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Abstract

Introduction: Bidirectional effects between cognition and pain have been extensively

reported. Although brain regions involved in cognitive and pain processing seem to

partly overlap, it is unknownwhat specific brain regions are involved in the interaction

betweenpain andcognition. Furthermore, the roleof gonadal hormoneson these inter-

acting effects has not been examined. This study investigated brain activation patterns

of the interaction between pain and cognition over different phases of the naturally

occurringmenstrual cycle.

Methods: Fifteen healthy normally cycling females were examined over the course of

4 different cycle phases. Sensory stimulation was applied using electrical pulses and

cognitive performance was assessed using the Multi-Source Interference Task. Brain

imaging consisted of functional magnetic resonance imaging using a repeated mea-

sures ANOVA group analysis approach.

Results: Sensory stimulation was found to interact with task performance in the left

precuneus, left posterior cingulate cortex and right inferior parietal lobule. No effects

of cycle phasewere observed to interact withmain effects of stimulation, task or inter-

action effects between task performance and sensory stimulation.

Conclusion: Potential neural correlates of shared resources between pain and cog-

nition were demonstrated providing further insights into the potential mechanisms

behind cognitive performance difficulties in pain patients and opening avenues for new
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treatment options including targeting specific cognitive factors in pain treatment such

as cognitive interference.

KEYWORDS

cognitive performance, electrical pain, gonadal hormones, menstrual cycle, MSIT

1 INTRODUCTION

Bidirectional effects between cognition andpain havebeen extensively

investigated in the behavioral realm (Eccleston, 1995; Seminowicz &

Davis, 2007a; Seminowicz et al., 2004; Van Ryckeghem et al., 2013;

Vogt et al., 1996). Pain may influence cognitive task performance,

whereas cognitive task performance may alternatively influence pain

perception (Moore et al., 2017; Moore et al., 2012; Van Ryckeghem

et al., 2013; Veldhuijzen et al., 2006). Moreover, cognitive impairments

are frequently observed in pain patients (Oosterman et al., 2012). Sev-

eral mechanisms have been proposed to underlie these interactions

between pain and cognition. The limited resource theory for example

postulates that cognition and pain compete for finite shared informa-

tion processing resources (Eccleston & Crombez, 1999; Handy, 2000;

Legrain et al., 2009). As such, multimodal input requires prioritization,

which could lead to anorienting response to inherently salient nocicep-

tive input, or to a distraction away frompain (Roelofs et al., 2004). It has

been further hypothesized that pain processing may depend on cogni-

tive inhibitory processes (Moore et al., 2012; Oosterman et al., 2012).

In support of these different accounts, brain regions involved in cogni-

tive and pain processing have been reported to overlap to some extent

(Legrain et al., 2009; Seminowicz & Davis, 2007a; Seminowicz et al.,

2004). However, the study findings are mixed as some reports did not

find an explicit interaction of cognitive task performance and pain in

the brain whereas other studies did present such interaction however

used indirect statisticalmethods (e.g., partial least square analysis, PLS)

(Seminowicz & Davis, 2007a, 2007b). It therefore remains currently

unknown which brain regions are specifically involved in the interac-

tion between pain and cognition.

Gonadal hormones, including estrogen and progesterone, may

potentially influence these interactions between cognition and pain.

It has been reported that pain is differentially experienced across the

menstrual cycle, andwe and others demonstrated that brain responses

to painful stimuli differ over the cycle (Choi et al., 2006; Iacovides

et al., 2015; Veldhuijzen et al., 2013). Furthermore, evidence suggests

cognitive performance might is affected by gonadal hormones (Beltz

& Moser, 2020). The role of gonadal hormones on the interaction

between cognition and pain has however not yet been examined.

This study aimed to investigate the interaction between pain and

cognition using functional magnetic resonance imaging. To this aim, we

used a previously validated paradigm for studying interactions of pain

and cognitive load, the Multi-Source Interference Task (Bush & Shin,

2006). In addition, the role of gonadal hormones in these processes

was exploredby examining these interactions over thedifferent phases

of the naturally occurring menstrual cycle representative of different

gonadal hormone states.

2 METHODS

2.1 Participants and menstrual cycle timing

Healthy, normally cycling females were eligible to participate; full eli-

gibility criteria were published previously (Meeker et al., 2020; Veld-

huijzen et al., 2013). The current study presents new data on cycle

effects on painful electrical stimuli combined with a cognitive task.

In brief, blood hormone assessments ensured participants attended

experimental sessions during appropriate cycle phases. Sessions took

place during the menstrual (2–4 days after menses onset: low estro-

gen and low progesterone), midfollicular (6–8 days aftermenses onset:

low estrogen and low progesterone), ovulatory (within 1 day of the

first positive ovulation test: high estrogen and low progesterone), and

midluteal phases (1 week after ovulation: high estrogen and high pro-

gesterone). TheUniversity ofMaryland, Baltimore Institutional Review

Board for theProtection ofHumanParticipants approved the study. All

participants provided written, informed consent.

2.2 Sensory testing

We delivered 20 Hz electrical stimuli to the left foot dorsum with 2

by 2-inch electrodes passing a symmetrical biphasic pulse with a pulse

width of 200 µs. Sensory detection and pain thresholds were deter-

mined. Two stimulus intensities were selected: a nonpainful (Tingle)

and a moderately painful (Pain) stimulus, which was rated 60 on a 0–

100 visual analog scale (VAS).

2.3 Multi-Source Interference Task

The MSIT consisted of three difficulty levels: a simple motor tapping

task (simplemotor [SM]), a neutral (N) task with congruent stimuli, and

a high cognitive demand taskwith incongruent stimuli (interference [I])

(Bush & Shin, 2006; Seminowicz & Davis, 2007a). In the simple motor

tapping task, an asterisk moved sequentially from left to right. In the

other two tasks, three digits were presented, using either a 1, 2, or 3,

where the target number needed to be identified. In the neutral task, a

target number appeared between two other numbers in its congruent

position (e.g., 100: the correct response is to push first button). In the

interference task, the target number was incongruent to its position
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(e.g., 221: the correct response is to push first button). Participants

used their right hands to press an MRI-compatible button box within

1.5 s.

Electrical stimulus levels or a baseline, no stimulation condition,

were paired with all MSIT levels resulting in nine stimulus-task pair-

ings. We presented each stimulus-task pair three times during each

of two fMRI scans in counter-balanced orders. We counter-balanced

these conditions in a hierarchical block design (block 1: stimulus condi-

tion, block 2: task condition).We presented each condition for 14 s and

the participant performed the task nine times during each block. After

each scan, participants provided pain intensity and unpleasantness

ratings on 0–100 VAS scales for the tingle and pain stimuli.

2.4 fMRI

We recorded fMRI on a 3-T Tim Trio scanner (Siemens Medical Solu-

tions, Malvern, PA) with a 12-channel head coil with parallel imaging.

A gradient echo single-shot echo-planar-imaging sequence provided a

3.6 × 3.6 mm resolution over a 23-cm field of view (FOV). We accom-

plished T2*-weighting with an echo time (TE) of 30 ms and flip angle

(FA) of 90◦. We covered the whole brain with a repetition time (TR)

of 2000 ms acquiring 24 slices of 6 mm thickness interleaved without

a slice gap. During each session, two scans of 199 volumes of 6 min

38 s duration were recorded. To allow for anatomical reference, we

acquired a 3-dimensional T1 magnetization-prepared rapid gradient

echo (MPRAGE) volumetric scan with 3.44ms TE, 2250ms TR, 900ms

tissue inversion (TI) time, FA 9◦, 96 slices, slice thickness 1.5 mm, and

0.9× 0.9mm in-plane resolution over a 23-cm FOV.

2.5 Data analysis

For MRI data analysis, Analysis of Functional NeuroImages (AFNI:

http://afni.nimh.nih.gov) was used. The first four volumes of both

MSIT functional scans were removed to allow for signal equilibration.

Preprocessing involved slice timing correction, coregistration, spatially

alignment to the first volume of the first MSIT scan, spatial normal-

ization to Talairach space, spatial smoothing with a 5 mm full-width,

half-maximum Gaussian blur, and applying AFNI’s 3dDespike. The

processed functional data were scaled on a voxel-wise basis to a

mean of 100. A general linear model (GLM) modeled BOLD responses

assuming a standard boxcar regressor convolved with the hemody-

namic response function. For group analysis, a whole brain voxel-wise

three-way repeated measures analysis of variance (RM-ANOVA) was

conducted for factors Phase (menstrual, follicular, ovulation, luteal),

Stimulus (baseline, tingle, pain), and Task (simple motor, neutral, inter-

ference). Multiple comparisons correction was applied using minimum

cluster size thresholds as determined by 3dClustSim.

Results for all statistical maps were displayed at a global p value of

.001 corresponding to aminimum cluster size of 10 voxels in real space

or 428.75 mm3. Post hoc contrast analyses were performed on peak

coordinates in regions showing significant main or interaction effects

and were considered significant if they resulted in a p value of .05

or below corrected for multiple comparisons with the adjusted false

discovery rate (AFDR) (Benjamini &Hochberg, 2000).

2.6 Further statistical analysis

SPSS version 21 (IBM Corp., Armonk, NY, USA) was used to analyze

MSIT performance metrics and psychophysical data considering a p

value of .05.

3 RESULTS

3.1 Participant characteristics

Of the 15 participants completing the study, data of 12 right-handed

participants was analyzed (mean age: 28.9 ± 6.3 SD; range 22–40).

Three participants were excluded from the analysis because blood

hormone analysis revealed testing was done in the wrong cycle

phase, excessive motion during the task paradigm in the MRI or

because of equipment failure during the electrical stimulation in

the MRI. Participant and menstrual cycle characteristics have been

previously reported in detail (Meeker et al., 2020; Veldhuijzen et al.,

2013).

3.2 Psychophysics

Electrical sensory detection thresholds demonstrated a trend for cyclic

variation with less sensitivity during the menstrual compared to the

follicular phase (F = 3.20, p = .051). Electrical pain thresholds did not

significantly vary across the cycle (F= 1.05, p= .37). Also, neither pain

intensity (F = 1.76, p = .19) nor unpleasantness (F = 1.17, p = .34),

intended to be held constant by design, demonstrated significant cycle

fluctuations during each session. Electrical stimulation intensity, inmil-

liamperes, required to evoke moderate pain, remained stable across

themenstrual cycle (F= 0.67, p= .44).

3.3 Multi-Source Interference Task performance

Participants performed with a minimum accuracy of 85.5% on the

interference task of the MSIT, 85.5% on the neutral and 94.0% on the

tapping task. As expected, there was a significant effect of task dif-

ficulty on accuracy (F = 270.59, p < .001) and reaction time (7.71,

p = .016; Figure 1). Cycle phase or electrical stimulus level did not

affect accuracy levels or reaction times. None of the possible interac-

tion effects were significant.

3.4 Brain activation patterns

Brain activation patterns for Task are presented in Table 1 and Figure 2.

In the contrasts between the interference and neutral tasks and
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F IGURE 1 TheMulti-Source Interference Task. (a) The correct
response is to push the first button in each condition in this example.
(b) Subjects’ response on the interference trials was less accurate and
reaction time significantly slower compared to the simplemotor or
neutral trials (mean± 95%CI). *p< .05

between interference and simple motor tasks, we found the greatest

activations in left inferior parietal lobule and bilateral inferior occipital

lobule and greatest deactivations in bilateral precuneus, right anterior

cingulate cortex (ACC), and left angular gyrus.

Brain activation patterns for Stimulus are presented in Table 2. In the

contrast between the pain and tingle levels, the greatest activations

were found in bilateral posterior insula, right mid-insula and putamen.

The greatest deactivations were found in right pregenual ACC and left

superior parietal lobule.

Sensory stimulation was found to interact with task performance

in the left precuneus, left posterior cingulate cortex and right inferior

parietal lobule (see Table 3; Figures 3 and 4).

No significant effects of Phase were found on brain activation pat-

terns.

4 DISCUSSION

This study aimed to examine interactive brain activation patterns of

pain and cognitive task performance. Additionally, the role of naturally

fluctuating gonadal hormones on this relationship was explored.

Significant interacting brain activation patterns for pain and cognition

were found in regions representative of key regions involved in sharing

of cognitive resources. These findings did not vary over the cycle.

Pain- and task-related brain activation was found for several brain

regions. In several instances, this (asymmetric) activation was due at

least in part to participant responses being executed with the right

hand during painful stimulation of the left foot. The interaction of brain

activation during task performance and pain experience was found in

the right (contralateral to pain stimulation) inferior parietal lobule, the

left precuneus and the left cingulate gyrus. These regions have been

previously reported to be involved in pain processing and the integra-

tion of different information sources. The inferior parietal lobule has

been implicated in the sensory discriminationof pain,memory retrieval

and expectancy violations (Bubic et al., 2009; Colloca et al., 2019;

O’Connor et al., 2010; Oshiro et al., 2009). The precuneus has been

related to diverse highly integrated functions including pain processing

(Cavanna & Trimble, 2006; Zhang et al., 2020). The cingulate gyrus

has been proposed to be involved in monitoring conflict, cognitive

integration, and pain processing (Buckner et al., 2008;Greenspan et al.,

2008; Jahn et al., 2016; vanVeen&Carter, 2002; Vogt et al., 1996). The

current study findings suggest that these areas are important integra-

tion regions for pain information and cognition processing. The specific

laterality of thesebrain activationpatterns needs further investigation,

for instance, requiring a design where task and stimulation laterality is

counterbalanced.

Previously, interacting effects of pain and cognition were reported

in dorsolateral prefrontal, mid-cingulate, and posterior parietal corti-

cal regions, although other studies were also unable to demonstrate

an interaction, or found conflicting results (Seminowicz & Davis,

2007a, 2007b; Seminowicz et al., 2004). These inconsistent findings

in the neural representation of shared resources may be caused by

variations in pain intensity levels or cognitive load in the examined

paradigms: high pain may interfere with cognitive task performance

more, while higher cognitive load may produce enhanced distraction

from pain (Eccleston, 1994; Meeker et al., 2021; Moore et al., 2017;

Veldhuijzen et al., 2006). The MSIT task was specifically chosen in the

current study as it has been shown to reliably elicit brain activations

in the cingulo-frontal-parietal attention network reflecting cognitive

processing (Bush & Shin, 2006). Nevertheless, the specific involvement

of brain areas under different cognitive task and pain conditions

needs to be examined further in future studies. Further studies into

this field seem to be indicated given that cognitive impairments on

a variety of tasks have been demonstrated in pain patients, while

functional and structural brain alternations potentially underlying

these behavioral assessments have been shown. The importance of our

enhanced understanding of these interactions is illustrated by brain

imaging findings showing that cognitive strategies can successfully

modulate pain activations in the brain and as such serve as a potential

therapeutic target (Seminowicz et al., 2013).

In addition, this study showed that gonadal hormones did not clearly

interact with task or pain processing. This is contrary to our previ-

ous report showing that fluctuating gonadal hormones interacted with

pain processing (Veldhuijzen et al., 2013). A potential explanation of

these conflicting findings could be that we used a different painmodal-

ity in this study compared to the previous study. Previously, pres-

sure pain instead of electrical pain was used. It has been previously

shown that electrical pain stimuli produce a different response pro-

file over the cycle than other pain types, possibly explaining these dif-

ferential effects (Riley, Robinson et al., 1999). It is therefore recom-

mended for future studies to examine the role of gonadal hormone

fluctuations in a design that has been shown to be sensitive to these
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F IGURE 2 Brain activation patterns for task effects. (a) Contrast mapwhere activations during the interference trials are significantly
different (≥red and orange;≤blue and light blue) compared to simplemotor trial blocks. (b) Contrast mapwhere activations during the
interference trials are significantly different (≥red and orange;≤blue and light blue) compared to neutral trial blocks. These contrasts are collapsed
across menstrual cycle phase and stimulus intensity. pValue threshold= .001; minimum cluster size= 429mm3

TABLE 2 Clusters from stimulus main effect

Region of interest BA Side Talairach (x, y, z) Peak-F
Volume

(mm3)

Significant

contrasts

P> T P>B T>B T> P B> P B> T

Posterior insula 13 L (−37,−22, 24) 29.13 986 *** ***

Superior parietal lobule 7 L (−33,−50, 56) 20.07 472 ** *** *

Posterior insula 13 R (33,−22, 20) 97.25 4373 *** *** ***

MidInsula and putamen 13 R (30, 10, 10) 26.88 1886 *** ***

Pregenual anterior cingulate 32 R (2, 41, 3) 16.80 1029 *** **

Frontal operculum 43/44 R (54,−1, 14) 43.70 943 *** ***

Posterior insula 13 R (40,−4, 0) 27.29 900 *** ***

*
= p< 0.05.

**
= p< 0.005.

***
= p< 0.001.
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8 of 10 VELDHUIJZEN ET AL.

TABLE 3 Cluster from stimulus by task interaction

Region of interest BA Side Talairach (x, y, z) Peak-T

Volume

(mm3)

Significant

contrasts pValue

Precuneus 7 L (−2,−71, 34) 9.06 1286 None 1.99E-05

Cingulate gyrus 23 L (−9,−43, 38) 9.75 772 Task SM> I 9.75E-06

Inferior parietal lobule 40 R (37,−43, 45) 10.98 472 Task I> SM 2.92E-06

F IGURE 3 Brain activation patterns for sensory stimulation effects. Contrast mapwhere activations during the painful stimulation trials are
significantly different (≥red and orange;≤blue and light blue) compared to electrical tingle trial blocks. These contrasts are collapsed across
menstrual cycle phase and task difficulty. pValue threshold= .001; minimum cluster size= 429mm3

F IGURE 4 Brain activation patterns for the interaction between
sensory stimulation and task effects. The F-stat map of significant
interaction effects between task difficulty and stimulus intensity is
shown. pValue threshold= .001; minimum cluster size= 429mm3

changes (e.g., making use of pressure pain stimulations). Another pos-

sible explanation could be the relatively low sample size of the cur-

rent study, although this sample size was directly comparable to our

previous report that demonstrated significant findings using a similar

within-subjects design (Veldhuijzen et al., 2013). Since sex differences

have been reported in the cognitive processing of pain, more studies

are needed in this understudied research field (Romano et al., 2019).

Strengths of this study were that we used validated procedures

including electrical pain applications, which were combined with a

previously validated cognitive task performance measure for brain

imaging purposes. Moreover, we used a within-subjects design of

four sessions over different menstrual cycle phases with start ses-

sions randomized per phase, which allowed us to control for order

effects. Also, hormone assays in blood confirmed correct cycle

phase assessments. The main limitation of the study was the rela-

tively low sample size despite the within-subjects design that was

chosen.

In sum, the study findings demonstrate the neural correlates of

shared resources between pain and cognition and as such provide

direct support of the limited resource theory at the neurofunctional

level in humans. The influence of fluctuating gonadal hormones on

the interaction between pain and cognition was not demonstrated but

this finding needs to be repeated in larger samples. These findings

are of relevance as they provide further insights into the potential

mechanisms behind cognitive performance difficulties in pain patients

and may facilitate the development of novel pain-relieving treatment
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strategies focusing on specific cognitive factors such as cognitive inter-

ference.
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