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Growing evidence suggests that aging is associated with less efficient endogenous
pain modulation as demonstrated by reduced conditioned pain modulation, and that
these changes may be mediated by differences in frontal functioning. Yet, little is known
about potential age-related changes in cognitive pain modulation, such as distraction
from pain. In a first session, 30 healthy young (19-35 years) and 30 healthy older
(59-82 years) adults completed a battery of neuropsychological tests. In a second
session, we acquired functional brain images while participants completed a working
memory task with two levels of cognitive load (high vs. low) and concurrently received
individually adjusted heat stimuli (warm vs. painful). In both age groups, completing the
high load task was associated with a significant reduction in the perceived intensity
and unpleasantness of painful stimuli and a reduction in activation of brain regions
involved in pain processing. Group comparisons revealed that young adults showed
a stronger de-activation of brain regions involved in pain processing during the high
load vs. the low load task, such as the right insula, right mid cingulate cortex and left
supramarginal gyrus, compared to older adults. Older adults, on the other hand, showed
an increased activation in the anterior cingulate cortex during the high load vs. low
load task, when compared to young adults. Covariate analyses indicated that executive
functions significantly predicted neural pain modulation in older adults: Better executive
functions were associated with a more pronounced de-activation of the insula, thalamus
and primary somatosensory cortex and increased activation of prefrontal regions during
the high vs. low load task. These findings suggest that cognitive pain modulation is
altered in older age and that the preservation of executive functions may have beneficial
effects on the efficacy of distraction from pain.
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INTRODUCTION

A steadily increasing life expectancy has led to a growing
clinical and empirical interest in age-related changes in the
peripheral and central processing of pain and their subsequent
effects on pain perception and pain modulation (Farrell, 2012).
In an attempt to uncover potential mechanisms behind older
adults’ increased risk of developing chronic pain (Prostran et al,,
2016; Domenichiello and Ramsden, 2019), researchers have
increasingly focused on age-related changes in the brain that
may affect pain processing and endogenous pain modulation.
One such region of interest is the prefrontal cortex (PFC), a
structure that is heavily involved in the top-down modulation
of pain (Ploghaus et al., 2003; Wiech et al., 2006, 2008), and
that is particularly affected by age-related atrophy in gray matter
(GM) volume (Crivello et al., 2014). A growing number of
studies suggest that the efficacy of endogenous pain modulation is
mediated by interindividual differences in frontal functioning as
reflected by differences in executive functions (EFs) or regional
GM volume in the PFC (Benedetti et al., 2004; Marouf et al.,
2014; Coppieters et al., 2015; Ickmans et al., 2015; Meeus et al.,
2015; Zhou et al., 2015a; Lithfous et al., 2019; Palermo et al.,
2019; Bunk et al., 2020, 2021; Rischer et al., 2020), and point to a
particularly strong link between cognitive inhibition abilities and
endogenous pain modulation (Marouf et al., 2014; Ickmans et al.,
2015; Palermo et al., 2019; Rischer et al., 2020).

However, the majority of these studies either tested the effects
in patients with dementia or Alzheimers disease (who show
substantially larger impairments in frontal functioning than
healthy older adults; Benedetti et al., 2004; Palermo et al., 2019;
Bunk et al., 2021), in chronic pain patients (Coppieters et al.,
2015; Ickmans et al.,, 2015; Meeus et al., 2015) (who may show
altered pain processing; May, 2008) or did not specifically focus
on the aging brain (Rischer et al., 2020). Moreover, most of these
studies assessed endogenous pain modulation using conditioned
pain modulation (CPM) or temporal summation (TS) paradigms
(Marouf et al., 2014; Coppieters et al., 2015; Ickmans et al., 2015;
Meeus et al., 2015; Lithfous et al., 2019; Bunk et al., 2020, 2021),
leaving open the question of how other forms of endogenous
pain modulation, such as cognitive distraction from pain (Moont
et al, 2010), are affected by aging. Distraction is a common
and intuitive pain coping strategy (Goubert et al., 2004) that is
preferably used among older adults suffering from chronic pain
(Lansbury, 2000), increasingly employed in clinical settings to
complement pain medication (Malloy and Milling, 2010; Li et al.,
2011), and potentially works through a different physiological
mechanism than CPM or TS (Moont et al., 2010).

To our knowledge, only two studies to date have directly
investigated age-related changes in distraction from pain in
healthy older adults (Zhou et al., 2015a; Gonzalez-Roldan et al.,
2020a). While the results of both studies point to age-related
differences in the electrophysiological correlates of distraction
from pain, evidence for changes in the behavioral distraction
effect size is less clear, probably due to differences in task
demand and pain intensity. In the present study, we aimed to
investigate potential age-related changes in the behavioral and
neural correlates of cognitive distraction from pain and their

relationship to prefrontal functioning as indexed by executive
functions and gray matter volume.

We expected that distraction from pain should lead to a de-
activation of brain regions involved in pain processing such as
the insula, thalamus, postcentral gyrus (primary somatosensory
cortex) and areas in the cingulate cortex (see e.g., Frankenstein
et al., 2001; Bantick et al., 2002; Coen et al., 2008). We
furthermore expected an increase in activation in frontal areas
and areas in the cingulate cortex during distraction from pain,
as these brain areas have been implicated in mediating the
neural distraction effect in previous studies (Petrovic et al.,
2000; Frankenstein et al., 2001; Bantick et al., 2002; Valet et al,,
2004).

We expected to find that individuals with worse EFs,
specifically worse cognitive inhibition abilities, and more GM
atrophy in the PFC (as well as in other areas associated with
pain modulation) would show a smaller neural distraction effect,
i.e., a weaker reduction in activation of pain-related brain areas,
than individuals with better EFs, and that this relationship should
be especially pronounced for older adults. Finally, we expected
worse EFs to be associated with a smaller increase in activation in
frontal regions during distraction, in older adults.

MATERIALS AND METHODS

Participants
Young (YA) and older adults (OA) were recruited through
advertisement at the University of Luxembourg (targeted at
regular students and senior guest students), interviews in
local media and advertisements at organizations and services
for senior citizens in Luxembourg between July 2018 and
September 2019. All participants were in good health and
had normal or corrected-to-normal vision. General exclusion
criteria were the presence of major depression, and any
psychiatric or neurological disorders, including neuropathy.
Other exclusion criteria included substance or alcohol abuse,
and injuries or large tattoos on the volar surface of their
left arm where heat stimuli were applied. Participants self-
reported to be free from acute or chronic pain. Participants
with mild intermittent pain (e.g., occasional back or neck
pain) could take part in the study as long as they were
pain free on the day of the test session and did not take
pain medication on a regular basis. Furthermore, none of
the participants presented contraindications for an MRI scan
(i.e., epilepsy, claustrophobia, pregnancy, metal implants, heart
pacemakers or insulin pumps). Participants were requested not
to take any pain medication or other drugs known to have
an impact on sensory perception or cognition prior to the
experimental sessions. Given that the University of Luxembourg
is a trilingual university accommodating English-, German-, and
French-speaking students, all questionnaires, neuropsychological
tests, and experimental instructions were available in English
(28.3%), German (66.7%), and French (5.0%).

A total of 33 younger and 35 older participants were recruited
for the study. One YA had to discontinue the fMRI session due
to skin irritation at the site of pain stimulation; a further two
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YA were excluded from the analyses due to technical problems
with the thermal stimulator during data acquisition. Two OA
completed a neuropsychological assessment but were not re-
invited to the fMRI session due to the daily intake of pain
medication or the excessive daily consumption of alcohol. Two
OA were excluded from the analyses because of abnormal brain
lesions (as established by a neuroradiologist), and one OA had
to discontinue the fMRI session due to difficulties to follow task
instructions. Thus, a final sample of 30 young (11 male; age:
M = 26.7, SD = 4.20; age range: 19-35 years) and 30 older
(16 male; age: M = 67.73, SD = 6.50; age range: 59-82 years)
participants were included in the analyses.

Participants received a compensation of €40 (in form of gift
vouchers) for their time and effort and had the chance to win a
gift voucher worth €80 in a prize draw. In addition, they could
request a CD with images of their brain and a report of their
performance in the neuropsychological assessment. The study
was conducted in accordance with the Declaration of Helsinki
and ethical approval was obtained from the Ethics Review Panel
of the University of Luxembourg and the Luxembourg national
ethics committee for research (CNER). All participants gave their
informed consent at the start of the study.

Procedure

Participants were invited to two experimental sessions: a
neuropsychological session (s;) at the University of Luxembourg,
and following this, an fMRI session (s;) at a hospital (Hopitaux
Robert Schuman) in Luxembourg City (sz-s1: M (days) = 23.15,
SD = 44.13). During the first session, participants completed
a neuropsychological test battery targeting neurocognitive
functions and their thermal pain thresholds were measured
(data not reported here). In the fMRI session, we assessed
distraction from pain with a validated paradigm (Buhle and
Wager, 2010; Gonzédlez-Roldan et al., 2020a; Rischer et al,
2020; Tabry et al., 2020) while acquiring functional magnetic
resonance images. In this paradigm, innocuous warm and
painful heat stimuli were administered to the participants’
left arm while they performed a low or high load working
memory task. Importantly, given that age has been associated
with altered pain sensitivity (Lautenbacher et al, 2017) and
working memory is known to show age-related decline (Bopp
and Verhaeghen, 2020), we calibrated the intensity of the
thermal stimuli and task speed for each participant. At the start
of each session, participants completed a brief questionnaire
about their drug consumption (nicotine, caffeine, medication)
in the days before the test session, as well as the Positive
and Negative Affect Schedule (PANAS) (Watson et al., 1988)
to assess their current positive affect and negative affect (scale
range for positive and negative affect subscales: 10-50; a
higher score indicates more positive or negative affect). At
the end of the fMRI session, participants completed a post-
experimental questionnaire about the perceived task difficulty,
their ambition to perform well, task-induced stress and the
perceived distractive effects of the tasks (see Supplementary
Materials for more details). The neuropsychological session
lasted on average between 1.5 and 2 h, and the fMRI
session lasted 2 h.

Neuropsychological Session

Questionnaires

Participants completed a demographic questionnaire about
their health status (including questions about ongoing
medical/psychological treatments, chronic pain and intake
of pain medication) as well as the Depression Anxiety and Stress
Scale (DASS-42; scale range: 0-126; a higher score indicates
more emotional distress) (Lovibond and Lovibond, 1995)
to establish that they met inclusion criteria (e.g., absence of
major depression or chronic pain). In addition, participants
provided information on their education level and completed the
Edinburgh Handedness Inventory (EHI; scale range: ~100 to 100;
a higher score indicates the more frequent use of the right hand)
(Oldfield, 1971).

To assess pain-related cognitions, they also filled out the Fear
of Pain Questionnaire (FPQ-IIL; scale range: 30-150; a higher
score indicates more fear of pain) (McNeil and Rainwater, 1998),
the Pain Catastrophizing Scale (PCS; scale range: 0-52; a higher
score indicates more pain catastrophizing) (Sullivan et al., 1995)
and the Pain Vigilance and Awareness Questionnaire (PVAQ;
scale range: 0-80; a higher score indicates more vigilance to pain)
(McCracken, 1997). Validated versions for all questionnaires were
available in all three languages; the French version of the FPQ-
III was partly adapted from a validated short version (Albaret
et al,, 2004) and the remaining items were translated by a French
native speaker. The French version of the PVAQ (Desrochers
et al., 2009) was based on a 5-point scale and scores were later
transformed to a 6-point scale, to be compatible with the other
language versions.

Neuropsychological Tests

Participants completed a battery of neuropsychological tests
that were administered in a pseudorandomized order. Relevant
tests included the Mini Mental State Examination (MMSE)
(Folstein et al., 1975) to screen for cognitive impairments, the
Stroop Color-Word Test-Victoria version (Spreen et al., 1998)
to quantify response inhibition abilities, the digit span test
(from the WAIS-IV) (Wechsler, 2008) as an index of working
memory, and a computerized version of the flanker task, adapted
from Wylie et al. (2009) to measure interference control and
selective attention. In addition, they completed the Trail Making
Test (TMT) to assess processing speed (TMT-A) and higher
level cognitive skills, such as task-set inhibition and cognitive
flexibility (TMT- B) (Bowie and Harvey, 2006). The difference in
time taken to complete the TMT-B relative to the TMT-A was
used as a measure for central executive functioning (McMorris,
2015). A smaller flanker and Stroop effect and TMT difference
score indicate better performance (i.e., executive functions)
whereas a higher digit span score (range: 0-48) indicates better
working memory abilities.

fMRI Session

Upon arrival, the experimenter briefly explained the study set-up
without revealing the actual aim of the study (i.e., to investigate
age-related differences in distraction from pain). They were
informed that better task performance in the experiment would
increase their chances of winning the €80 gift voucher (by
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including a higher number of ballots in the prize draw) as a
monetary incentive has been shown to increase task engagement
(Verhoeven et al., 2010); in reality, all participants had an equal
chance to win the gift voucher. Participants then practiced a
low (control condition) and high load (distractor condition)
version of a working memory task on a desktop computer
in the MRI control room (a description of the tasks can be
found below). Following this, participants completed an on-line
calibration of the presentation speed for the high load task to
account for age-related differences in perceived task difficulty
(Rischer et al., 2020; see Supplementary Materials for a detailed
description of the algorithm). After this, participants underwent
a calibration procedure (further described below) to select one
individually adjusted non-painful warm and one moderately
painful temperature for the distraction paradigm. Participants
were then installed in the scanner to complete the pain distraction
paradigm. Visual stimuli were presented on an MRI compatible
LED monitor (Optostim, Cologne, Germany) placed directly
behind the MRI scanner bore. Participants could see the screen
via an angled mirror mounted on the head coil. If necessary, a
version of the experimental task with a larger font size was used.
The thermal stimulation was triggered, and the working memory
task was presented using E-Prime 2 (Psychology Software Tools
Inc, Pittsburgh, PA, United States).

Thermal Stimulus Calibration

In the calibration procedure, participants were asked to rate
the perceived intensity of a series of thermal stimuli on a 200-
point visual analog scale (VAS), with the pain threshold in the
middle (corresponding to a VAS rating of 100). The ratings were
subsequently interpolated and temperatures corresponding to an
intensity of 60 points (innocuous warm stimuli) and 140 points
(moderately painful stimuli) were determined (more details of the
procedure can be found in the Supplementary Materials).

Distraction Paradigm

Participants completed 16 low load and 16 high load trials of a
working memory task while receiving thermal stimuli on their
left forearm (see Figure 1). Following each trial, participants
rated the intensity and unpleasantness of the stimuli on 200-point
VASs. In half of the trials (eight low load and eight high load
task trials) a non-painful warm stimulus was presented, in the
other half a painful heat stimulus. There were thus four different
types of trials: warm/low load, warm/high load, pain/low load and
pain/high load. The total of 32 trials were divided into four blocks
(eight trials per block; two trials per trial type). The completion of
a block took about 8 min. In between blocks, acquisition of fMRI
images was stopped, the experimenter briefly checked on the
participant via an intercom, and the participant could take a short
break if necessary. The different types of trials within a block were
presented in randomized order, with the constraint that no more
than two high load or two painful trials were presented in a row.

Trial Timeline

Each trial started with the presentation of a cue word (presented
for 5,000 ms) that signaled the upcoming n-back task (either “X-
target” for the low load task or “2-back” for the high load task),
followed by a blank screen (500 ms) and then by the n-back task

(20 s, with the thermal stimulation commencing 4 s after task
onset and ending simultaneously with the task), an interval of
4-8 s (average: 6 s) and two rating scales (unlimited time; with
an interval of 500 ms between the intensity and unpleasantness
scale). After an intertrial interval of 2-4 s (average: 3 s) displaying
a fixation cross, the next trial started (see Figure 1).

Working Memory Task

A letter n-back task was used as the working memory task. In each
trial, participants were presented with a series of letters. In the
high load (2-back) condition, participants had to indicate for each
letter whether it was the same as the letter presented two steps
back in the sequence or not. The low load (0-back) task required
participants to indicate whether the current letter was an “X” or
not, and thus only differed from the high load condition in terms
of the instructions (see Figure 1). A more detailed description of
the task settings can be found in the Supplementary Materials.

Thermal Stimulation

Thermal stimuli of 16 s duration were administered to the lower
left forearm, with an MRI compatible 3 x 3 cm Peltier thermal
stimulator (Somedic AB, Sosdala, Sweden). Stimuli consisted of
a plateau phase of 10 s and ramp-up/ramp-down phases of 3 s
each. For painful stimuli, the slope of the ramp-up/down phases
was set to 5°C/s and for non-painful stimuli to 3°C/s. Baseline
temperature was set to 34°C.

Visual Analog Scale Ratings

Participants rated the intensity and unpleasantness of the thermal
stimuli on 200-point VASs using a hand-held button box
(Current Designs, Philadelphia, PA, United States) during both
a nociceptive calibration procedure and the main experimental
task. The scales ranged from 0 (“no warmth”) via 100 (“just
pain”) to 200 (“unbearable pain”), and the unpleasantness
scale from 0 (“very pleasant”) via 100 (“neutral”) to 200
(“very unpleasant”).

fMRI Acquisition and Preprocessing

Whole-brain functional images were acquired on a 1.5T MRI
system (Magnetom Aera, Siemens, Germany) with a 20-channel
head coil. Before participants were placed in the scanner, they
were provided with in-ear hearing protection and headphones to
reduce scanner noise and their head position was stabilized with
foam cushions to restrict movements. An intercom was used to
communicate with participants during the breaks. The scanning
protocol consisted of the acquisition of a magnetic fieldmap,
four functional runs of the distraction paradigm (corresponding
to the 4 blocks with eight trials each), a 6 min resting-
state functional run, several anatomical scans and a diffusion
weighted (DTI) scan.

All functional images were acquired using a susceptibility-
weighted EPI sequence (TR/TE = 2490/31 ms; flip angle = 80°;
FOV = 192 mm; matrix size = 64 x 64 pixels). Thirty-three
transversal slices were acquired in interleaved (descending)
order, with a 4 mm thickness and a 10% gap, yielding a voxel
size of 3 x 3 x 4 mm. High-resolution anatomical images were
acquired using a T1-weighted MP-RAGE sequence (176 sagittal
slices, TR/TI/TE = 1,900/913/2.33 ms; flip angle = 9°; voxel
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Distraction paradigm Block 1 Block 2 Block 3 Block 4
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y bemeenl
Trial types per block Low Load | |High Load | |High Load | |Low Load | |HighLload | [Low Load | [HighLoad | |Low Load
Warm Warm Pain Warm Pain Pain Warm Pain
Trial timeline _-" B .
- Heat stimulus [16 s] S, ————
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Working memory task

No target

No target

Target E=1]

,
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T

]
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0-back task

FIGURE 1 | Experimental design and trial timeline. Each trial consisted of a cue word signaling the upcoming task, followed by the task (20 s) with thermal
stimulation starting 4 s after task onset and lasting for 16 s. After each task, participants were asked to rate the intensity and unpleasantness of the thermal
stimulation. The low and high load task consisted of a 0-back and 2-back working memory task, respectively. Each letter was presented for 500 ms, preceded by a

fixation cross (250 ms) and followed by a blank inter-character interval. The duration

prior to, and throughout, the experiment to account for differences in task difficulty by adjusting the task speed.

2-back task

==

Rrget

of the inter-character interval was individually adjusted in a calibration phase

dimensions = 0.9 mm isotropic; FOV = 230 mm); a FLAIR
sequence (160 sagittal slices; TR/TI/TE = 4500/1800/284 ms;
flip angle 120°; voxel dimensions 0.9 mm isotropic;
FOV 234 mm; slice thickness 0.95 mm); and a T2-
weighted turbo spin echo (TSE) pulse sequence (28 transversal
slices; TR/TE 6000/94 ms; flip angle 150°; voxel
dimensions = 0.6 x 0.6 x 4 mm; FOV = 230 mm; slice
thickness = 4 mm). These structural images were assessed for
age-related atrophy, vascular alterations, and other brain lesions
by a neuroradiologist.

Functional images were pre-processed and analyzed using
SPM12 (Wellcome Centre for Human Neuroimaging, London,
United Kingdom). First, bad slices were identified and repaired
with the ArtRepair toolbox (Mazaika et al, 2009) and
subsequently slice-time corrected (all slices resampled to the
acquisition time of the first slice). We then applied motion
and distortion correction (realignment and unwarping using
the EPI-based fieldmap image) and co-registered the TI-
weighted anatomical scan to the mean resliced and segmented
functional image. These were then smoothed with an isotropic
Gaussian kernel of 4 mm full width at half maximum, after
which additional correction for remaining motion artifacts in
preprocessed volumes using the Motion Adjustment and Despike
options in the ArtRepair toolbox (Mazaika et al, 2009) was
applied. Finally, we normalized the structural image to the MNI
template, applied the normalization parameters to all functional

images and smoothed the images again (FWHM = 7 mm;
note that smoothing of FWHM = 4 and 7 mm is equivalent
toa FWHM = 8 mm).

Gray matter volume was extracted using the Computational
Anatomy Toolbox (CAT 12.7) (Gaser and Dahnke, 2016).
T1-weighted images were corrected for magnetic field
inhomogeneities, spatially normalized using the shooting
algorithm, and segmented into GM, white matter (WM), and
cerebrospinal fluid (CSF), using the default parameter settings
in the CAT 12.7 toolbox. The resulting GM segments were then
smoothed (FWHM = 8 mm).

Statistical Analyses

Behavioral Distraction Effect

Statistical analyses were performed using SPSS 25 (IBM
SPSS Statistics). Age-related differences in demographic and
neuropsychological characteristics were evaluated using two-
tailed independent samples t-tests. The magnitude of the
distraction effect (ie., a reduction in VAS pain ratings) was
assessed with a repeated measures ANOVA with the within-
subject factors temperature level (warm vs. pain) and fask
difficulty (low load vs. high load) and the between-subject
factor age group (YA vs. OA). We furthermore obtained a
behavioral distraction effect score for intensity (DE-I) and
unpleasantness ratings (DE-U) by computing the difference in
VAS scores for painful compared to warm stimuli in the low
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load compared to the high load condition, i.e., DE-I (or DE-
U) = (low load/pain - low load/warm) - (high load/pain - high
load/warm) in correspondence with the first-level fMRI contrast
that we used to assess the neural distraction effect. We used
these difference scores to assess potential relationships between
the behavioral distraction effect and pain-related cognitions
and executive functions using Pearson correlations with bias-
corrected and accelerated bootstrapping (1,000 samples). Note
that we did not assess the effects of pain on task performance
(pain-induced task interference) as we (partially) controlled for
differences in task performance by continuously adjusting task
speed. We used a significance level of a = 0.05 for all analyses.
In case of multiple comparisons, we used a Bonferroni-corrected
a. Partial eta squared (nf)) effect size measures are reported for
significant effects in the ANOVA models, where 0.01 represents a
small effect, 0.06 represents a medium effect and 0.14 represents
a large effect (Cohen, 1973).

Neural Pain Response, Distraction Effect and
Mechanism

The first level design matrix of each participant included four
regressors of interest (corresponding to the four trial types:
warm/low load, warm/high load, pain/low load, pain/high load;
comprising the 16 s thermal stimulation interval), as well as
a regressor for the rating duration and a session constant
as regressors of no interest. Regressors of interest in the
first level design matrices were convolved with the canonical
Hemodynamic Response Function (HRF), and contrast images
related to the four trial types were computed for each participant.
To analyze age-related differences in brain activation on the
group level, we entered the four contrast images of each
participant into a flexible factorial model with the factors age
group, temperature level, and task difficulty.

To verify that the painful stimuli indeed elicited pain-related
activation in the brain, we first created a pain > warm contrast,
collapsing the two task conditions and two groups. To examine
the neural distraction effect, i.e., a de-activation in pain-related
neural activity in the high load compared to the low load
condition, we computed the following contrast: (pain > warm)
lowload > (pain > warm)pigh 10ad- We also examined the neural
distraction mechanism, targeting any areas that may be involved
in driving the distraction effect and thus were more active during
the high vs. the low load condition, with the following contrast:
(pain > warm)pigh10ad > (pain > warm)ioy load- In addition,
we compared differences in neural activation between both age
groups by computing the contrast YA > OA and OA > YA
for the neural pain response and the neural distraction effect
and mechanism. These contrasts were masked with the contrast
map obtained for the neural pain response, distraction effect or
distraction mechanism for YA (when contrasting YA > OA) or
OA (when contrasting OA > YA) at p < 0.005. For all contrasts,
we first conducted an exploratory search using an uncorrected
threshold of p < 0.005 with at least 10 contiguous voxels. We then
applied a cluster-level FDR correction at p < 0.05. All activation
tables report both exploratory and corrected results. Anatomical
labels of activated clusters were determined automatically using
the Anatomy Toolbox version 2.2b (Eickhoft et al., 2005).

Neural Effects and Executive Functions

To assess the relationship between executive functions and the
neural distraction effect and mechanism, we added the flanker
effect score, Stroop effect score, TMT difference score and
total digit span score as covariates to separate two-samples
t-test models. In addition, we exploratorily assessed whether
there was any relationship between the neural distraction effect
and the behavioral distraction effect measures for both age
groups. We used an uncorrected cluster-defining threshold of
p < 0.001 with at least 20 contiguous voxels, and effects
were considered significant if they survived a cluster-level FDR
correction at p < 0.05. To visualize the correlation between
executive functions and the neural effects with scatterplots, we
extracted the parameter estimates (summary time course) of the
clusters of interest using the MarsBaR toolbox (Brett et al., 2002).

Gray Matter Volume and Distraction Effect

Differences in GM volume between age groups were analyzed
with the Computational Anatomy Toolbox (CAT 12.7) (Gaser
and Dahnke, 2016). The pre-processed and smoothed GM
segments were entered in a second level two-samples ¢-test model
in SPM 12, with the extracted total intracranial volume (TIV) for
each participant as nuisance factor and with an absolute masking
threshold of 0.2 to avoid possible edge effects between GM and
WM or CSF (Farokhian et al., 2017). Group differences were
assessed with a whole-brain FWE corrected threshold of p < 0.05.
To examine whether the behavioral distraction effect size was
associated with differences in GM volume, we entered distraction
effect scores for the intensity and unpleasantness scale (DE-I and
DE-U) as covariates to two separate t-test models (with a cluster-
defining threshold of p < 0.001 with k > 20, and cluster-level FDR
correction at p < 0.05).

In addition, we examined the role of total GM volume
(controlled for TIV) as a potential mediator of age-related
differences in the behavioral distraction effect size, and neural
distraction effect and mechanism, by adding normalized GM
volume scores as covariates to the repeated measures ANOVA
(to assess the influence of total GM volume on the behavioral
distraction effect size) and as nuisance factor to the t-test model
of the neural distraction effect and mechanism (to assess the
influence of total GM volume on age-related differences in
neural activations).

RESULTS

Group Characteristics

Independent sample t-tests revealed that YA and OA did not
differ significantly regarding their MMSE scores, indicating that
our older sample did not show any general cognitive impairment.
However, older adults showed a significant age-related decline in
most executive functioning tests (see Table 1). Groups did not
differ with respect to emotional distress symptoms (as measured
with the DASS-42), but older adults reported significantly
less negative pain-related cognitions (FPQ-III, PCS) and more
positive affect (PANAS) than young participants in both sessions.
Distraction paradigm settings, information about medication
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TABLE 1 | Group characteristics.

YA OA

Mean SD Mean SD t-statistic P-value
Demographics
Education (years)? 16.30 218 1422 374 -838 < 0.001
EHI 7317 4246 9137 1892 -2.15 0.038
MMSE 2940 0.77 29.13 1.01 1.15 0.254
DASS-42 total 16.37 13.13 1093 11.59 1.70 0.095
Pain-related cognitions
FPQ-IIl total 81.00 17.06 60.17 17.58 462 < 0.001
PCS total 17.83 9.02 10.77 10.22 2.84 0.006
PVAQ total® 35.14 14.75 33.87 14.53 0.34 0.737
Executive functions
TMT difference score® 26.32 14.97 40.03 20.01 —3.00 0.004
Stroop effect? 726 516 1346 419 -506 < 0.001
Digit span (total) 2943 6.17 26.00 4.55 2.45 0.017
Flanker effectd 41.46 4049 67.31 60.02 —1.93 0.059
Affective state (PANAS)
Session 1: Positive 30.57 4.07 36.13 407 —4.42 <0.001
Session 2: Positive 3123 485 35.03 6.31 —2.62 0.012
Session 1: Negative 11.70 184 1143 2.03 0.53 0.596
Session 2: Negative 12.33 222 1158 2.40 1.34 0.186

4Education (in years) was estimated for 24 YA and 2 OA as they did not provide
exact data, according to the following guideline: A levels = 12 years; Bachelor’s
degree = 15 years; Master’s degree = 17 years; PhD = 20 years.

PFPQ scores are based on 29 OA.

CPVAQ scores from the French version (n = 3) were transformed from a 5-point to
a 6-point Likert scale.

9We used boxplots to examine TMT, Stroop and flanker reaction time measures for
extreme outliers. This resulted in the removal of one OA for the Stroop task; and
one YA for the flanker task; another YA was removed from the flanker task due to
an excessive number of errors in one condition (19 errors in 20 trials). Flanker effect
scores are based on correct trials only.

intake and the evaluation of the paradigm by the participants
in the post-experimental questionnaire can be found in the
Supplementary Tables 1-3.

Behavioral Distraction Effect
Repeated measures ANOVAs with the within-subject factors
temperature level (warm vs. painful) and task difficulty (low load
vs. high load), and the between-subject factor age group (YA vs.
OA) revealed significant main effects for temperature level on
intensity ratings [F(1,58) = 217.31, p < 0.001, nIZ) =0.789], and
unpleasantness ratings [F(1,58) = 121.75, p < 0.001, nf) =0.677].
Task difficulty resulted in significantly different intensity ratings
[F(1,58) = 12.31, p = 0.001, 1r]123 = 0.175], but not unpleasantness
ratings [F(1,58) = 3.77, p = 0.057, n%, = 0.061]. Importantly,
we observed a significant interaction between temperature level
and task difficulty for intensity and unpleasantness ratings
[F(1,58) = 31.54, p < 0.001, nf) = 0.352, and F(1,58) = 44.87,
p <0.001, ng = 0.436, see Figure 2].

Bonferroni corrected paired sample ¢-tests (critical p = 0.013,
k = 4) revealed that all participants rated painful stimuli
significantly lower in intensity and unpleasantness when these
were presented during the high load task as compared to the

low load task [t(59) = 5.95, p < 0.001 and #(59) = 5.39,
p < 0.001, respectively]. Differences in intensity ratings for warm
stimuli did not reach significance (p = 0.483) but unpleasantness
ratings were significantly different (p = 0.009). This indicates a
robust distraction effect for painful stimuli across groups. We
found no significant interaction for task difficulty or temperature
level with age group (all ps > 0.138), indicating that both age
groups benefited to an equal degree from the high load task
in terms of distraction from pain. This was also evidenced
by separate repeated measures ANOVAs for young and older
adults that revealed significant interactions between temperature
level and task difficulty for both age groups for intensity [YA:
F(1,29) = 8.04, p = 0.008, nlzj = 0.217; OA: F(1,29) = 26.77,
p < 0.001, nf, = 0.480] and unpleasantness ratings [YA:
F(1,29) = 20.04, p < 0.001, nf) = 0.409; OA: F(1,29) = 25.03,
p < 0.001, nf, =0.463].

Note that adding the normalized (and mean-centered)
gray matter volume as a covariate to these repeated measures
ANOVAs did have no influence on the interaction between
temperature level and task difficulty [intensity ratings:
F(1,58) = 3154, p < 0001, ) = 0.352; unpleasantness
ratings: F(1,58) = 44.87, p < 0.001, npz =0.436].

A table with correlations between the behavioral distraction
effect size and pain-related cognitions as well as executive
functions can be found in the Supplementary Table 4.

Neural Pain Response

To assess the neural pain response, we contrasted neural
activation during the painful condition with the warm condition,
collapsed across task difficulty conditions and groups (see
Figure 3 and Supplementary Table 5). The contrast yielded
a network of activations, including the right insula (extending
into the right supramarginal gyrus), the right postcentral gyrus
(primary somatosensory cortex) and left supramarginal gyrus (all
surviving cluster-level FDR correction). Contrasting pain-related
activations (pain > warm) for YA with OA yielded a small cluster
in the right superior parietal lobe and the opposite contrast
(OA > YA) revealed some small clusters in areas that are typically
not associated with pain processing (see Supplementary Table 5).
The clusters from these group comparisons did not survive
cluster-level FDR correction. Pain-related activations for each age
group separately can be found in Supplementary Tables 6, 7.

Neural Distraction Effect

We investigated the neural distraction effect by comparing the
neural pain response (pain > warm) for the low load task with
the high load task (low load > high load) across both groups.
Exploratory analyses yielded reduced pain-related activation in
the high load compared to the low load condition in the right
superior and left inferior parietal lobe, the right postcentral
gyrus, the right superior frontal and the left precentral gyrus,
extending into the middle frontal gyrus (all surviving cluster-
level FDR correction). We also found several smaller clusters in
the right mid cingulate cortex (MCC) and left insula, and several
frontal regions (see Figure 4A; none surviving cluster-level
FDR correction). When comparing the neural distraction effect
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FIGURE 2 | Average ratings for the four different conditions. Young (YA) and older adults (OA) rated all stimuli on (A) a 200-point intensity scale and (B) a 200-point
unpleasantness scale. A rating of 100 on the intensity scale corresponds to the pain threshold (“just pain”) and a rating of 100 on the unpleasantness scale
corresponds to being “neutral”. Painful stimuli were rated as significantly less intense and unpleasant when these were presented during the high load task as
compared to the low load task. “**p < 0.001. Error bars represent the standard error of the mean (SEM).
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FIGURE 3 | Pain-related neural activation. Painful compared to warm stimuli (pain > warm) collapsed across task conditions and groups [visualized at a threshold of

p(unc) = 0.005, k > 10; see also Supplementary Table 5].

y=0

between groups, YA showed a stronger reduction in activation
during the high load relative to the low load task in the right
superior medial gyrus, the right insula, the right MCC, the right
caudate nucleus and left supramarginal gyrus (see Table 2 and
Figure 4B). None of these survived cluster-level FDR correction.
The opposite contrast (OA > YA) resulted in a cluster in the right
middle occipital lobe, not surviving cluster-level FDR correction
(see Table 2).

Adding pain catastrophizing (total PCS score), fear of
pain (total FPQ-III score), medication intake or self-reported
positive affect (PANAS subscale) on the day of the test
session as covariates to these contrasts did not change the
results (see Supplementary Figures 1-3). Results for the neural
distraction effect for each age group separately can be found in
Supplementary Tables 8, 9.

Neural Distraction Mechanism
To investigate brain regions that play a role in generating the
distraction effect (ie., that are involved in descending pain

control), we also explored the pain > warm contrast for the high
load > low load task condition. When looking across groups,
we found a cluster in the perigenual anterior cingulate cortex
(ACC) (not surviving cluster-level FDR correction) (peak MNI
coordinates: x = 4, y = 34, z = 2; k = 12, Z = 2.99; Figure 4C).
Group comparisons showed that this cluster was significantly
more activated in OA than in YA (peak MNI coordinates: x = —4,
y = 36, z = 0; Figure 4D) whereas the opposite contrast
(YA > OA) yielded no clusters.

Correlations Between Neural Effects and

Executive Functions

For young adults, we found no correlation between EFs and the
neural distraction effect, but for the distraction mechanism we
found that a smaller flanker effect and TMT difference score
(i.e., better interference control and general executive functions)
were related to an increased recruitment of areas in the cingulate
gyrus and supramarginal gyrus (Table 3 and Figure 5). One
cluster in the left MCC, which correlated with the TMT difference
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that the color of the clusters in (B,D) is not indicative of the t-value.

FIGURE 4 | Neural distraction effect and mechanism. (A) Neural distraction effect (i.e., regions showing less activation during the high-load than during the low-load
task) across groups (see also Table 2); (B) neural distraction effect for YA > OA; (C) neural distraction mechanism (i.e., regions showing more activation during the
high-load than during the low-load task) across groups; (D) neural distraction mechanism for OA > YA. All contrasts are visualized at p(unc) = 0.005, k > 10. Note

score, survived cluster-level FDR correction. In older adults, we
found a negative correlation between the flanker and Stroop
effect and the neural distraction effect, such that better inhibitory
control abilities were related to a stronger distraction-related
reduction of activation in the left insula, right thalamus, left
postcentral gyrus and left precuneus (Table 4 and Figures 6A,B).
The flanker effect and TMT difference score were also negatively
associated with the neural distraction mechanism in the left
middle temporal and inferior temporal gyri as well as the left
superior frontal gyrus, and a longer digit span (i.e., better working
memory abilities) was associated with a larger neural distraction
mechanism in the left inferior and right middle frontal gyri
(Table 3 and Figures 6C,D). None of the correlations in the
OA survived cluster-level FDR correction. Correlations between
the neural and behavioral distraction effect can be found in the
Supplementary Table 10.

Gray Matter Volume and Distraction
Effect

A group comparison showed widespread age-related atrophy
in GM volume in OA compared to YA, especially apparent
in frontal, temporal and parietal regions, and with the largest
group differences in the straight gyrus, and in the angular gyrus
(see Supplementary Table 11). Exploratory analyses adding VAS
pain ratings to GM volume maps revealed a positive correlation
between the distraction effect on the intensity scale and GM
volume in a small cluster in the right middle temporal gyrus
for YA; for the distraction effect on the unpleasantness scale, we
found positive correlations with GM volume in several clusters
in the right temporal gyri for YA, and in two larger clusters in

the right supramarginal gyrus and the right and left amygdalae
for OA (Table 5 and Figure 7). None of these survived cluster-
level FDR-correction. Note that adding GM volume (controlled
for total intracranial volume) as covariate to group comparisons
of the neural distraction effect and mechanism did not change the
results (see Supplementary Tables 12, 13).

DISCUSSION

The aim of the present study was to examine age-related
changes in cognitive distraction from pain on the behavioral and
neural level, and whether these changes would be mediated by
differences in prefrontal functioning, as indexed by executive
functions and gray matter volume.

Although the older participants showed a significant
deterioration in EFs and reduced GM volume throughout the
cortex when compared to our younger participants, both groups
benefited to an equal degree from the distractive properties of the
high load task, when looking at their pain ratings. This finding
is in line with a recent study assessing age-related changes in the
electrophysiological correlates of distraction from pain with a
similar paradigm (Gonzalez-Rolddn et al., 2020a). One potential
explanation for the preserved behavioral distraction effect is
that older adults may have compensated for the decline in EFs
and GM volume with an increased activation of brain structures
involved in the cognitive modulation of pain, such as the PFC and
ACC. A similar hypothesis has been offered for pain distraction
studies with chronic pain patients (who show a heightened focus
on pain stimuli), which observed no differences between patients
and healthy controls in the behavioral distraction effect size
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TABLE 2 | Neural distraction effect.

Brain region MNI coordinates Cluster
X y z p(FDR-corr) k T V4
Across groups

Superior parietal lobule R 38 -52 58 0.00 3027 4.81 4.66
R 18 —60 66 3.77 3.69
Postcentral gyrus R 44 —40 60 3.64 3.56
Inferior temporal gyrus R 52 — 64 —-10 0.60 165 4.20 410
R 44 —74 -6 3.32 3.27
Superior frontal gyrus R 32 2 62 0.08 765 4.09 4.00
26 2 50 3.69 3.62
30 6 40 3.69 3.61
Precentral gyrus L —-30 4 44 0.03 797 4.09 3.99
Middle frontal gyrus L - 32 10 38 3.65 3.57
- 22 8 28 3.62 3.55
Inferior parietal lobule L — 46 — 48 54 0.01 1092 4.06 3.97
L —58 — 46 42 4.04 3.94
Superior parietal lobule L —-32 — 56 60 3.49 3.43
Fusiform gyrus L —40 — 66 —16 0.46 217 4.06 3.96
L — 44 —58 —18 3.58 3.51
IFG p. orbitalis R 28 22 —-20 0.24 366 3.92 3.83
Superior orbital gyrus R 18 38 —18 3.74 3.66
R 20 46 — 16 3.63 3.56
Middle temporal gyrus R 54 — 36 -4 0.37 272 3.84 3.76
R 54 —28 -8 3.69 3.61
Superior temporal gyrus L — 60 —50 16 0.93 65 3.74 3.66
Posterior medial frontal gyrus R 10 8 48 0.06 623 3.61 3.54
L -8 6 44 3.38 3.32
R 4 16 48 3.16 3.1
—-12 —-20 — 16 0.93 60 3.58 3.52
Middle frontal gyrus L — 36 34 42 0.60 167 3.53 3.47
L —44 26 40 2.99 2.95
L - 32 44 34 2.69 2.65
Inferior temporal gyrus L — 44 —-10 —-32 0.24 349 3.53 3.47
L —52 -2 —34 3.41 3.35
—40 —4 —26 3.41 3.35
Calcarine gyrus R 20 - 82 4 0.46 217 3.37 3.31
R 4 — 86 14 3.01 2.97
R 10 —-90 2 3.01 2.97
Middle frontal gyrus R 36 36 42 0.93 87 3.34 3.29
R 44 36 32 2.89 2.85
Inferior temporal gyrus R 52 —24 —24 0.93 25 3.28 3.23
Parahippocampal gyrus R 34 — 26 - 20 0.93 23 3.25 3.19
Olfactory cortex L —14 10 —16 0.93 20 3.17 3.13
Middle orbital gyrus L —22 42 —18 0.93 23 3.11 3.07
L -20 34 —20 2.97 2.93
36 —42 32 0.93 56 3.10 3.05
34 - 50 32 2.71 2.68
Middle occipital gyrus R 36 —76 38 0.93 55 3.01 2.97
Middle temporal gyrus L — 64 —40 -2 0.93 18 2.96 2.92
MCC R 6 —30 36 0.93 71 2.92 2.88
2 —28 28 2.91 2.87
-2 — 36 22 2.75 2.71
Insula L —38 20 4 0.93 17 2.87 2.83
Postcentral gyrus R 24 —38 74 0.93 20 2.85 2.82
(Continued)
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TABLE 2 | (Continued)

Brain region MNI coordinates Cluster
X y z p(FDR-corr) k T V4
YA > OA
Superior medial gyrus R 4 38 44 0.89 160 3.39 3.33
R 8 36 54 2.85 2.82
R 6 26 50 2.67 2.64
6 -6 20 0.93 64 3.29 3.24
Caudate nucleus R 14 0 22 2.81 2.78
—-14 -4 36 0.93 26 3.22 3.17
Insula R 44 8 4 0.93 103 3.13 3.09
34 14 -2 2.96 2.92
Insula R 44 0 8 2.93 2.89
MCC R 12 - 14 42 0.93 15 3.02 2.98
Supramarginal gyrus L — 54 —24 36 0.93 11 2.72 2.69
OA > YA
Mid occipital lobe R 34 - 74 8 0.93 78 3.30 3.25

Brain regions showing reduced activation in response to painful stimuli during the high load task when compared to the low load task [contrast: (pain > warm)
lowload > (Pain > warm) pignioaq] at p(unc) = 0.005 and k > 10 and cluster correction FDR p-levels indicated separately.

TABLE 3 | Correlations between the neural distraction mechanism and executive functions.

Covariate Direction Anatomical label MNI coordinates Cluster
of corr.
X y z p(FDR- k T V4
corr)
YA
Flanker effect neg. R 24 24 18 0.88 26 3.73 3.50
MCC R 14 —30 44 0.88 26 3.65 3.43
TMT difference neg. MCC L —-12 —30 40 0.00 911 4.59 4.21
L —-14 —22 40 4.47 412
Cingulate gyrus R 18 —-12 44 4.36 4.03
Inferior parietal R 58 — 50 38 0.88 34 4.09 3.81
lobule
Angular gyrus R 60 —50 30 3.56 3.36
Intraparietal sulcus R 26 — 46 36 0.83 60 3.94 3.69
OA
Flanker effect neg. Middle temporal L -60 —-20 -18 0.88 47 3.97 3.70
gyrus
Inferior temporal L — 54 - 20 -26 3.50 3.31
gyrus
TMT difference neg. Superior frontal L —-12 50 36 0.88 29 3.98 3.72
gyrus
Digit span (total) pos. Inferior frontal gyrus L — 50 38 8 0.88 38 418 3.88
R 36 30 28 0.88 67 3.72 3.50
Middle frontal gyrus R 40 38 28 3.63 3.43
R 38 50 16 3.59 3.39

Brain regions showing a correlation between the neural distraction mechanism and executive functions in young (YA) and older (OA) adults at p(unc) = 0.007 and k > 20

and cluster correction FDR p-levels indicated separately.

(Nouwen et al., 2006; Schreiber et al., 2014; Stankewitz et al.,
2018), presumably because of compensatory neural mechanisms
(Stankewitz et al., 2018). Thus, age-related changes in distraction
from pain may only become apparent either if the intensity of the
nociceptive stimulus surpasses the capacity of the compensatory

mechanisms to modulate the pain intensity, or if age-related
decline in cortical plasticity due to atrophy has progressed too
far, impeding the effective engagement of these compensatory
descending pain control mechanisms. Our results indeed suggest
that OA may have succeeded in employing a compensatory
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FIGURE 5 | Correlations between executive functions and the neural distraction mechanism in young adults. (A) Regions showing a negative correlation between
the TMT difference score and the neural distraction mechanism [(pain > warm) high 1oad > (P@IN > warm) joy 10ad] in young adults [visualized at p(unc) = 0.001, k > 20;
see also Table 3]. (B) Parameter estimates extracted from the cluster maximum in the mid cingulate gryus (position of cross hairs in A) for the neural distraction
mechanism contrast. A smaller TMT difference score indicates better executive functions.
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TABLE 4 | Correlations between the neural distraction effect and executive functions in OA.

Covariate Direction Anatomical label MNI coordinates Cluster
of corr.
X y z p(FDR- k T V4
corr)
Flanker effect neg. Insula L - 30 20 -8 0.83 64 3.95 3.68
Thalamus R 10 2 -2 0.83 30 3.85 3.60
Stroop neg. Postcentral gyrus L -26 —50 68 0.24 133 4.39 4.05
effect
—14 — 56 64 4.00 3.73
Precuneus L —22 — 56 42 0.24 124 4.21 3.90
— 16 —52 48 3.42 3.24

Brain regions showing a correlation between the neural distraction effect and executive functions in older adults at p(unc) = 0.007 and k > 20.

mechanism during the high-load task (i.e., in the distraction
condition), as they showed increased activation in the ACC,
compared to YA. This will be discussed further below.

Engaging in a cognitively demanding task during painful
stimulation resulted in a reduction of activity in several large
clusters in frontal and parietal regions (including the right

primary somatosensory cortex) across both groups that have
been reported in previous neuroimaging studies on distraction
from pain (Petrovic et al., 2000; Valet et al., 2004; Wiech
et al., 2005; Seminowicz and Davis, 2007). Exploratory analyses
showed that this effect was significantly smaller in several
regions in OA (including the right insula, right MCC and
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FIGURE 6 | Correlations between executive functions and the neural distraction effect and mechanism in older adults. (A) A smaller flanker effect (i.e., better
interference control abilities) was associated with a greater neural distraction effect [(pain > warm) jow 10ad > (PaIN > warm) pigh pad] in the left insula and (B) the right
thalamus (see also Table 4); (C) smaller difference scores in the TMT (i.e., better executive functions) were associated with a greater neural distraction mechanism
[(pain > warm) pigh 1oad > (PN > warm) jow 10ad] in the left superior frontal gyrus (see also Table 3); (D) digit span (i.e., working memory ability) correlated positively
with the neural distraction mechanism in the left inferior frontal gyrus and right middle frontal gyrus. [All activation maps are visualized at p(unc) = 0.001, k > 20].

TABLE 5 | Correlations between GM volume and the behavioral distraction effect.

Covariate Direction Anatomical label MNI coordinates Cluster
of corr.
X y z p(FDR-corr) k T V4
DE-I
YA pos. Middle temporal R 54 —51 14 0.86 72 3.70 3.48
gyrus
OA pos. - - - - - - - - -
DE-U
YA pos. Precuneus L -9 — 44 45 0.95 51 3.90 3.64
Superior temporal R 65 -6 5 0.95 30 3.54 3.35
gyrus
Cerebellar vermis R 6 —-50 —12 0.95 31 3.50 3.31
(4/5)
OA pos. Supramarginal R 57 —42 24 0.77 175 3.91 3.65
gyrus
Supramarginal R 51 — 42 36 3.61 3.40
gyrus
Amygdala R 24 -2 —14 0.78 71 3.90 3.65
Amygdala L -18 -2 —14 0.77 146 3.82 3.58
Middle occipital L -29 —-72 35 0.78 49 3.50 3.31
gyrus

DE-I, behavioral distraction effect on intensity scale; DE-U, behavioral distraction effect on unpleasantness scale. Gray matter (GM) volume was corrected for the total
intracranial volume for each participant. Contrast at p(unc) = 0.001 and k > 20 and cluster correction FDR p-levels indicated separately.

left supramarginal gyrus). However, OA with better cognitive
inhibition abilities, i.e., a smaller flanker and Stroop effect,
showed a larger neural distraction effect in the left insula, right
thalamus, the left postcentral gyrus (primary somatosensory

cortex) and left precuneus. This is in line with a growing body
of studies suggesting a link between cognitive inhibition abilities
and pain sensitivity and modulation (Oosterman et al., 2010,
2016; Marouf et al., 2014; Zhou et al., 2015b; Bjeki¢ et al., 2018;
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FIGURE 7 | Results from the gray matter volume analyses. (A) Young adults > older adults contrast for the GM images (visualized at a FWE-corrected p = 0.05,
k > 20; see also Supplementary Table 11). (B) Regions showing a positive correlation between the behavioral distraction effect size (on the unpleasantness scale)
and GM volume in older adults [visualized at p(unc) = 0.001, k > 20; see also Table 5].

Bunk et al., 2020). To our knowledge, this study is the first
to link cognitive inhibition abilities directly to the efficacy of
attentional pain modulation in the brain (in older adults). We
found, however, no such association between cognitive inhibition
abilities and the neural distraction effect in YA; this is likely due
to YA showing less variation in their EFs whereas OA showed
decline in performance to various degrees.

Both age groups showed a significant increase in neural
activation during the high load vs. low load task in the perigenual
ACC (as revealed with a liberal threshold). This cluster was
significantly more active in OA than in YA. Covariate analyses
further revealed that OA with better executive functions (flanker
test, TMT, digit span) showed stronger recruitment of several
frontal and temporal regions during distraction from pain (only
at a liberal threshold), whereas YA with better EFs (flanker, TMT)
showed stronger activation in the MCC during the high load
relative to the low load task.

While the stronger recruitment of prefrontal regions in
older adults with better executive functions is in line with
our hypothesis that the PFC plays a pivotal role in initiating
cognitive pain modulation (Wiech et al., 2008; Knudsen et al.,
2011), increased activation in temporal areas has been less
systematically reported in the context of pain modulation. It is,
however, noteworthy that increased activation in the temporal
lobe (at a similar location as in our study) has been previously
found in a study that compared externally controlled with self-
controlled painful stimuli, suggesting that this specific brain
area may play a role in the perceived control of pain (Wiech
et al., 2006). Given that increased activity in the temporal lobe
in our study was associated with better cognitive inhibition
abilities in older adults, it could be speculated that perceived
pain control in older adults with better inhibition abilities was
different from older adults with worse inhibition abilities. Future
research could explicitly address this question by assessing the
role of cognitive inhibition abilities in pain paradigms on pain
controllability.

The ACC has been identified as a key structure in the
attentional modulation of pain in a series of distraction studies

(Frankenstein et al., 2001; Bantick et al., 2002; Valet et al., 2004;
Seminowicz and Davis, 2007) and has also been implicated in
descending pain control (Wiech et al., 2008; Sprenger et al.,
2011) as well as more general affect regulation (Shackman et al.,
2011; Stevens, 2011). Interestingly, the ACC constitutes part of
an emotion-related network that is relatively spared from age-
related decline in comparison to cognitive networks (Nashiro
et al.,, 2017). Taken together, this suggests that OA rely more
strongly on the relatively preserved emotion circuit structures
for pain modulation, possibly to compensate for a decline in
function and integrity of frontal regions (as discussed above). In
addition, our results suggest that OA with better EFs may still be
able to recruit resources in frontal regions for pain modulation.
Further studies are necessary to investigate the role of emotion
regulation abilities and how these relate to preserved cognitive
pain modulation in healthy aging. Interestingly, we observed that
YA who performed better on the TMT showed an increased
recruitment of the MCC during the high load task. Similar to
the perigenual ACC, this region receives many projections from
the pain-related thalamic nuclei; however, in contrast to the
ACC, the MCC has extensive connections with prefrontal and
motor-related areas of the cortex (Stevens, 2011). Although the
segregation of the cingulate cortex into an area specialized for
affective processes (ACC) and an area specialized for cognitive
processes (MCC) is equivocal (Shackman et al, 2011), the
observed association between better executive functions in YA
and an increased recruitment of the MCC during the high load
task could point to a stronger involvement of PFC regions during
distraction in YA relative to OA.

Our data also suggest that age-related changes in the gray
matter volume in the bilateral amygdalae and right supramarginal
gyrus modulate the distraction effect size on the behavioral
level. The amygdala has been implicated in the affective
aspects of pain processing (Neugebauer et al., 2009) and may
influence descending pain pathways via medullary mechanisms
(Bannister, 2019) while the supramarginal gyrus forms part of
the somatosensory association cortex and its GM volume has
been associated with the preservation of emotion recognition
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ability in older adults (Wada et al, 2021). Both structures
were also found to show reduced GM volume in patients with
chronic pain (Burgmer et al., 2009; Coppieters, 2017). Altogether,
these results support the notion that age-related changes in the
brain primarily influence the affective aspects of pain perception
(Neugebauer et al., 2009; Gonzalez-Roldén et al., 2020a; Terrasa
etal., 2021).

We found no indication for a mediating role of total
GM volume in age-related differences in behavioral or
neural distraction effect measures. An explanation for
this lack of an association could be cognitive reserve or
compensatory mechanisms (Cabeza et al, 2018). Possibly,
these mechanisms were not sufficient to compensate for GM
atrophy in the brain structures for which an association
between GM volume and the behavioral distraction
effect was observed.

Limitations

One limitation of our study is that the OA who volunteered
to participate were generally characterized by high positive
affect (and motivation as indicated by the post-experimental
questionnaire) and low negative-pain related cognitions (as also
observed in other studies, see e.g., Gonzélez-Roldan et al., 2020b;
Zhou et al., 2020). They were also free from chronic pain,
relatively highly educated and in good health, meeting all criteria
required for an MRI scan (i.e., no metal implants, insulin pumps
etc.) (Ganguli et al, 2015). Moreover, most Luxembourgish
citizens grow up in a trilingual environment (Luxembourgish,
German, French), which has been shown to have beneficial effects
for cognitive aging (Bialystok et al., 2014). Therefore, our results
may not be easily generalizable to the overall aging population.
We also observed that the magnitude of the behavioral distraction
effect in the present study was significantly smaller than the
magnitude that we observed in a previous study run in our lab,
using the identical paradigm (Rischer et al., 2020). This difference
could be explained by the requirements and contextual factors
associated with an MRI scan (i.e., constant noise, requirement
not to move, constrained space), which may have made it
more difficult for participants to focus on the working memory
task. In addition, instead of comparing the distractive task to
a no task condition or instructing participants to focus on the
stimulation as e.g., done in Petrovic et al. (2000) and Valet
et al. (2004), both the distractive (high load) task and the
control (low load) task required the continuous allocation of
attentional resources. Together with the (unintended) selection
and recruitment bias, this factor may have contributed to our
relatively small behavioral and neural distraction effect (e.g., most
neural effects only appeared when using a more liberal threshold).
Another reason for the relatively small neural effects (apart from
the neural pain response) could have been that complex cognitive
and affective processes, such as cognitive pain modulation,
are associated with a relatively larger intra- and inter-person
variability in neural activation patterns than e.g., pure sensory
or motor phenomena (Lieberman and Cunningham, 2009). This
is also illustrated by the fact that additional analyses of the
neural distraction effect and mechanism using specific regions
of interest [using the AAL atlas from Tzourio-Mazoyer et al.

(2002) as implemented in the WFU-Pickatlas] did not survive
FDR-correction despite a restricted search volume. Tables with
the clusters from these analyses (and a specification of the
anatomical regions used) can be found in the Supplementary
Tables 14, 15.

Future studies could specifically compare distraction from
pain in healthy aging adults with adults facing cognitive
impairments e.g., due to dementia, or pre-select study
participants depending on their cognitive status (Zhou et al,
2020) and thereby increase the heterogeneity of the sample
characteristics. Given that executive functions, specifically
cognitive inhibition abilities, have been associated with
protective effects against pain-induced interference on task
performance (Verhoeven et al., 2011), it would also be interesting
to assess the role of executive functions on distraction task
performance in future studies. A further important focus
would be to elucidate the role of an (age-related) decline in
cognitive pain modulation in the development of chronic pain by
comparing chronic pain patients and healthy matched controls
in the advanced stages of life.

Taken together, our findings demonstrate clear age-related
changes in the top-down attentional modulation of pain, and
suggest that the preservation of EFs, specifically inhibitory
control abilities, and GM volume in the amygdalae and
supramarginal gyrus in advanced age, may protect from a decline
in efficacy of cognitive pain coping strategies. Cognitive training
that aims at preserving or improving EFs may be a promising
avenue to prevent older adults from developing, or to support
them in coping with, chronic pain conditions.

DATA AVAILABILITY STATEMENT

The data supporting the findings of this study are available from
the corresponding author upon reasonable request. They are not
publicly available because of ethical restrictions.

ETHICS STATEMENT

The study was reviewed and approved by Ethics Review Panel
at the University of Luxembourg and the Comité National
d’Ethique de Recherche Luxembourg (CNER). All participants
provided their written informed consent to participate in this
study.

AUTHOR CONTRIBUTIONS

MM conceptualized and designed the study together with AG-R.
MM and KR implemented the study and collected the data. KR
collected the majority of the data. KR processed and analyzed
the data under supervision of MM. KR provided the first draft
of the manuscript which was subsequently critically revised by all
authors. All authors contributed to the article and approved the
submitted version.

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2022 | Volume 14 | Article 828742


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Rischer et al.

Age-Related Changes in Pain Modulation

FUNDING

This study was funded by the Luxembourg National Research
Fund (FNR) with a Core Junior Grant awarded to MM (grant
number: C16/BM/11266318/ACHE).

ACKNOWLEDGMENTS

We would like to thank Geneviéve Desrochers and Etienne
Mullet for providing us with the French version of the
PVAQ and FPQ-III, respectively. We are also very grateful to
the management and staff of the Hopitaux Robert Schuman
for providing the MRI facility and for their technical help

REFERENCES

Albaret, M.-C., Sastre, M. T. M., Cottencin, A., and Mullet, E. (2004). The Fear
of Pain questionnaire: factor structure in samples of young, middle-aged and
elderly European people. Eur. J. Pain 8, 273-281. doi: 10.1016/j.ejpain.2003.09.
005

Bannister, K. (2019). Descending pain modulation: influence and impact. Curr.
Opin. Physiol. 11, 62-66.

Bantick, S. J., Wise, R. G., Ploghaus, A., Clare, S., Smith, S. M., and Tracey, L. (2002).
Imaging how attention modulates pain in humans using functional MRI. Brain
125, 310-319. doi: 10.1093/brain/awf022

Benedetti, F., Arduino, C., Vighetti, S., Asteggiano, G., Tarenzi, L., and Rainero, L.
(2004). Pain reactivity in Alzheimer patients with different degrees of cognitive
impairment and brain electrical activity deterioration. Pain 111, 22-29. doi:
10.1016/j.pain.2004.05.015

Bialystok, E., Poarch, G., Luo, L., and Craik, F. I. M. (2014). Effects of bilingualism
and aging on executive function and working memory. Psychol. Aging 29,
696-705. doi: 10.1037/a0037254

Bjeki¢, J., Zivanovi¢, M., Purié, D., Oosterman, J. M., and Filipovi¢, S. R. (2018).
Pain and executive functions: a unique relationship between Stroop task and
experimentally induced pain. Psychol. Res. 82, 580-589. doi: 10.1007/s00426-
016-0838-2

Bopp, K. L., and Verhaeghen, P. (2020). Aging and n-back performance: a meta-
analysis. J. Gerontol. Ser. 75, 229-240.

Bowie, C. R., and Harvey, P. D. (2006). Administration and interpretation of the
Trail Making Test. Nat. Protoc. 1, 2277-2281. doi: 10.1038/nprot.2006.390

Brett, M., Anton, J.-L., Valabregue, R., and Poline, J.-B. (2002). “Region of interest
analysis using an SPM toolbox [abstract],” in Presented at the 8th International
Conference on Functional Mapping of the Human Brain, June 2-6, 2002, Sendai.

Buhle, J., and Wager, T. D. (2010). Performance-dependent inhibition of pain by
an executive working memory task. Pain. 149, 19-26. doi: 10.1016/j.pain.2009.
10.027

Bunk, S., Emch, M., Koch, K. Lautenbacher, S., Zuidema, S., and Kunz,
M. (2020). Pain Processing in Older Adults and Its Association with
Prefrontal Characteristics. Brain Sci. 10:477. doi: 10.3390/brainscil008
0477

Bunk, S., Zuidema, S., Koch, K., Lautenbacher, S., De Deyn, P. P., and Kunz,
M. (2021). Pain processing in older adults with dementia-related cognitive
impairment is associated with frontal neurodegeneration. Neurobiol. Aging 106,
139-152. doi: 10.1016/j.neurobiolaging.2021.06.009

Burgmer, M., Gaubitz, M., Konrad, C., Wrenger, M., Hilgart, S., Heuft, G., et al.
(2009). Decreased gray matter volumes in the cingulo-frontal cortex and the
amygdala in patients with fibromyalgia. Psychosomat. Med. 71, 566-573. doi:
10.1097/PSY.0b013e3181a32da0

Cabeza, R., Albert, M., Belleville, S., Craik, F. I, Duarte, A., Grady, C. L., et al.
(2018). Maintenance, reserve and compensation: the cognitive neuroscience of
healthy ageing. Nat. Rev. Neurosci. 19, 701-710.

Coen, S. J., Aziz, Q., Yagiiez, L., Brammer, M., Williams, S. C. R., and Gregory, L. J.
(2008). Effects of Attention on Visceral Stimulus Intensity Encoding in the Male

and support with acquiring the functional neuroimaging
data as well as providing neuroradiologist reports of the
anatomical images. In addition, we would like to thank
Martine Hoffmann from GERO - Kompetenzzenter fir den
Alter for her help with participant recruitment. Finally, we
would like to thank all participants who took part in this
study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2022.828742/full#supplementary- material

Human Brain. Gastroenterology 135, 2065.e~2074.e. doi: 10.1053/j.gastro.2008.
08.005

Cohen, J. (1973). Eta-squared and partial eta-squared in fixed factor ANOVA
designs. Educ. Psychol. Measurement 33, 107-112. doi: 10.1016/j.bone.2009.03.
654

Coppieters, I. (2017). Decreased Regional Grey Matter Volume in Women
with Chronic Whiplash-Associated Disorders: relationships with Cognitive
Deficitsand Disturbed Pain Processing. Pain Phys. 7, E1025-E1051. doi: 10.
36076/ppj/2017.7.51025

Coppieters, I, Ickmans, K., Cagnie, B., Nijs, J., De Pauw, R., Noten, S., et al. (2015).
Cognitive Performance Is Related to Central Sensitization and Health-related
Quality of Life in Patients with Chronic Whiplash-Associated Disorders and
Fibromyalgia. Pain Phys. 3, E389-E401. doi: 10.36076/pp;j.2015/18/E389

Crivello, F., Tzourio-Mazoyer, N., Tzourio, C. and Mazoyer, B. (2014).
Longitudinal assessment of global and regional rate of grey matter atrophy in
1,172 healthy older adults: modulation by sex and age. PloS one 9:¢114478.
doi: 10.1371/journal.pone.0114478

Desrochers, G., Bergeron, S., Khalifé, S., Dupuis, M.-J., and Jodoin, M. (2009).
Fear Avoidance and Self-efficacy in Relation to Pain and Sexual Impairment in
Women With Provoked Vestibulodynia. Clin. J. Pain 25, 520-527. doi: 10.1097/
AJP.0b013e31819976e3

Domenichiello, A. F., and Ramsden, C. E. (2019). The silent epidemic of chronic
pain in older adults. Progr. Neuro-Psychopharmacol. Biol. Psychiatr. 93, 284—
290.

Eickhoff, S. B., Stephan, K. E., Mohlberg, H., Grefkes, C., Fink, G. R,, Amunts, K.,
et al. (2005). A new SPM toolbox for combining probabilistic cytoarchitectonic
maps and functional imaging data. Neuroimage 25, 1325-1335. doi: 10.1016/j.
neuroimage.2004.12.034

Farokhian, F., Yang, C., Beheshti, I., Matsuda, H., and Wu, S. (2017). Age-related
gray and white matter changes in normal adult brains. Aging Dis. 8:899.

Farrell, M. J. (2012). Age-Related Changes in the Structure and Function of Brain
Regions Involved in Pain Processing. Pain Med. 13, S37-S43. doi: 10.1111/j.
1526-4637.2011.01287.x

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). Mini-mental state.
J. Psychiatr. Res. 12, 189-198. doi: 10.1016/0022-3956(75)90026-6

Frankenstein, U. N., Richter, W., McIntyre, M. C., and Rémy, F. (2001). Distraction
Modulates Anterior Cingulate Gyrus Activations during the Cold Pressor Test.
Neurolmage 14, 827-836. doi: 10.1006/nimg.2001.0883

Ganguli, M., Lee, C.-W., Hughes, T., Snitz, B. E., Jakubcak, J., Duara, R,, et al.
(2015). Who wants a free brain scan? Assessing and correcting for recruitment
biases in a population-based sMRI pilot study. Brain Immaging Behav. 9, 204-212.
doi: 10.1007/s11682-014-9297-9

Gaser, C., and Dahnke, R. (2016). CAT-a computational anatomy toolbox for the
analysis of structural MRI data. Hbm 2016, 336-348.

Gonzélez-Roldan, A. M., Terrasa, J. L., and Sitges, C. (2020a). Alterations in
Neural Responses and Pain Perception in Older Adults During Distraction.
Psychosomat. Med. 82, 869-876. doi: 10.1097/PSY.0000000000000870

Gonzédlez-Roldén, A. M., Terrasa, J. L., Sitges, C., van der Meulen, M., Anton,
F., and Montoya, P. (2020b). Age-Related Changes in Pain Perception Are

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2022 | Volume 14 | Article 828742


https://www.frontiersin.org/articles/10.3389/fnagi.2022.828742/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.828742/full#supplementary-material
https://doi.org/10.1016/j.ejpain.2003.09.005
https://doi.org/10.1016/j.ejpain.2003.09.005
https://doi.org/10.1093/brain/awf022
https://doi.org/10.1016/j.pain.2004.05.015
https://doi.org/10.1016/j.pain.2004.05.015
https://doi.org/10.1037/a0037254
https://doi.org/10.1007/s00426-016-0838-2
https://doi.org/10.1007/s00426-016-0838-2
https://doi.org/10.1038/nprot.2006.390
https://doi.org/10.1016/j.pain.2009.10.027
https://doi.org/10.1016/j.pain.2009.10.027
https://doi.org/10.3390/brainsci10080477
https://doi.org/10.3390/brainsci10080477
https://doi.org/10.1016/j.neurobiolaging.2021.06.009
https://doi.org/10.1097/PSY.0b013e3181a32da0
https://doi.org/10.1097/PSY.0b013e3181a32da0
https://doi.org/10.1053/j.gastro.2008.08.005
https://doi.org/10.1053/j.gastro.2008.08.005
https://doi.org/10.1016/j.bone.2009.03.654
https://doi.org/10.1016/j.bone.2009.03.654
https://doi.org/10.36076/ppj/2017.7.E1025
https://doi.org/10.36076/ppj/2017.7.E1025
https://doi.org/10.36076/ppj.2015/18/E389
https://doi.org/10.1371/journal.pone.0114478
https://doi.org/10.1097/AJP.0b013e31819976e3
https://doi.org/10.1097/AJP.0b013e31819976e3
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1111/j.1526-4637.2011.01287.x
https://doi.org/10.1111/j.1526-4637.2011.01287.x
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1006/nimg.2001.0883
https://doi.org/10.1007/s11682-014-9297-9
https://doi.org/10.1097/PSY.0000000000000870
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Rischer et al.

Age-Related Changes in Pain Modulation

Associated With Altered Functional Connectivity During Resting State. Front.
Aging Neurosci. 12:116. doi: 10.3389/fnagi.2020.00116

Goubert, L., Crombez, G., Eccleston, C., and Devulder, J. (2004). Distraction
from chronic pain during a pain-inducing activity is associated with greater
post-activity pain. Pain 110, 220-227. doi: 10.1016/j.pain.2004.03.034

Ickmans, K., Meeus, M., Lambrecht, L., Pattyn, N., and Nijs, J. (2015). Associations
Between Cognitive Performance and Pain in Chronic Fatigue Syndrome:
comorbidity with Fibromyalgia Does Matter. Pain Phys. 18, E841-E852.

Knudsen, L., Petersen, G. L., Norskov, K. N., Vase, L., Finnerup, N., Jensen, T. S.,
et al. (2011). Review of neuroimaging studies related to pain modulation.
Scandinavian J. Pain 2, 108-120. doi: 10.1016/j.sjpain.2011.05.005

Lansbury, G. (2000). Chronic pain management: a qualitative study of elderly
peoples preferred coping strategies and barriers to management. Disability
Rehab. 22, 2-14.

Lautenbacher, S., Peters, J. H., Heesen, M., Scheel, J., and Kunz, M. (2017). Age
changes in pain perception: a systematic-review and meta-analysis of age effects
on pain and tolerance thresholds. Neurosci. Biobehav. Rev. 75, 104-113. doi:
10.1016/j.neubiorev.2017.01.039

Li, A, Montafo, Z., Chen, V. J,, and Gold, J. I. (2011). Virtual reality and pain
management: current trends and future directions. Pain Manage. 1, 147-157.

Lieberman, M. D., and Cunningham, W. A. (2009). Type I and Type II error
concerns in fMRI research: re-balancing the scale. Soc. Cogn. Affect. Neurosci.
4, 423-428. doi: 10.1093/scan/nsp052

Lithfous, S., Després, O., Pebayle, T., and Dufour, A. (2019). Modification of
descending analgesia in aging. Clin. J. Pain 35, 23-30.

Lovibond, P. F., and Lovibond, S. H. (1995). The structure of negative emotional
states: comparison of the Depression Anxiety Stress Scales (DASS) with the
Beck Depression and Anxiety Inventories. Behav. Res. Ther. 33, 335-343. doi:
10.1016/0005-7967(94)00075-U

Malloy, K. M., and Milling, L. S. (2010). The effectiveness of virtual reality
distraction for pain reduction: a systematic review. Clin. Psychol. Rev. 30,
1011-1018.

Marouf, R., Caron, S., Lussier, M., Bherer, L., Piché, M., and Rainville, P. (2014).
Reduced pain inhibition is associated with reduced cognitive inhibition in
healthy aging. Pain 155, 494-502. doi: 10.1016/j.pain.2013.11.011

May, A. (2008). Chronic pain may change the structure of the brain. Pain 137, 7-15.

Mazaika, P. K., Hoeft, F., Glover, G. H., and Reiss, A. L. (2009). Methods and
software for fMRI analysis of clinical subjects. Neuroimage 47:S58.

McCracken, L. M. (1997). “Attention” to pain in persons with chronic pain: a
behavioral approach. Behav. Ther. 28, 271-284.

McMorris, T. (2015). Exercise-cognition Interaction: Neuroscience Perspectives.
Cambridge: Academic Press.

McNeil, D. W., and Rainwater, A. J. (1998). Development of the fear of
pain questionnaire-III. J Behav. Med. 21, 389-410. doi: 10.1023/A:1018782
831217

Meeus, M., Van Oosterwijck, J., Ickmans, K., Baert, I., Coppieters, I., Roussel, N.,
et al. (2015). Interrelationships between pain processing, cortisol and cognitive
performance in chronic whiplash-associated disorders. Clin. Rheumatol. 34,
545-553. doi: 10.1007/s10067-013-2446-5

Moont, R., Pud, D., Sprecher, E., Sharvit, G., and Yarnitsky, D. (2010). ‘Pain inhibits
pain’ mechanisms: is pain modulation simply due to distraction? Pain 150,
113-120. doi: 10.1016/j.pain.2010.04.009

Nashiro, K., Sakaki, M., Braskie, M. N., and Mather, M. (2017). Resting-state
networks associated with cognitive processing show more age-related decline
than those associated with emotional processing. Neurobiol. Aging 54, 152-162.
doi: 10.1016/j.neurobiolaging.2017.03.003

Neugebauer, V., Galhardo, V., Maione, S., and Mackey, S. C. (2009). Forebrain pain
mechanisms. Brain Res. Rev. 60, 226-242.

Nouwen, A., Cloutier, C., Kappas, A., Warbrick, T., and Sheffield, D. (2006). Effects
of Focusing and Distraction on Cold Pressor-Induced Pain in Chronic Back
Pain Patients and Control Subjects. J. Pain 7, 62-71. doi: 10.1016/j.jpain.2005.
08.004

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9, 97-113. doi: 10.1016/0028-3932(71)90
067-4

Oosterman, J. M., Dijkerman, H. C., Kessels, R. P. C., and Scherder, E. J. A.
(2010). A unique association between cognitive inhibition and pain sensitivity
in healthy participants. Eur. J. Pain 14, 1046-1050. doi: 10.1016/j.ejpain.2010.
04.004

Qosterman, J. M., Traxler, J., and Kunz, M. (2016). The Influence of Executive
Functioning on Facial and Subjective Pain Responses in Older Adults. Behav.
Neurol. 2016:1984827. doi: 10.1155/2016/1984827

Palermo, S., Rainero, I, Stanziano, M., Vase, L., D’Agata, F., Rubino, E.,
et al. (2019). A novel neurocognitive approach for placebo analgesia in
neurocognitive disorders. Exp. Gerontol. 118, 106-116. doi: 10.1016/j.exger.
2019.01.011

Petrovic, P., Petersson, K. M., Ghatan, P. H., Stone-Elander, S., and Ingvar, M.
(2000). Pain-related cerebral activation is altered by a distracting cognitive task.
Pain 85, 19-30. doi: 10.1016/50304-3959(99)00232-8

Ploghaus, A., Becerra, L., Borras, C., and Borsook, D. (2003). Neural circuitry
underlying pain modulation: expectation, hypnosis, placebo. Trends Cogn. Sci.
7, 197-200. doi: 10.1016/s1364-6613(03)00061-5

Prostran, M., Vujovi¢, K. S., Vuekovi¢, S., Medi¢, B., Srebro, D., Divac, N, et al.
(2016). Pharmacotherapy of pain in the older population: the place of opioids.
Front. Aging Neurosci. 8:144.

Rischer, K. M., Gonzdlez-Roldan, A. M., Montoya, P., Gigl, S., Anton, F., and
Meulen, M. (2020). Distraction from pain: the role of selective attention and
pain catastrophizing. Eur. J. Pain 24, 1880-1891. doi: 10.1002/ejp.1634

Schreiber, K. L., Campbell, C., Martel, M. O., Greenbaum, S., Wasan, A. D.,
Borsook, D., et al. (2014). Distraction Analgesia in Chronic Pain Patients: the
Impact of Catastrophizing. Anesthesiology 121, 1292-1301. doi: 10.1097/ALN.
0000000000000465

Seminowicz, D. A., and Davis, K. D. (2007). Pain Enhances Functional
Connectivity of a Brain Network Evoked by Performance of a Cognitive Task.
J. Neurophysiol. 97, 3651-3659. doi: 10.1152/jn.01210.2006

Shackman, A. J., Salomons, T. V., Slagter, H. A., Fox, A. S., Winter, J. J., and
Davidson, R. J. (2011). The integration of negative affect, pain and cognitive
control in the cingulate cortex. Nat. Rev. Neurosci. 12, 154-167. doi: 10.1038/
nrn2994

Spreen, O., Strauss, E., and Otfried, S. (1998). A Compendium of Neuropsychological
Tests: Administration, Norms, and Commentary. Oxford: Oxford University
Press.

Sprenger, C., Bingel, U., and Biichel, C. (2011). Treating pain with pain:
supraspinal mechanisms of endogenous analgesia elicited by heterotopic
noxious conditioning stimulation. Pain 152, 428-439. doi: 10.1016/j.pain.2010.
11.018

Stankewitz, A., Sorg, C., von Kalckreuth, A., Schulz, E., Valet, M., Neufang, S.,
et al. (2018). Fronto-Insular Connectivity during Pain Distraction Is Impaired
in Patients with Somatoform Pain: fronto-Insular Connectivity in Patients with
Somatoform Pain. J. Neuroimaging 28, 621-628. doi: 10.1111/jon.12547

Stevens, F. L. (2011). Anterior Cingulate Cortex: unique Role in Cognition and
Emotion. ] Neuropsychiatr. Clin. Neurosci. 23, 121-125. doi: 10.1176/jnp.23.2.
jnpl21

Sullivan, M. ., Bishop, S. R., and Pivik, J. (1995). The pain catastrophizing scale:
development and validation. Psychol. Assess. 7:524.

Tabry, V., Vogel, T. A., Lussier, M., Brouillard, P., Buhle, J., Rainville, P., et al.
(2020). Inter-individual predictors of pain inhibition during performance of a
competing cognitive task. Sci. Rep. 10:21785. doi: 10.1038/s41598-020-78653-z

Terrasa, J. L., Montoya, P., Sitges, C., Van der Meulen, M., Anton, F., and Gonzélez-
Roldan, A. M. (2021). Anterior cingulate cortex activity during rest is related
to alterations in pain perception in aging. Front. Aging Neurosci. 13:375. doi:
10.3389/fnagi.2021.695200

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273-289.

Valet, M., Sprenger, T., Boecker, H., Willoch, F., Rummeny, E., Conrad, B., et al.
(2004). Distraction modulates connectivity of the cingulo-frontal cortex and
the midbrain during pain—an fMRI analysis. Pain 109, 399-408. doi: 10.1016/
j.pain.2004.02.033

Verhoeven, K., Crombez, G., Eccleston, C., Van Ryckeghem, D. M. L., Morley, S.,
and Van Damme, S. (2010). The role of motivation in distracting attention away
from pain: an experimental study. Pain 149, 229-234. doi: 10.1016/j.pain.2010.
01.019

Verhoeven, K., van Damme, S., Eccleston, C., van Ryckeghem, D., Legrain, V.
and Crombez, C. (2011). Distraction from pain and executive functioning: an
experimental investigation of the role of inhibition, task switching and working
memory. Eur. J. Pain 15, 866-873. doi: 10.1016/j.¢jpain.2011.01.009

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2022 | Volume 14 | Article 828742


https://doi.org/10.3389/fnagi.2020.00116
https://doi.org/10.1016/j.pain.2004.03.034
https://doi.org/10.1016/j.sjpain.2011.05.005
https://doi.org/10.1016/j.neubiorev.2017.01.039
https://doi.org/10.1016/j.neubiorev.2017.01.039
https://doi.org/10.1093/scan/nsp052
https://doi.org/10.1016/0005-7967(94)00075-U
https://doi.org/10.1016/0005-7967(94)00075-U
https://doi.org/10.1016/j.pain.2013.11.011
https://doi.org/10.1023/A:1018782831217
https://doi.org/10.1023/A:1018782831217
https://doi.org/10.1007/s10067-013-2446-5
https://doi.org/10.1016/j.pain.2010.04.009
https://doi.org/10.1016/j.neurobiolaging.2017.03.003
https://doi.org/10.1016/j.jpain.2005.08.004
https://doi.org/10.1016/j.jpain.2005.08.004
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/j.ejpain.2010.04.004
https://doi.org/10.1016/j.ejpain.2010.04.004
https://doi.org/10.1155/2016/1984827
https://doi.org/10.1016/j.exger.2019.01.011
https://doi.org/10.1016/j.exger.2019.01.011
https://doi.org/10.1016/S0304-3959(99)00232-8
https://doi.org/10.1016/s1364-6613(03)00061-5
https://doi.org/10.1002/ejp.1634
https://doi.org/10.1097/ALN.0000000000000465
https://doi.org/10.1097/ALN.0000000000000465
https://doi.org/10.1152/jn.01210.2006
https://doi.org/10.1038/nrn2994
https://doi.org/10.1038/nrn2994
https://doi.org/10.1016/j.pain.2010.11.018
https://doi.org/10.1016/j.pain.2010.11.018
https://doi.org/10.1111/jon.12547
https://doi.org/10.1176/jnp.23.2.jnp121
https://doi.org/10.1176/jnp.23.2.jnp121
https://doi.org/10.1038/s41598-020-78653-z
https://doi.org/10.3389/fnagi.2021.695200
https://doi.org/10.3389/fnagi.2021.695200
https://doi.org/10.1016/j.pain.2004.02.033
https://doi.org/10.1016/j.pain.2004.02.033
https://doi.org/10.1016/j.pain.2010.01.019
https://doi.org/10.1016/j.pain.2010.01.019
https://doi.org/10.1016/j.ejpain.2011.01.009
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Rischer et al.

Age-Related Changes in Pain Modulation

Wada, S., Honma, M., Masaoka, Y., Yoshida, M., Koiwa, N., Sugiyama, H.,
et al. (2021). Volume of the right supramarginal gyrus is associated with a
maintenance of emotion recognition ability. Plos one 16:¢0254623. doi: 10.1371/
journal.pone.0254623

Watson, D., Anna, L., and Tellegen, A. (1988). Development and Validation of
Brief Measures of Positive and Negative Affect: the PANAS Scales. J. Pers. Soc.
Psychol. 54, 1063-1070.

Wechsler, D. (2008). Wechsler adult intelligence scale-Fourth Edition (WAIS-IV).
San Antonio, TX: NCS Pearson .

Wiech, K., Kalisch, R., Weiskopf, N., Pleger, B., Stephan, K. E., and Dolan, R. J.
(2006). Anterolateral prefrontal cortex mediates the analgesic effect of expected
and perceived control over pain. J. Neurosci. 26, 11501-11509. doi: 10.1523/
JNEUROSCI.2568-06.2006

Wiech, K., Ploner, M., and Tracey, I. (2008). Neurocognitive aspects of pain
perception. Trends Cogn. Sci. 12, 306-313. doi: 10.1016/j.tics.2008.05.005

Wiech, K., Seymour, B., Kalisch, R., Enno Stephan, K., Koltzenburg, M.,
Driver, J., et al. (2005). Modulation of pain processing in hyperalgesia by
cognitive demand. Neurolmage 27, 59-69. doi: 10.1016/j.neuroimage.2005.0
3.044

Whlie, S. A., van den Wildenberg, W. P. M., Ridderinkhof, K. R., Bashore, T. R,
Powell, V. D., Manning, C. A, et al. (2009). The effect of Parkinson’s disease
on interference control during action selection. Neuropsychologia 47, 145-157.
doi: 10.1016/j.neuropsychologia.2008.08.001

Zhou, S., Després, O., Pebayle, T., and Dufour, A. (2015a). Age-Related Decline
in Cognitive Pain Modulation Induced by Distraction: evidence From Event-
Related Potentials. J. Pain 16, 862-872. doi: 10.1016/j.jpain.2015.05.012

Zhou, S., Kemp, J., Després, O., Pebayle, T., and Dufour, A. (2015b). The
association between inhibition and pain tolerance in the elderly: evidence from
event-related potentials: inhibition and pain in aging. Eur. J. Pain 19, 669-676.
doi: 10.1002/ejp.588

Zhou, S., Lithfous, S., Després, O., Pebayle, T., Bi, X., and Dufour, A. (2020).
Involvement of Frontal Functions in Pain Tolerance in Aging: evidence From
Neuropsychological Assessments and Gamma-Band Oscillations. Front. Aging
Neurosci. 12:131. doi: 10.3389/fnagi.2020.00131

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Rischer, Anton, Gonzilez-Rolddn, Montoya and van der Meulen.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

18

July 2022 | Volume 14 | Article 828742


https://doi.org/10.1371/journal.pone.0254623
https://doi.org/10.1371/journal.pone.0254623
https://doi.org/10.1523/JNEUROSCI.2568-06.2006
https://doi.org/10.1523/JNEUROSCI.2568-06.2006
https://doi.org/10.1016/j.tics.2008.05.005
https://doi.org/10.1016/j.neuroimage.2005.03.044
https://doi.org/10.1016/j.neuroimage.2005.03.044
https://doi.org/10.1016/j.neuropsychologia.2008.08.001
https://doi.org/10.1016/j.jpain.2015.05.012
https://doi.org/10.1002/ejp.588
https://doi.org/10.3389/fnagi.2020.00131
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Better Executive Functions Are Associated With More Efficient Cognitive Pain Modulation in Older Adults: An fMRI Study
	Introduction
	Materials and Methods
	Participants
	Procedure
	Neuropsychological Session
	Questionnaires
	Neuropsychological Tests

	fMRI Session
	Thermal Stimulus Calibration
	Distraction Paradigm
	Trial Timeline
	Working Memory Task
	Thermal Stimulation
	Visual Analog Scale Ratings
	fMRI Acquisition and Preprocessing

	Statistical Analyses
	Behavioral Distraction Effect
	Neural Pain Response, Distraction Effect and Mechanism
	Neural Effects and Executive Functions
	Gray Matter Volume and Distraction Effect


	Results
	Group Characteristics
	Behavioral Distraction Effect
	Neural Pain Response
	Neural Distraction Effect
	Neural Distraction Mechanism
	Correlations Between Neural Effects and Executive Functions
	Gray Matter Volume and Distraction Effect

	Discussion
	Limitations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


