brain are manifestations of how an individual is vigilant to pain.

Crucially, the above associations between the fMRI response
durations and the PVAQ scores observed at both the univariate
regional level and the multivariate pattern level were only ob-
served under painful condition but not under non-painful con-
dition, indicating that pain-elicited response durations contain
pain-specific information and were even shaped by individual's
pain experience.

5 | Limitations

There are several limitations in the present study. First, the rat-
ing scales of stimulus intensity were not entirely the same for
painful and non-painful stimuli, which might raise some is-
sues in the correspondence of intensity ratings across the two
modalities and thus affect the intensity matching between the
two modalities. Second, the reliability of the subjective ratings
of stimulus intensity was not formally assessed, and thus may
be a factor reducing the effectiveness of the intensity matching
procedure and could have contributed to the large variations of
the determined stimulus physical intensities used in different
subjects in the present study. Third, it should be noted that the
spatiotemporal patterns of brain activity may not be the same if
different types of stimuli (e.g., mechanoceptive pain vs. actual
touch) were used, and thus the generalizability of the present
findings to other types of stimuli needs to be tested in future
studies. Fourth, the differences in stimulus duration and pos-
sible differences in duration of sensations between painful and
tactile stimuli might introduce a confounding factor when iden-
tifying differences in neural responses between the two types
of stimuli, although the physical duration of the stimulus does
not necessarily correspond to the duration of sensations per-
ceived by the participants. Last, as a simultaneous multi-slice
EPI sequence was used for fast data acquisition in the present
study, slice timing was not performed to avoid unnecessary bias,
which might present a potential confounding factor in the anal-
yses of temporal information across different brain regions.

6 | Conclusion

The present study demonstrated the high sensitivity of fMRI
in detecting small differences in temporal dynamics of fMRI
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responses to pain and no-pain. The distinguishable spatial pat-
terns of two HDR temporal characteristics (peak latency and
response duration) between pain and no-pain suggest that the
relative differences in HDR temporal dynamics across voxels
(i.e., the spatiotemporal pattern of HDRs) may be a neural rep-
resentation of pain in the brain. Importantly, the average or the
spatial pattern of pain-elicited response durations were specif-
ically associated with an individual's vigilance and awareness
of pain, suggesting that the temporal dynamics of fMRI signals
elicited by pain contain information of a person's pain traits.
These findings shed new light on how pain is encoded in the
brain from a new perspective of spatiotemporal pattern of brain
responses.
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