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ABSTRACT

Objective: The purpose of this study was to explore the effects of pain on
functions and the relationship between functional changes in the hippocam-
pus and attention and anxiety in a pain-sensitive population.

Methods: Fifty-three healthy subjects with no chronic pain were recruited in
this study and divided into a pain-sensitive group (PS, n=26) and a pain-
tolerant group (PT, n=27) according to the cold pressor test (CPT). Functional
magnetic resonance imaging (fMRI) with a cold bottle test (cold and control
conditions) was performed. The static and dynamic functional connectivity (FC)
of the hippocampus was analyzed in both groups for the two conditions.
Results: Compared with PT, there were fewer static functional connections
between the right hippocampus and the bilateral dorsolateral superior frontal
gyrus in the PS group. Moreover, reduced functional connections between
the hippocampus and brain regions were related to anxiety in the PS group,
including the inferior temporal gyrus and the middle temporal gyrus.
Significance: Our results found that pain disturbed the default mode network
in the PS group, which may be related to self-awareness. This result may reflect
that people who are sensitive to pain are more likely to feel anxious.

KEY POINTS

e The functional connectivity within the DMN in the pain-sensitive group was
significantly reduced, indicating the relationship between self-awareness
and pain.

e The functional connectivity in the pain-sensitive group was significantly
reduced in the hippocampus and some brain regions associated with anx-
iety, possibly reflecting the effect of pain on anxiety.
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1. Introduction

Pain is a conscious experience that is essential for survival [1]. The
International Association for the Study of Pain (IASP) defines pain as ‘an
unpleasant sensory and emotional experience associated with actual or
potential tissue damage or described in terms of such damage [2].
Everyone has different sensitivities to pain. Pain tolerance is extremely
important in some respects [3,4]. Research has found that expectation
and distraction are two effective ways to control pain and can greatly
relieve pain [5]. The mechanism by which attention affects pain is
important but unclear in the current study. Therefore, it is necessary to
study this mechanism to cope with and relieve pain.

Studies dating back to the twentieth century found that shifting atten-
tion can relieve pain [6]. Notably, top-down and bottom-up modulations
of pain by attention are cognitive regulatory mechanisms explaining acute
and chronic pain perception [7]. In addition, previous studies have found
that there is a correlation between self-awareness and the anti-pain sys-
tem. For example, individuals who show high intrinsic attention to pain
have weaker structural connections and less flexible dynamic functional
connections between the DMN and the periaqueductal gray [8]. A recent
review described how pain memory affects the intensity and threshold of
pain responses by altering pain pathways [9]. Previous studies have found
that the DMN plays roles in attention, expectation, alertness, memory, etc
[10-13]. Therefore, it is necessary to study the influence of the default
mode network on the mechanism of pain tolerance.

In addition, the hippocampus is one of the most important core brain
areas in the default mode network. The anxiety generated during the pain
expectation process can regulate the subjective experience of pain. In
recent years, there has been much research into pain due to its strong
association with emotion. A recent article found that participants with
higher levels of anxiety showed a significant performance advantage when
it came to encoding painful stimuli[14]. Some of these studies were about
nociceptive pain and empathic pain (e.g. the experience of seeing a friend
hurt produces empathic pain). There is much evidence that the activation
patterns of nociceptive and empathic pain overlap [15]. In addition, a
recent meta-analysis found that pain-related emotions triggered
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hippocampal activation [16]. The hippocampus has a regulatory effect on
the emotions produced by pain. However, the regulatory mechanism of
the hippocampus on pain is still unclear.

In the past few decades, as a noninvasive technique, magnetic reson-
ance imaging (MRI) has been widely used in many research fields [17,18].
Functional magnetic resonance imaging (fMRI) provides a new method
for studying the activity of pain-related brain neurons. Moreover, MRI
can study pain-related brain areas from multiple perspectives, such as
structure and function. Functional connectivity (FC) is estimated from
the statistical relationship between fMRI blood oxygen level-dependent
(BOLD) signals of different brain regions. Some research now posits that
pain regulation is a dynamic process [19]. Therefore, dynamic functional
connections (dFCs) have received increasing attention in recent years.
The sliding window-based method is the most common method of meas-
uring dFCs. It divides the BOLD signals of different brain regions into a
series of data segments and calculates the time correlation of each data
segment [20].

To determine the basic neural mechanism of pain, previous studies
applied noxious stimulation (including heat stimulation, cold stimulation,
and pressure stimulation) to subjects and collected useful data by nonin-
vasive methods for analysis [4,21-23]. We take into account the previous
research results and our research direction. To distinguish the subjects’
tolerance to pain, we used the cold pressor test (CPT) to divide the sub-
jects into two groups. We hypothesized that (1) the difference in pain
sensitivity can be reflected in the attention to pain and (2) the difference
in functional connectivity between the two groups is related to anxiety
and memory.

2, Methods
2.1. Participants

We recruited 53 male subjects at the University of Electronic Science and
Technology of China. Subjects were excluded if they had acute or chronic
pain, a history of related neurological symptoms, a history of smoking,
psychiatric diseases, or MR contraindications. The study was approved by
the Ethics Committee of Chengdu Mental Health Centre. All participants
provided written informed consent.

2.2. Behavior evaluation

We used the Cold Pressor Test (CPT) to determine a person’s pain sensi-
tivity. In our experiment, we prepared a bucket filled with water and ice
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to keep the water temperature at 1+0.5°C. Subjects put their right hand
and wrist in ice water. At the same time, we began to record the subject’s
verbal pain score scale and endurance time. When the subject could not
tolerate the pain caused by the ice water, he could quickly withdraw his
hand. From the beginning of the recording time, the subject’s verbal pain
score was recorded every 15s until the end of the CPT. Finally, subjects
who endured the cold pressure test for more than 3 min were identified
as the pain-tolerant group, and the subjects who endured it for less than
one and a half minutes were identified as the pain-sensitive group. We
excluded 20 participants who endured the cold pressure test for between
one and a half minutes and three minutes. The remaining participants
were assigned to two groups (26 Pain-sensitive: 23.0 £ 1.6 years, 27 Pain-
tolerant: 22.5+ 2.0 years) according to the CPT. We used the State-Trait
Anxiety Inventory (STAI) and the fear rating scale to assess participants’
mentation.

2.3. FMRI cold task design

After the subjects completed the CPT experiment, they performed the
cold bottle test (CBT), with at least one day between the tests. The CBT
process involves holding a glass bottle filled with water at different tem-
peratures. There were two bottle temperatures in our experiment: 8°C
(cold condition) and 26 °C (control condition). The two groups of sub-
jects completed the CBT during the MRI scan, holding the glass bottle
with their right hand, and the glass bottle experiment at each temperature
lasted 4min 10s. After completing a stimulus scan sequence, a 3-minute
rest was required until the subject’s right hand returned to normal body
temperature. During the 3-minute rest interval, subjects completed a ver-
bal rating scale (VRS) [24].

2.4. Image acquisition

Brain imaging data were acquired using a 3-T MRI (GE DISCOVERY
MR750, USA) scanner at the Centre for Information in Medicine of the
University of Electronic Science and Technology of China. To reduce the
subject’s head motion during the scan, the soft foam was used to fix
the subject’s head during the scan, and the subject used earplugs to
reduce their perception of the scanning noise produced by the MRI scan-
ner. An echo-planar imaging (EPI) sequence was used to obtain task-state
and rest-state fMRI data. The scanning parameters of the task state were
as follows: repetition time (TR) = 2000 ms; echo time (TE) = 30 ms; flip
angle (FA) = 90°; voxel size = 3.0 X 3.0 x 3.0 mm?; field of view (FOV)
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= 240 mm %240 mm; matrix size = 64 x 64; slice thickness = 4 mm; and
slice = 35. In addition, high-resolution T1-weighted structural images
were collected using a three-dimensional fast spoiled gradient echo (3D
FSPGR). The parameters were as follows: TR = 6.008 ms; TE = 1.984 ms;
FA = 9° voxel size = 1.0 x 1.0 x 1.0mm?®; matrix size = 256 X 256;
FOV = 256 mm x 256 mm; slice thickness = 1 mm; slice =154. Diffusion
tensor imaging was performed using a single-shot EPI sequence. The
parameters were as follows: TR = 8500ms; TE = 70ms; voxel size =
2.0 2.0 x 2.0mm’ FOV = 256mmx 256 mm; slice = 77; dispersion
directions = 64; value of b=1000s/mm? and three b0 maps. All partici-
pants were told to relax, close their eyes and not fall asleep. Each subject
was scanned in two task states under two conditions (cold and control).
Each functional task-state session lasted 250s, with 125 time points in
total. In this study, we used only the task-state session.

2.5. Data preprocessing

The NIT toolkit [25] was used to preprocess the functional magnetic res-
onance data. The preprocessing steps included (1) removing the first five
time points; (2) slice timing; (3) realignment; (4) normalizing to MNI
space (3 x3 x 3mm’) using segment information; (5) bandpass filtering
(0.01-0.08 HZ); (6) smoothing (FWHM = 6mm); (7) nuisance signal
regression, including white matter signal, whole cerebrospinal fluid signal
and 12-parameter motion correction.

2.6. Functional connectivity and statistical analysis

The functional connectivity (FC) of the hippocampus was investigated in
both groups for two conditions (cold and control). First, we divided the
hippocampus into eight subregions based on previous literature (three on
the left and five on the right) [26]. Then, static FC and sliding-window-
based dynamic FC analyses were performed to assess the subregion net-
works of the hippocampus by MATLAB code. Finally, repeated-measures
ANOVA was used to obtain the group (PS and PT) *temperature inter-
action (Cold and Control) effects. The results of ANOVA were corrected
by Gaussian random field (GRF) theory (voxel p < 0.001, cluster p < 0.05).

Moreover, to investigate the relationships between different brain
areas and scores, we extracted the FC values of brain regions with sig-
nificant interaction effects. Because of the nonnormal distribution of
behavioral variables, correlations were conducted using Spearman’s rank
correlation. Then, we calculated the Spearman correlation between the
FC value and the scale score. In addition, we believe that AVRS
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(AVRS = A(VRScoLp — VRSnormar)) reflects the degree of change in
pain perception. Therefore, we calculated the Spearman correlation
between AVRS and AFC (AFC = A(FCCOLD — FCNORMAL))-

3. Results
3.1. Demographics and scale scores

The demographic and scale scores of the subjects are presented in Table 1.
There was no difference in age (t test, p =0.328) between the two groups.
Both subject groups showed similar anxiety scores and fear scores.

3.2. Differences in functional connectivity

First, for dynamic FC, repeated-measures ANOVA showed a group™tem-
perature interaction in dynamic FC between the left Hipl and the right
inferior temporal gyrus. Through post hoc tests, we found increased FC
within the PT and decreased FC in the PS (Figure 1).

Then, for static FC, repeated-measures ANOVA showed a group*tem-
perature interaction in static FC between the left Hip2 and the right infer-
ior temporal gyrus. Through post hoc tests, we found increased FC
within the PT and decreased FC in the PS (Figure 2). Additional
repeated-measures ANOVA showed a group™temperature interaction in
static FC between the right Hip2 and four regions, including the left mid-
dle temporal gyrus, left orbital middle frontal gyrus, left dorsolateral
superior frontal gyrus, and right dorsolateral superior frontal gyrus.
Through post hoc tests, we found increased FC within the PT and
decreased FC in the PS (Figure 3).

3.3. Correlations between differential connectivity and scale score

A total of 48 correlation analyses were applied for the PT group (6 differen-
tial connectivity x 4 scale score x 2 temperatures). We found a significant

Table 1. Demographic and scale scores.

PS PT
(n=26) (n=27)
Mean (SD) Mean (SD) p Value®
Sex (male/female) 26/0 27/0
Age (years) 22.96 (1.59) 22.48 (1.93) 0.328
SATI
S.A. 36.58 (6.81) 34.93 (6.87) 0.393
TA. 39.50 (6.46) 38.41 (5.59) 0.521
Fear 138.19 (28.85) 128.89 (30.77) 0.263

SATI: State Trait Anxiety Inventory; S.A.: State Anxiety; T.A.: Trait Anxiety.
?p Values were obtained from the two-sample t-test.
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Figure 1. Significant interactions of dynamic FC between PS and PT at two tempera-
tures. (a) Brain regions with significant interactions (GRF, voxel p <0.001, cluster
p < 0.05). (b) Interaction effect diagram of the brain area (*indicates a significant dif-
ference, *p < 0.01, **p < 0.001).
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Figure 2. Significant interactions of static FC between PS and PT at the two tempera-
tures. (a) Brain regions with significant interactions (GRF, voxel p <0.001, cluster
p < 0.05). (b) Interaction effect diagram of the brain area (* indicates a significant dif-
ference, * p < 0.01, **p < 0.001).

correlation between functional connectivity (right Hip2 and left dorsolateral
superior frontal gyrus) and VAS (Rho= -0.4405, p=0.0215) in the PT
group (Figure 4(a)). The same calculation was performed in the PS group,
and no significant correlation was found. Then, to exclude the influence of
age, we calculated partial correlations. No significant correlation was found
between the two groups. In the PT group, a significant correlation was
observed between the AFC (right Hip2 and right dorsolateral superior
frontal gyrus) and the AVRS (Rho= -0.424, p=0.0275) (Figure 4(b)).
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Figure 3. Significant interactions of static FC between PS and PT at two tempera-
tures. (a) Brain regions with significant interactions (GRF, voxel p <0.001, cluster
p < 0.05). (b) Interaction effect diagram of the brain area corresponding to the first
row (* indicates a significant difference, *p < 0.01, **p < 0.001).
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Figure 4. (a). Significant correlation between FC and VRS in the PT group in the cold
task. SFGdI: left dorsolateral superior frontal gyrus, X axis is FC: right Hip2 and left
dorsolateral superior frontal gyrus; Y axis is VRS. p=0.0215. (b). Significant correlation
between AFC and AVRS in the PT group. The x-axis is AFC: right Hip2 and right
dorsolateral superior frontal gyrus; the y-axis is AVRS: cold score-control score.
p=10.0275.

4. Discussion

To the best of our knowledge, this is the first study to investigate the relation-
ship between pain sensitivity and hippocampal FC differences. As expected,
the two main findings were as follows: (1) The main change in the func-
tional connectivity of the PS group occurred inside the DMN, which dis-
turbed the DMN system. We found decreased static FC between the Hip
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and the DMN in the PS group. (2) Pain is a negative stimulus that is
more likely to cause changes in the anxiety circuit in the pain-sensitive
group. We found decreased dynamic and static FC between the Hip and
anxiety-related brain regions in the PS group.

A previous study found a negative correlation between pain sensitivity
and DMN connectivity in the resting state [27]. This study found that the
difference in DMN connection strength between pain sensitivity and pain
tolerance may explain some problems. The results of the study showed
that during the rest period, the DMN of adolescents with higher pain fre-
quency had stronger connectivity with the superior frontal gyrus [28]. In
a recent article, the author explored the relationship between adolescents’
default connectivity and the frequency and intensity of pain. Attention
can be either internally focused on one’s own feelings or externally
focused on stimuli in the environment. Default mode networks are
thought to play an important role in this process [29]. The regulatory
influence of cognitive factors on pain perception has been identified in
many processes, including attention, anticipation, (re)appraisal, and per-
ception control of pain [30,31]. Studies have found that distraction can
reduce the intensity of pain caused by experimental stimuli [6]. Our
results found decreased static FC between the right Hip2 and the bilateral
dorsolateral superior frontal gyrus in the PS group. This may indicate
that pain-sensitive people have more DMN connections when they are
not experiencing pain, which may mean greater alertness or concentra-
tion. Furthermore, it may suggest that people who are sensitive to pain
are more likely to feel pain. Constant pain input disturbs the DMN state
(normal is a state of alert with higher functional connectivity). The PS
group identified more intense pain inputs, so the disturbance was more
significant, showing a decrease in FC. This is one reason why the PS
group is more sensitive to pain. The significant correlation between FC
(right Hip2 and left dorsolateral superior frontal gyrus) and VRS in the
PT group showed that the larger the FC was, the higher the VAS score
(i.e. the more pain felt). This result reflected that there was no significant
change in DMN internal functional connectivity after pain in the PT
group, and the degree of pain tolerance was relatively high. The func-
tional connectivity of the PS group decreased significantly after tempera-
ture reduction, which laterally confirmed our hypothesis of pain
sensitivity and attention. In addition, we observed an association between
AFC and AVRS in the PT group, with a larger change in FC and a
smaller change in VAS (i.e. a smaller change in perceived pain). This
result may suggest that changes in the functional connectivity of the
DMN can reduce the intensity of pain.



10 Y. TANG ET AL.

Studies have found that people with pain tolerance are less responsive
to empathic pain [32]. In generalized anxiety disorder, studies have found
that the FC between the hippocampus and the temporal lobe is increased,
which is mainly related to the fear circuit that produces anxiety [33].
A recent study found that FC between the hippocampus and orbitofrontal
cortex (OFC) correlated with anxiety levels [34]. A previous study found
that the middle temporal gyrus (MTG) plays a key role in suppressing
emotional responses [35]. Recent research results indicate that in the hip-
pocampal FC network, the MTG is an important brain area for obsession
and anxiety [34]. Past studies have found that hippocampal activity is
related to increased arousal during the expected period of pain [23]. Our
results found that whether it is dynamic functional connectivity or static
functional connectivity, significant differences were found in the func-
tional connectivity between the hippocampus and temporal lobe in the PS
group. However, we did not find a correlation between the scale score
and the difference in functional connectivity. However, the scoring of the
scale is completed without painful stimulation. This result may reflect
that the PS group has a greater influence on the emotional circuit when
stimulated by pain, and the PS group is more prone to anxiety.

Although there were some interesting findings in this study, it must be
noted that there were also some limitations. First, the sample size of the
experiment was relatively small. A larger sample size should be used to
improve the reliability of the results. Second, no patients with chronic
pain were recruited. The effect of chronic pain on brain pathways has not
been evaluated. Third, the pain caused by ice-water stimulation cannot be
quantitatively analyzed. Quantitative analysis can more accurately deter-
mine the degree of tolerance, and subsequent experiments can be carried
out by applying quantitative pressure to a finger.

In conclusion, our results show that DMN is more disturbed by pain
in people who are more sensitive to pain. Self-awareness and anxiety may
be factors in the degree of pain sensitivity. This finding is helpful for
future experimental design, and we can consider how to induce emotion
and pain at the same time.
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