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Abstract
The relationship between pain and cognition hasanily been investigated in patients with
chronic pain and healthy participants undergoingeeixmental pain. Recently, there has been
interest in understanding the disruptive effectami-experimental pain in otherwise healthy
individuals. Recent studies suggest that healttividuals reporting pain also demonstrate
decrements in working memory (WM) performanoeyweverfactors contributing to this
relationship remain poorly understodthe present study examined the association between
everyday pain and WM in a large community-basedamf healthy individuals and
investigated whether self-reported affective degrand medial frontal cortex activity might help
to explain this relationship. To address thesearebequestions, a large publicly available
dataset from the Human Connectome Project (N = é&8)sourced and structural equation
modeling was utilized to examine relationships le&twpain intensity experienced over the past
7 days, self-reported affective distress (composg@sure), performance on a WM (n-back)
task, and task-related activation in the mediattbcortex. Examining participants who
reported non-zero pain intensity in the last 7 days 228), we found a direct negative
association between pain intensity and performancde WM n-back task, consistent with
prior findings. Self-reported affective distressswent associated with WM performance.
Additionally, pain intensity was indirectly assaed with WM performance via WM task-
related activity in the ventromedial prefrontaltesr (VmPFC). Our findings suggest that
everyday pain experienced outside of the laboraigrgtherwise healthy individuals may
directly impact WM performance. Furthermore, WMktaslated increases in vmPFC activity
may be a factor contributing to this relationship.

Key Words: pain intensity; vmPFC; n-back task; etifee distress
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1. Introduction

Pain is a common experience known to interfere watgnition. Pain-related deficits in
executive function and working memory (WM), or ivecess of maintaining and manipulating
information over short periods of time (Baddele992; Cowan, 2017), have been demonstrated
in non-human animals (Boyette-Davis et al., 200&;itBwaite and Droege, 2016; Glass, 2009;
Hayes et al., 1981), patients with chronic paink@aet al., 2016; Berryman et al., 2013; Dick et
al., 2008; Glass and Park, 2001), and healthy ¥e&ra undergoing experimental pain induction
(Houlihan et al., 2004; Legrain et al., 2009; Mgliet al., 2012; Seminowicz and Davis, 2007).
More recently, there has been interest in undedstgrthe relationship between pain and
cognition outside of the laboratory setting. Vattfd is known about the impact of naturalistic
pain experiences on the cognition and behaviotledravise healthy individuals, yet these
insights may be more generalizable, and thus mag Wader implications for understanding
human behavior than those found in the laborat&cgleston, 2013).

A recent online study of healthy individuals fouthet self-reported pain due to common
conditions such as backache and arthritis was medsdavith worse performance on the widely
used n-back task of WM (Attridge et al., 2015). 3&éindings suggest that pain experienced
outside of the laboratory is related to WM perfonte, although the potential neural and
psychological mechanisms contributing to this fefeghip remain poorly understood. Prior
clinical research conducted with chronic pain patieas well as experimental research
conducted with healthy samples points to the pa@tkrdles of affective distress and medial
frontal cortex activation in the relationship beemepain intensity and WM capacity. The current

research examines the relationship between nordexgral pain and WM in otherwise healthy
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individuals, and explores whether affective disrasd activation of specific regions within the
medial frontal cortex are associated with pain @gficits in WM.
1.1. Pain, affective distress, and working memory deficits

Affective distress is a core component of the eigmee of pain (Edwards et al., 2016;
Rainville et al., 2005; Rhudy and Meagher, 200032 Wiech and Tracey, 2009). The
experience of pain is often (although not alwags, Iseknes and Tracey, 2008, for a review)
associated with feelings of distress including feager, anxiety, and stress (Price, 2000; Taal
and Faber, 1997; Vowles et al., 2004). In turn,gkgerience of pain-related distress is
associated with greater attention to pain, diffigdisengaging attention from pain, reduced
attentional control, and poorer WM capacity (Crombeal., 1999; Eccleston, 1994; Eccleston
et al., 1997; Keogh et al., 2013). Independenhefaxperience of pain, affective distress has
been shown to interfere with WM capacity by dismgtattentional control, for example in the
recollection of negative biographical memories ¢€Alet al., 2014), word recall and semantic
processing (Ellis et al., 1984), and conflict-drivexecutive control (Padmala et al., 2011).
1.2. Shared neural under pinnings of pain, affective distress, and wor king memory deficits

Activity in brain regions associated with pain-telhdistress are also implicated in
cognitive control, specifically the dorsal mediadrital cortex (dMFC), anterior midcingulate
cortex (aMCC), and ventromedial prefrontal cortexPFC). For example, in a study of healthy
individuals receiving experimentally induced pdiigher levels of pain catastrophizing
(distressing cognitions about pain) were associaiddincreased activity in the insular cortex
and anterior cingulate cortex (ACC) (Seminowicz &avis, 2006), brain regions previously
implicated in the negative emotional componentahgfWoo et al., 2015). The ACC and other

medial structures have been theorized to mediateffiects of pain-related distress on cognitive
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impairment in patients with chronic pain (Hart et 2003). Pain-related activity in the aMCC
has been found to mediate the relationship betweste stress-related physiological responding
and pain unpleasantness in chronic back pain pgat{®achon-Presseau et al., 2013). Speaking
to the central role of this brain region in paifieetive distress, and cognitive control, in a
review of neuroimaging studies of healthy indivity&hackman et al. (2011) identified
overlapping regions of the aMCC involved in alledmprocesses.

The vmPFC has been implicated in both the affecoreponent of pain as well as the
disruptive effects of pain on executive functiort.a®road level, the vmPFC is hypothesized to
be involved in attention to emotion (Pessoa e&l02) and assigning affective meaning to a
range of processes including pain (Roy et al., 2002h regards to pain, although vmPFC
activity is associated with decreased pain in hgaldividuals receiving experimentally
induced pain (Atlas et al., 2014), it is associatéth increased pain in individuals with chronic
pain (Apkarian et al., 2011). Furthermore, thereuvislence implicating the vmPFC and broader
medial frontal cortex in the transition from actaechronic pain, specifically via altered
functional connectivity with emotion and rewardcaiitry (Baliki et al., 2012; Hashmi et al.,
2013). The vmPFC is a key node of the default nme&te/ork (DMN), a collection of
functionally connected frontal and parietal regisrtgse activity reliably characterizes the brain
“at rest” (Uddin, 2015; Uddin et al., 2009), andigvhis strongly implicated in mind wandering
(Christoff et al., 2009). Hence, the DMN is typigalalthough not always, see Spreng, 2012) de-
activated during cognitive tasks requiring atteméilocontrol (Anticevic et al., 2012). In patients
with chronic pain, however, there is evidence tdratated deactivation of the DMN during tasks
of attentional control (Baliki et al., 2008), indition to a broad reorganization of the DMN at

rest (Baliki et al., 2014).
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Given that multiple regions of the medial frontattex have been implicated in pain,
affective distress, and cognitive control, Kragehle (2018) utilized multivariate patterns of
brain activity across multiple studies to identiiymain-specific and generalizable
representations. Their results speak to the straicind functional proximity of pain, affective
distress, and cognitive control representatiorthébrain, and provide a basis for examining
medial frontal cortex activity as a factor involviedall three processes.

1.3. Overview of the current research

Following prior research (Attridge et al, 201%)e tcurrent study examined whether pain
experienced outside of the laboratory in othenkisalthy individuals was associated with worse
WM as indicated by performance on the n-back taslestigated the role of affective distress in
the relationship between pain and WM, and expltihedshared neurobiological underpinnings
of pain, affective distress, and deficits in WMfpemance. We utilized the large and publicly
available Human Connectome Project (HCP) datasatder to model the relationship between
pain experienced over the past 7 days, affectisteadis, WM, and WM task-related brain
activation in the dMFC, aMCC, and vmPFC. We hypsithed that pain report would be directly
associated with worse WM task performance, andghist report would be indirectly associated
with WM task performance via contributing factoetated to self-reported affective distress and
WM task-related brain activity.

2. Methods
2.1. Participants

Data used in the preparation of the analyses destherein were obtained from the

1200 subject release of the MGH-USC Human Connezteroject (HCP) database. The goal of

the HCP was to recruit healthy participants aceobsoad spectrum with respect to behavioral,
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ethnic, and socioeconomic diversity (Van Essen.gf@12). We aimed to maximize our study
sample size within the constraints of using theiptesly collected HCP data, namely by using
the largest HCP data release to date (the 120@dutqta release), and selecting within that data
release one subject from each family, resulting §&ample of 416 unrelated, healthy, right-
handed subjects (216 femaléage= 28.59,SD = 3.72). As the stated aim of our study was to
examine the effect of pain in otherwise healthyvitlials on working memory task

performance, we further restricted our sample fiarcsural equation modeling analyses to the
228 individuals who reported experiencing > 0 patensity in the past 7 days.

Inclusion criteria for HCP participants were age3%2at time of phone screening and
ability to give valid informed consent. HCP panpiants were excluded if they had significant
history of psychiatric disorder, substance abusaraiogical or cardiovascular disease, which
included participant report of a diagnosis, hosiziéion lasting two days or longer, or current
pharmacologic or behavioral treatment for a peabdi2 months or longer. Additional exclusion
criteria included history of seizures/epilepsy, aeyetic disorder, multiple sclerosis, cerebral
palsy, brain tumor or stroke, history of head igjypremature birth, current or past history of
chemotherapy or radiation, thyroid treatment, diebéreatment, or the use of daily prescription
medications for migraines in the past month. Fulusion and exclusion criteria are described
in Van Essen et al. (2013).

Participant data were collected at Washington Usityeover the course of a 2-day visit.
NIH Toolbox Behavioral Tests were conducted on Daglong with resting state and task fMRI
scan session #1. Non-NIH Toolbox Behavioral Testsasecond session of resting state and
task fMRI scanning was conducted on Day 2. All ipgréints provided informed consent during

the first day of testing procedures. Data analgsi research procedures for the present study
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were approved by the Institutional Review Boardg)Rt the University of Miami. HCP
research protocols and data collection procedueze approved by the HCP-affiliated
university review boards.
2.2. Measures

2.2.1. Pain. Pain ratings were made by participants as partaiteery of behavioral
assessments on the first day of the 2-day HCP stisity As the primary predictor in our
models, we examined participant ratings of paiansity using the National Institutes of Health
(NIH) Toolbox Pain Intensity Survey (Cook et al013). Participants’ level of pain intensity
experienced over the past 7 days was assessed wiitlgle item, 0-10 numeric rating scale (0 =
“No pain”, 10 = “Worst imaginable pain”). The Pdmtensity Survey was repeated for 20
participants in the final sample due to test-retetitlation by HCP, the results of which are
outside the scope of the present study. As a raselthose to retain only the first score
(corresponding to the original study session visitleach affected participant. To ensure that the
results of our analyses reflected only those imllials who reported being in pain in the last 7
days, we included only subjects who reported >i) pdensity 0 = 228) in subsequent
analyses. To further characterize participants weported non-zero pain intensity, we examined
two additional measures of pain, pain interferesmog sleep disruption due to pain.

Pain interference was measured using a compudesidaptive test (CAT) as part of the
NIH Patient-Reported Outcomes Measurement Infoongdystem (PROMIS) (Cella et al.,
2010; Rothrock et al., 2010). Participants werérirtsed to report the degree to which pain
interfered with their social, cognitive, emotionghysical, and recreational activities in the past
seven days. The NIH PROMIS pain interference ass&sisalso contains items about sleep

quality and life enjoyment. Each item was assessedl 5-point scale ranging from “not at all” to
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“very much.” In addition, we included a single itéram the Pittsburgh Sleep Quality Index
(PSQI) (Buysse et al., 1989) assessing sleep disrugue to pain. The PSQI assesses different
aspects of sleep and sleep quality. The item asggsain asks, “During the past month, how
often have you had trouble sleeping because you.elRavn?” Participants are asked to respond
on a scale from 0 = “Not during the past month7¥ “‘Less than once a week,” 2 = “Once or
twice a week,” or 3 = “Three or more times per wéek

2.2.2. Working memory (WM). Participants completed a WM n-back task (Owen.gt a
2005) as part of the fMRI cognitive performancetdxgt (for more details of the overall battery
see Barch et al., 2013). The task was presentiedifMRI scanner and consisted of two runs of
8 task blocks (10 trials each) and 4 fixation bkelach. Participants viewed 4 stimulus category
types (places, tools, faces, body parts), wherk sthimulus category was presented in separate
blocks within the run. Half of the blocks presentedgubjects in each run tested WM using a 2-
back load level. Participants were instructed sposd when the current stimulus matched that
which appeared two trials prior. The other halthe# blocks consisted of a control 0-back load
level, where participants were instructed to respwhen a trial stimulus matched a target cue
presented at the start of the block. After a 2c¢ord cue at the start of each block indicating the
task type (and target if a 0-back block), partinigaviewed each picture for 2 seconds, with
picture stimuli separated by a 500 millisecondrittel interval (ITI). Within each block, 2
trials were designated targets and 2-3 trials wleségnated non-target “lures,” or targets
appearing in the incorrect n-back position. Thérenask took approximately 10 minutes to
complete. Each participant’s average accuracy smoess all stimulus category types in the 2-

back condition was used as the behavioral measuiévb
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In addition to the n-back task, HCP participané® @ompleted the List Sorting Task
(Tulsky et al., 2014) during the NIH Toolbox beharal testing session. The List Sorting Task
assessed WM through the presentation of sequeheesially and orally presented stimuli.
Participants were asked to sort the sequencesgwilsby various characteristics of the stimuli.
Higher scores indicated higher levels of WM. Wereieed the age-adjusted List Sorting score,
which is normed using the age appropriate bantle@fNiH Toolbox norming sample (bands of
ages 18-29, or 30-35). A List Sorting score of @licates a score that is the national average,
while a score of 85 indicates a score that is Adgted deviation below the national average for
that participant’s age band.

2.2.3. Self-reported affective distress. The HCP includes several behavioral measures
categorized as “Negative Affect,” specifically Amgffect, Anger-Hostility, Anger-Physical
Aggression, Fear-Affect, Fear-Somatic Arousal, 8adness. In addition, there are several
measures of related constructs, including socstels and perceived stress (Loneliness,
Perceived Stress, Perceived Rejection), that hege previously identified as associated with
pain perception and cognitive performance (Bushetedl., 2013; Hart et al., 2003; Shackman et
al., 2011; Villemure and Bushnell, 2002). Measwssd for analyses in the present study
include Anger-Affect, Fear-Affect, Sadness, anccPimed Stress. The Anger-Affect Survey is a
CAT administered measure comprising items fromRROMIS Anger Item bank that assess
anger as an affective experience over the pasyg (@alkonis et al., 2013). The Fear-Affect
survey was administered from items compiled fromRROMIS Anxiety Iltem Bank and assess
self-reported fear and anxious misery over the pakstys (Pilkonis et al., 2013). The Sadness
Survey is a CAT administered measure of sadnesspondents over the past 7 days. The

Perceived Stress Survey is a CAT administered measunow unpredictable, uncontrollable
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and overloaded participants feel about their liwesr the past month (Kupst et al., 2015). All
surveys were scored such that higher scores imditgher levels of the construct (e.g., anger).
2.3. Data analytic technique

2.3.1. Self-reported affective distress. Because there were a number of potential self-
report measures included in the HCP dataset partpia affective distress, we used a data-
driven approach to identify a positively correlatddister of measures that we then included as
indicators for a latent construct using confirmgtfaictor analysis (CFA). We conducted Pearson
correlation analyses using R Version 3.5.2 in otdethoose the indicators for our latent
construct. To aid in the identification of correldtmeasures, we used the Ward error sum of
squares hierarchical clustering method (Murtaghlaegkndre, 2014) as implemented in the
corrplot R package (Wei and Simko, 2016). The following Nleblbox measures comprising
the largest significantly correlated hierarchidaister were chosen as the final indicators for the
affective distress latent construct: Anger-Affean&y, Perceived Stress Survey, Sadness
Survey, and Fear-Affect Survey (Fig. 1a). Becabsddtent construct has no natural metric, we
fixed the loading for the Anger-Affect indicator 1ato provide a metric for the latent construct.

2.3.2. fMRI data preprocessing. A minimal-preprocessing pipeline for the surface-
based HCP structural and functional data was uS&s¢er et al., 2013) that included artifact
removal, head motion correction using FSL's MCFLI@&nkinson et al., 2002), segmentation,
and registration to standard MNI-space. Surfacedbastivation maps were derived from task-
fMRI data collected on a 3T Siemens Skyra scanritar av32-channel head coil (TR = 720 ms,
TE = 33.1 ms, flip angle = 5320V = 208mm x 180mm, matrix size = 104 x 90, [f&s,
2mm isotropic voxels). Each subject’s volume sdaridNI-space were mapped to CIFTI

“grayordinate” standard space (32k Conte69 meshyguwscortical ribbon-based volume to

10
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surface mapping. A 2mm FWHM surface-based smootkéngel was applied using a geodesic
Gaussian algorithm. Subsequent preprocessing iedlegtra surface-based smoothing using a
geodesic Gaussian algorithm with 4mm FWHM. Compaoredf surface-based activation maps
for each subject was performed using a standardrgklnear model (GLM) analysis using
FSL’s FILM (FMRIB’s Improved Linear Model) with aotorrelation correction (Woolrich et

al., 2001). Task-condition regressors were contgduloy convolution with a canonical
hemodynamic response function (HRF; Glover, 19%8mporal derivatives of each convolved
regressor were included in the GLM to accountifoirtg differences but estimates for these
terms were not used further analysis. A ‘2-backlya0bk’ contrast was used to isolate increases
in 2-back task-related brain activity.

2.3.3. 2-back task-related brain activity. Following conventions for best-practices in
selecting ROIs for analysis (Poldrack, 2007), 2ktask-related brain activity was taken from
regions-of-interest (ROIs) chosarpriori due to their prior implication in pain, affective
distress, and cognitive control (Hashmi et al.,20ragel et al., 2018; Woo et al., 2015). The
ROls selected as potential factors underlying éh&tionship between pain and WM task
performance were the anterior midcingulate core8@C), dorsal medial frontal cortex
(dMFC), and ventromedial prefrontal cortex (vmPHBgcause HCP fMRI data is in surface file
format (CIFTI), we utilized a surface-based ressige functional connectivity-derived
parcellation of cortical areas (Gordon et al., dab6define each ROI. In order to create surface-
based ROIs that were comparable to those identifigdior studies implicating the MFC in
pain, affective distress, and cognitive controlggel et al., 2018), individual parcels were

combined to create each of the final ROIs useduiimanalyses. Mean parameter estimates from a

11
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contrast of 2-back task-related brain activity ékvs. 0-back) were extracted for each
participant in each ROI for inclusion in structuegjuation models.

2.3.4. Structural equation modeling (SEM). Pain intensity was examined in a structural
equation model predicting 2-back task accuracybditd the model, we first fit a measurement
model testing self-reported affective distress (posite measure). We then fit a structural
equation model testing the direct association betvgain intensity and 2-back task accuracy,
with self-reported affective distress (compositeagwee) included as an additional factor that we
hypothesized might be involved in an indirect rielaship between pain and WM. Finally, we
tested a model where we added brain activity froenthree 2-back task-related ROIs. At each
step, model fit was evaluated using previously meo@nded criteria (Hooper et al., 2008) for
the following indicesy? (chi-square) test (acceptablegdfp-value > .05), the Root Mean Square
Error Approximation (RMSEA, acceptable<if.08), the Comparative Fit Index (CFl, acceptable
if >.95), and the Standardized Root Mean Square RE{SRMR, acceptable #.08).

We specified paths from pain intensity to 2-baadktaccuracy via affective distress and
each of our task-related ROIs, as we hypothestzatdparticipants’ self-reported affective
distress could influence the strength of task-eelddrain activity and therefore be negatively
associated with WM. The proposed structural eqaatiodel, with hypothesized direct and
indirect associations, can be viewed in Fig. 2.

Although there are known age-related deficits ikl Ydsk performance (West, 1999), age
was not included in the model because our sampder@latively young with a small standard
deviation M = 28.7,SD= 3.78, range: 22-36), and a prior study (Attriggal., 2015) found no
evidence for an age x pain interaction on n-bask performance using a similarly aged subject

population. The zero-order correlation betweenagkpain intensity in our sample was not

12
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297  significant,r = .003,t(226)= 0.04,p = .968, nor was the correlation between age and ta#\
298 performancet = -.099,t(223)=-1.49,p = .138. Finally, when available we used age-adplist
299 variables included in the HCP dataset.

300 2.3.5. Model assumptions. Analyses were conducted using R Version 3.5.2 &ididRo
301 Version 1.1.463 (R Studio Team, 2016). Measureraedtstructural equation models were
302 specified using thiEavaanpackage in R (Rosseel, 2012). Because Shapiro{éétk revealed
303 evidence of non-normality in several of our modaliables (specifically the 2-back task

304 accuracy dependent variable, pain intensity prediciriable, NIH Toolbox Anger-Affect

305 Survey, and NIH Toolbox Fear-Affect Survey), we éoypd robust maximum likelihood

306 (MLR) estimation for all models. MLR adjusts modieindices and utilizes the Huber-White
307 *“sandwich” estimator to correct inflated standanees due to kurtosis and non-normality
308 (Huber, 1967). No predictors in our model had aarare inflation factor (VIF) greater than 3,
309 suggesting no problematic multicollinearity in @tructural equation models.

310 2.3.6. Outliers. Examination of the dependent task performance blarifor univariate
311 outliers revealed one observation that was grehser 3 standard deviations below the mean
312 accuracy score. However, because the dependeablehad acceptable levels of skewness and
313  kurtosis (skewness = -0.77, kurtosis = 3.16) basegdreviously published guidelines (skewness
314 < 2 and kurtosis < 7; Ryu, 2011), we opted to re&dli observations. Examining the pain

315 intensity predictor revealed four univariate oulieHowever, because this variable also had
316 acceptable levels of skewness and kurtosis (skeswné@sh9, kurtosis = 5.36), we retained all
317 observations. Additionally, checking for multivagaoutliers using Cook’s Distance (Cook,

318 1977) did not reveal any influential outliers.
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319 2.3.7. Missing data. The 2-back task accuracy dependent variable mgs&ng values.
320 Missing values were removed with listwise delefiostructural equation models.
321
a c
e % % %k XK XK % % %
Anger-Physical Aggression z s £ % U
Fear-Somatic Arousal é &9 é‘ P g’
Perceived Stress & g . E
Anger-Affect = \ ‘ \ /
Sadness * 28ackAccuracy ‘ UstSoring Score “ " Paininterterence '
Fear-Affect 100 100
Perceived Hostility *Ax Q- *kx
Anger-Hostility EE g g
Loneliness % * g 1 ?—u *
Perceived Rejection s / =0 / . /
‘ PSQLPafn ! P« gAng:r oo ‘ Slress“ "
b e * k% A * w0 n.s.
z > g
Perceived Stress g 50 %’ s g 70
Anger-Affect £ 5 / <, / <
Sadness X
Fear-Affect 04 40 50 Fes;’ 70 80 73 r3 ry o 50 > 3
PSQI-Pain 02 o0 00 Sadness aMCC Activity
Pain Intensity 0 590 n.s. 5% * XK K
Pain Interference 8 8
List Sorting Score 0.3 550 — X § . \
2-Back Accuracy 0.4 g 70 g 70
vmPFC Activity -0.6 ~ 60 < 60
dMFC Activity -0.8 50 50
322 aMCC Activity -1 ? GMFCActvly o merCAdiiy
323 Figurel. Pearson correlation matrices of HCP variablesitgirest in the current study in
324  participants who reported > 0 pain intensity in ldet 7 days. Positive correlations are
325 represented with blue backgrounds; negative cdioelare represented with red backgrounds.
326  The intensity of the color in each cell is propontl to the strength of the correlation coefficient
327 Thep-values within each matrix were adjusted for midtipopmparisons using false discovery
328 rate (FDR) correction. Cells with white backgroumdsi FDR-corrected-values > .05. Black
329 outlines indicate hierarchical clustering of coated variables using the Ward criterion. (a)
330 Relationships between HCP measures of self-repaftedtive distress. The largest cluster,
331 comprising the NIH Toolbox Perceived Stress Surdeger-Affect Survey, Sadness Survey,
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and Fear-Affect Survey were chosen as the indisdtwrthe self-reported affective distress
latent construct; (b) Relationships between measofrenterest related to pain, affective distress,
and working memory task performance. (c) Scattetsglemonstrating the correlations reported
in (b), including between pain intensity in the paslays and working memory measures, pain
intensity in the past 7 days and other Human Caonee Project (HCP) measures of pain,
correlations between pain intensity in the pasayscand measures of affective distress, and
correlations between 2-back task performance apacR-task-related activation in a priori

ROls.Note.* p< .05, *p < .001.

Self-Reported
Affective
Distress

Sadness

Pain P 2-back Task
Intensity P> Accuracy

Figure. 2. Proposed structural equation model (SEM) testwegaissociation between pain
intensity and 2-back task accuracy. Different coldenote the indirect paths that were tested.
Note: dMFC = dorsal medial frontal cortex; aMCCntaior midcingulate cortex; vmPFC =
ventromedial prefrontal cortex; Anger = NIH ToolbArger-Affect Survey; Fear = NIH
Toolbox Fear-Affect Survey; Stress = NIH Toolboxd&ved Stress Survey; Sadness = NIH

Toolbox Sadness Survey.
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3. Results
3.1. Descriptive statistics
Sample characteristics for the final sample 228) can be viewed in Table 1.

Descriptive statistics for all measures includethim present study can be viewed in Table 2.

Table 1. Sample characteristics.

n =228

Age

Mean (SD) 28.7 (3.78)

Median [Min, Max] 28.0 [22.0, 36.0]
Race

Am. Indian/Alaskan Nat. 0 (0%)

Asiqr_x/Nat. Hawaiian/Other 10 (4.4%)

Pacific Is.

Black or African Am. 34 (14.9%)

More than one 5(2.2%)

Unknown or Not Reported 6 (2.6%)

White 173 (75.9%)
Ethnicity

Hispanic/Latino 23 (10.1%)

Not Hispanic/Latino 203 (89.0%)

Unknown or Not Reported 2 (0.9%)
Gender

Female 108 (47.4%)

Male 120 (52.6%)

Table 2. Descriptive statistics for measures included incstiral equation models.

Mean (SD) SkewnessKurtosis

Pain Intensity 2.41 (1.76) 1.59 5.36
2-back Task Accuracy 83.5(9.87) -0.77 3.16
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NIH Toolbox Anger-Affect 49.3 (8.48) 0.35 4.55
NIH Toolbox Perceived Stress 49.6 (8.68) 0.21 3.76
NIH Toolbox Sadness 47.6 (7.84) 0.65 4.13
NIH Toolbox Fear-Affect 51.3 (8.10) 0.29 4.43

aMCC Activity during 2-back Task  -0.011 (1.03) 8.1 3.14
dMFC Activity during 2-back Task 0.398 (1.02) -0.25 3.61
vmPFC Activity during 2-back Task -0.684 (1.03) 0J. 3.20

3.2. Zero-order correlations between pain, task-related brain activity, and 2-back task
accuracy

Regarding the frequency of pain experience, 55%/@%) of participants reported
experiencing pain in the last 7 days. To understaadelationship between pain intensity and
other variables of interest, we first examined zender correlations between variables of interest
among the participants who reported non-zero pdensity in the last 7 days (Fig. 1b; scatter
plots depicted in Fig. 1c). Increased pain intgnsids significantly associated with increases in
the other measures of pain in the HCP dataset, Igygram interferencer, = .55,pcorrected< -001,
95% CI[.46, .64], and the frequency of pain interfg with sleep (PSQI — Sleep Item): .34,
Peorrected< -001, 95% CI[.22, .45]. Increased pain intengifis also significantly associated with
increased self-reported anger .24,pcorrected< -001, 95% CI[.12, .36], fear,= .26,Pcorrected<
.001, 95% CI[.13, .38], perceived stress, .25, Pcorrected< -001, 95% CI[.12, .37], and sadness,
= .19, Peorrectea= .01, 95% CI[.06, .31].

To test whether the 2-back task was assessing WM dg/pothesized, we examined the
relationship between participants’ 2-back task@enbince and performance on the other HCP
measure of WM, the List Sorting task. As predictadher 2-back task accuracy (% correct) was
significantly associated with higher List Sortirapses = .35,Pcorrected< -001, 95% CI[.23,

46].

17
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375 Supporting the hypothesized relationships betwegmmasures of interest, we found
376 that increased pain intensity was significantlyoagsted with lower accuracy on the 2-back task,
377 1 =-.28,Pcorrected< -001, 95% CI[-.39, -.15]. Increased task-relaetivity in the vmPFC was, in
378 turn, significantly associated with lower 2-backkaccuracy; = -.25,pcorrected< -001, 95% CI[-
379 .37, -.12]. However, 2-back task performance wasagsociated with task-related activity in the
380 aMCC,r = -.01,pcorrected= -886, 95% CI[-.14, .12], or dAMFE = .09,Pcorrected= -289, 95% CI[-
381 .04, .22].

382 Together, our zero-order correlation findings @adé that individuals who reported non-
383  zero pain intensity in the past 7 days also repastene degree of pain interference and sleep
384  disruption due to pain, supporting the validitytioé¢ pain intensity measure as a general indicator
385 of everyday pain. Supporting the validity of thé&&ck task as a measure of WM, better 2-back
386 task performance was significantly associated Wétier performance on the WM List Sorting
387 task. Supporting our hypothesized relationships/éeh our measures of interest, namely that
388 pain intensity would be directly and indirectly asmted with worse working memory task

389 performance, we found that increased pain intemsity 2-back task-related activity in the

390 vmPFC were both associated with worse 2-back tagopnance.

391 3.3.Increased pain intensity directly and indirectly associated with lower 2-back task

392 accuracy in structural equation models.

393 The single factor measurement model of self-repoaféective distress was identified
394  and fit the datay’(2, N = 228) = 2.39p = .300; CFI = 0.99, RMSEA = 0.03, SRMR = 0.01. Al
395 indicator loadings were significant € .001).

396 Next, we fit a structural model with a direct p&tbm pain intensity to 2-back task

397 accuracy and an indirect path via the self-repcaféettive distress latent construct. The
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structural model was identified and fit the dqﬁ{x& N=225) = 9.51, p =.302; CFI = 1.00,
RMSEA = 0.029, SRMR = 0.02. Increased pain intgngds directly associated with lower 2-
back task accuracp,=-1.43,Sk, = 0.41,p = .001. Increased pain intensity was also asstiat
with increased self-reported affective distrdss,1.05,SEk, = 0.35,p = .002. However, self-
reported affective distress was not associated 2vlthck accuracyy = -0.12,SE, = 0.101p =
.242, and the indirect effect of pain intensityback task accuracy was not significdng; -
0.12,SE, = 0.11,p = .268. The total relationship between pain intgrend 2-back task accuracy
was significantp = -1.55,SE, = 0.39,p < .001.

We then added to the structural equation modethiez ROIs of 2-back task-related
activity (Fig. 3). We found that the structural nebdas identified and fit the datg(17,
N=225) = 12.95, p = .740; CFI = 1.00, RMSEA = 0.8&MR = 0.016. In this model, increased
pain intensity was again directly associated wothdr 2-back task accurady= -1.26,Sk, =
0.39,p = .001, and with increased self-reported affeatisstressp = 1.05,SE, = 0.35,p = .002.
Additionally, increased pain intensity was assadawith increased task-related activity in the
vmPFC,b=0.11,Sk = 0.04,p = .007. Increased vmPFC activity was in turn aisged with
lower 2-back task accurady=-1.95,SE, = 0.55,p < .001. Increased self-reported affective
distress was significantly associated with lowskteelated dMFC activityh = -0.03,SE, =
0.01,p=.034.

Testing indirect associations, we found a sigaificindirect association between pain
intensity and 2-back task accuracy via task-relatgwity in the vmPFCh = -0.22,SE, = 0.10,
p =.023. That is, increased pain intensity was @ased with increased task-related activity in
the vmPFC, which was in turn associated with lo2#ack task accuracy. The total relationship

between pain intensity and 2-back task accuracysigsficant,b = -1.43,Sk, = 0.41,p = .001.
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In contrast, none of the other tested indirect @asions between pain intensity and 2-back task
accuracy were significant (gitvalue’s > .200). Full results from this model akailable in
Table 3.

To investigate whether the observed significadirectt association was due to other
variables in our model, we specified a simplifieddal including only pain intensity, 2-back
task-related vmPFC activity, and 2-back task aayuréhe indirect association between pain
intensity and 2-back task accuracy via vmPFC agtr@mained significant in this simplified
model,b = -0.19,SE, = 0.08,p = .020, suggesting that the indirect associatierolserved in
our full model was not merely due to the preserfagtter variables.

3.4. Participants reporting non-zer o pain demonstrated attenuated vmPFC deactivation,
but not lower 2-back task accuracy, compar ed to participantsreporting zero pain

To further characterize the significant relatiapsiobserved in our final structural
equation model, we compared participants who regarbn-zero pain in the past 7 days to
participants who reported zero pain in the pasatysdGiven prior findings that patients with
chronic pain have worse WM task performance (seeyBman et al., 2013, for a review) and
attenuated task-related deactivation of the defaalle network (DMN) compared to healthy
controls (Baliki et al., 2008), we conducted indegent samplestests on measures of WM task
performance and WM task-related activity in the WEPWM task performance as measured by
2-back task accuracy did not significantly diffetiween the two groupg373.26) = 0.22p =
.828, 95% CI[-1.83, 2.29]. However, participantsowbported non-zero pain € 228) in our
sample had significantly greater 2-back task-relamPFC activity than participants who

reported zero paim(= 186),t(401.31) = 2.36p = .019, 95% CI[0.04, 0.47].
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These findings suggest some similarity, at leasttims of 2-back task-related brain
activity, between the healthy participants who régdnon-zero pain in our sample and patients

with chronic pain investigated in prior studies.

dMFC [ 0.55(0.09)***

Self-Reported
Affective
Distress

Pain

Path ¢' -1.26 (0.39)** 2-back Task
Intensity

Path c -1.43 (0.41)* P Accuracy

Figure. 3. Results of structural equation model testing tlseaiation between pain intensity and
2-back task accuracy. For display purposes, oglyifstant ( < .05) paths are shown. Increased
pain intensity was directly associated with lowdydtk task accuracy. In addition, increased
pain intensity was indirectly associated with lo@evack task accuracy via increased 2-back
task-related activity in the vmPFC. Note: aMCC #eaior midcingulate cortex; dMFC = dorsal
medial frontal cortex; vmPFC = ventromedial pretedrcortex; Anger = NIH Toolbox Anger-
Affect Survey; Fear = NIH Toolbox Fear-Affect Suyy&tress = NIH Toolbox Perceived Stress

Survey; Sadness = NIH Toolbox Sadness Sumeye.* p < .05, **p < .01, **p <.001.
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459 Table 3. Results of structural equation model predictinga®k Accuracy.

Estimate SE Z p

Factor Loadings
Self-Reported Affective Distress

Anger 1.00

Stress 1.02%** 0.11 9.01 .000

Sadness 1.02%** 0.09 11.62 .000
Fear 1.04*** 0.09 12.11 .000

Regression Slopes
2-back Task Accuracy

Pain Intensity -1.26** 0.38 -3.28 .001
aMCC Activity during 2-back 0.20 0.65 0.31 754
dMFC Activity during 2-back 0.82 0.51 1.61 .108
vmPFC Activity during 2-back -1.95%** 0.55 -3.56 Qo
Self-Reported Negative Affect -0.11 0.10 -1.05 .293
aMCC Activity during 2-back
Pain Intensity 0.06 0.04 1.45 .148
Self-Reported Affective Distress -0.01 0.01 -0.64 525
dMEC Activity during 2-back
Pain Intensity 0.05 0.04 1.20 230
Self-Reported Affective Distress -0.03* 0.01 -2.11  .034
vmPFEC Activity during 2-back
Pain Intensity 0.11** 0.04 2.67 .007
Self-Reported Affective Distress -0.01 0.01 -0.45 651
Self-Reported Affective Distress
Pain Intensity 1.05** 0.35 3.03 .002
Residual Variances
Anger 27.62*** 3.97 6.96 .000
Stress 28.98*** 3.73 7.76 .000
Sadness 15.79*** 2.79 5.65 .000
Fear 17.68*** 2.27 7.78 .000
2-back Task Accuracy 83.58*** 7.74 10.80 .000
aMCC Activity during 2-back 1.06*** 0.10 10.30 .000
dMFC Activity during 2-back 1.41%** 0.14 10.25 .000
vmPFC Activity during 2-back 1.25%** 0.12 10.61 @0
Pain Intensity 3.10

Residual Covariances
dMFC Activity during 2-back

w/vmPFC Activity during 2-back 0.12 0.10 1.19 234
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aMCC Activity during 2-back
w/vmPFC Activity during 2-back
aMCC Activity during 2-back
w/dMFC Activity during 2-back

0.31** 0.09 3.40 .001

0.55*** 0.09 5.901 .000

Latent Variances

Self-Reported Affective Distress 41.19%** 7.41 5.56 .000
Indirect Paths

Pain -> aMCC -> 2-back 0.01 0.04 0.30 .763

Pain -> dMFC -> 2-back 0.04 0.04 0.98 .326

Pain -> vmPFC -> 2-back -0.22* 0.10 -2.27 .023

Pain -> Affective Distress -> 2-back -0.11 0.11 04lL. .303

Pain -> Affective Distress -> aMCC -0.00 0.01 0.28 279

-> 2-back

Pain -> Affective Distress -> dMFC 0.02 0.02 120 299

-> 2-back

Pain -> Affective Distress ->

VMPEC -> 2-back 0.01 0.02 0.46 .645

Total Effect -1.43 0.41 -3.47 .001
Fit Indices

v 12.95

CFI 1.00

TLI 1.01

RMSEA 0.00

Scaledy” 11.30(17)

Note.Dependent variables are underlined with theire@espe predictors shown below,
with the exception of the underlined Affective Dests latent variable where indicators
are shown below Fixed parameter; p < .05, *p < .01, ** p < .001

460

461 4. Discussion

462 In the present study, we (1) tested whether thathegrelationship between non-

463  experimental pain and working memory (WM) demoristian previous research extends to
464  otherwise healthy individuals, and (2) examined tvbeself-reported affective distress or

465 neurobiological factors related to pain, affectiistress, and WM might account for this

466 relationship. We found that pain intensity was riegly associated with accuracy on the 2-back

467 task. We also found an indirect association betvwesm and 2-back task performance via neural
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factors related to affective distress, specificalgreased self-reported pain intensity was rdlate
to worse 2-back task performance through increasgdation in the ventromedial prefrontal
cortex (vmPFC).

The direct negative association between everydayiptensity and 2-back task accuracy
that we observed is consistent with a previousergitudy which found pain-related increases in
false alarms on a letter 2-back task (Attridgel.e2815). Similarly, we found that as
participants’ pain intensity levels increased, tloeierall accuracy on the 2-back task decreased.
Although the stimulus category types (places, tdalses, body parts) used in the present study’s
2-back task differed from the letter 2-back usedityidge et al. (2015), the similarity of our
findings to this prior study increases confidencéhie replicability of the direct association.

While negative correlation between pain intensitgl 2-back task accuracy that we
report is weakr(= -.28,pcorrected< .001), it is comparable to the relationship kestw pain
intensity measured outside the laboratory and VW4 peerformance (number of correct
rejections in 2-back task) reported by Attridgale{2015) ( = -0.16,p < .001). Other studies
using similar tasks have found comparable signiti¢although weak) negative correlations, for
example, Kuhajda et al. (2002) reported a negativeelation between headache pain intensity
ratings and memory task performance,—0.25,p = .024. More broadly, our finding suggests,
consistent with prior studies, that even relatively levels of pain reported over the past 7 days,
as observed in our healthy sample, may directlyachpVM task performance.

The results of the current study suggest that $se@ation between pain and WM
performance may be partly explained by increasédaion (i.e., attenuated deactivation) in the
vmPFC. Laboratory-based studies of healthy indigislweceiving experimentally induced pain

have typically reported that increased vmPFC dgtigiassociated with decreased pain (Atlas et
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al., 2014). In contrast, studies with chronic gaatients have found that increased vmPFC
activity is associated with increased pain (Apkaeaal., 2011). In the present study, we found
that participants who reported non-zero pain inghst 7 days had significantly greater 2-back
task-related vmPFC activity than participants répgrzero pain. Thus, it is possible that the
participants reporting non-zero pain in our sanmpégy, in certain aspects, more resemble
patients with chronic pain than typically healtrgriicipants. Further study is needed to compare
WM-related vmPFC dysfunction in healthy individualgperiencing everyday pain outside of
the laboratory with that experienced by patienthwhronic pain.

Finally, although we found that participants whpaged non-zero pain demonstrated
significantly greater WM task-related vmPFC actithian participants who reported zero pain,
we did not find that 2-back task performance itsaghificantly differed between the two groups.
This suggests that differences between healthyichaals experiencing everyday pain and those
not experiencing pain may be more sensitively dtarezed at the neural, rather than behavioral,
level. Although there are consistently reported \icits in patients with chronic pain
compared to healthy controls (Berryman et al., 204@vious studies in healthy populations
have shown mixed evidence that behavioral diffezerexist in pain vs. non-pain groups (e.g.,
behavioral differences were not consistently obsgfor all measures of an n-back task in
Attridge et al., 2015). This may reflect the adeay@s of neuroimaging tools such as fMRI to
provide additional information on the neurobioladienpacts of pain. Relatedly, participants
with non-zero pain may not have been experienaifficgent pain intensity levels to impact
WM performance compared to participants with zexim pconsidering the mean pain intensity
for the non-zero pain group was fairly loi € 2.41). Importantly, however, we did observe a

direct relationship between pain intensity and 2kitask accuracy in non-zero pain participants,
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514  suggesting that participants experiencing incregséa intensity did demonstrate worse WM
515 task performance.

516  4.1. Limitations

517 The results of our study should be interpretedhéndontext of certain limitations. First,
518 while the use of HCP data allowed us to employ aded statistical modeling to explore

519 potential mediators in the relationship betweem @aid WM in a large and heterogeneous

520 sample, the data collection procedures used i@ study and the lack of an experimentally
521 induced pain stimulus necessitated that we drawrghtonal rather than causal associations
522  between our chosen variables. Second, becausevpainot a primary focus of the HCP study,
523  we lack data on the specific nature of the pairegepced by participants, or whether

524  participants were in pain during the actual studycpdures. However, it is notable that we

525 report a direct and indirect association between gad 2-back task accuracy despite the

526  possibility that some participants may not havent®eeriencing pain during the 2-back task
527 itself. Additionally, although participants wereclxded if they reported using daily prescription
528 medication for migraines in the past month, theyewet explicitly excluded for the presence of
529  chronic pain. As a result, it is possible that akmproportion of the participants in our sample
530 may have been experiencing chronic pain. Howewtimates for the prevalence of self-reported
531 chronic pain in the United States range from 128% for participants aged 18-34 (Johannes et
532 al.,, 2010), and is likely even lower in the HCP pégiven that participants were excluded if
533 taking daily prescription medication for migrain&&ext, our measure of self-reported affective
534  distress was a composite of several specific ematgons (i.e., fear, anger, stress, sadness).
535 While each of these emotion items were highly dategl by virtue of being pain-related and

536 negatively valenced, they are nevertheless theatBtidiscrete emotional states associated with
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different levels of arousal and motivational tentles. In the current study, affective distress,
measured as a composite of negative pain-relateti@m, was associated with pain reported
over the past 7 days but was not associated witbrpgance on the 2-back task. It is possible
that the negative association between pain-reldisttess and WM performance is emotion-
specific (i.e., present for fear but not for ang€rhally, despiteura priori interest in the
variables included in our structural equation medeur results do not preclude the influence of
other self-report or neural factors related to ainVM.
4.2. Implications and future directions

The results of our study provide evidence for aatigg relationship between levels of
pain experienced over the past 7 days and WM amgeelsample of healthy individuals, and
point to a potential neurobiological mechanismha$ relationship. Future studies will be needed
to formally test whether the associations that &mort in the present study are causal in nature.
Our results, combining behavioral self-report ardrbiological measures into a single model,
also help clarify the complex and often overlappi@igtionships between pain, emotion, and
cognition (Gilam et al., 2020). Future studies daailn to use more complex methodologies,
such as multivariate pattern analysis and macleiaening algorithms (e.g., Kragel et al., 2018),
to characterize patterns of brain activity that rnagnprise neural representations of these
constructs. An important implication of this studythat even pain experienced outside of the
laboratory (i.e., in everyday life) in otherwisealty individuals can directly impact WM task
performance. In consideration of this, we recommtéiad future studies examining pain and
WM using ostensibly healthy populations consideasuging baseline pain prior to the induction
of experimental pain stimuli, as individual variéyiin baseline pain levels could impact

associated brain activity and WM task performance.

27



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

S77

578

579

580

581

582

MODELING AFFECTIVEDISTRESSPAIN WORKING MEMORY

4.3. Conclusions

Together, our findings add to our understandintheffull impact of pain on cognitive
functioning (Eccleston, 2013). In addition to dersivating non-experimental pain-cognition
associations in healthy individuals, our findingsl@o our understanding of the potential neural
mechanisms that may contribute to this associa@om.finding of a direct and indirect
association between pain intensity and WM taskgoerédnce in a large and publicly available
dataset is consistent with prior literature that beparately identified pathways associated with
the affective-motivational and self-regulatory agpeof pain among healthy volunteers and
patients with chronic pain. Furthermore, our inmasof multiple self-report measures of
affective distress and task-related brain actikgips clarify the relative contributions of these
factors on the relationship between pain and caamiOur findings ideally will aid future
efforts to understand the mechanisms underlyingelagionship between pain experienced
outside of the laboratory in healthy individualslaiognitive task performance. Our findings are
clinically relevant in suggesting that even ostelyshealthy individuals who may not meet
clinical criteria for pain disorders may nonethslegperience pain-related interference with

other aspects of their cognition.
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Highlights:

* Most studies examine pain in chronic pain patients and laboratory settings

» Few studies on pain in healthy individuas; affective distress may play arole

* Increased pain intensity directly associated with worse working memory performance
» Painindirectly related to working memory viaincreased activity in vmPFC

» vmPFC may underlie pain-related deficits in working memory in healthy individuals



