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It is widely assumed that distraction reduces pain. Similarly, it is assumed that pain distracts from con-
current, unrelated cognitive processing, reducing performance on difficult tasks. Taken together, these
assumptions suggest pain processing and cognitive function engage an overlapping set of domain-gen-
eral, capacity-limited mental resources. However, experimental tests of this proposal have yielded mixed
results, leading to alternative proposals that challenge the common model of a bidirectional relationship
between concurrent pain and task performance. We tested these contrasting positions using a novel con-
current pain and executive working memory paradigm. Both task difficulty and nociceptive stimulus
intensity were individually calibrated for each participant. Participants reported less pain during the
working memory task than a visually matched control condition. Conversely, increasing levels of heat
incrementally reduced task performance. Path analyses showed that variations in pain completely med-
iated this effect, and that even within a given heat level, trial-by-trial fluctuations in pain predicted
decrements in performance. In sum, these findings argue that overlapping cognitive resources play a role
in both pain processing and executive working memory. Future studies could use this paradigm to under-
stand more precisely which components of executive function or other cognitive resources contribute to

the experience of pain.

© 2009 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

It is commonly assumed that distraction reduces pain. Also com-
monis the assumption that pain captures attention, reducing perfor-
mance on difficult mental tasks [25]. Taken together, these
assumptions imply a tradeoff between the experience of pain and
goal-directed task performance [42]. When tradeoffs are observed
between two concurrently performed tasks, it may be inferred that
the tasks overlap in the mental resources they engage, and that the
processing capacity of these resources is limited [51]. Applying this
logic to the tradeoff between performance and pain suggests the
same executive resources that are believed to support goal-directed
mental functioning may also play a role in the experience of pain.

Extensive research has tested the common wisdom assumption
that pain engages domain-general cognitive resources in non-hu-
man animals [4,9,10,21,31,32], chronic pain patients
[18,19,28,30,52,53,61,69,75], and healthy volunteers exposed to
transient noxious stimuli [1,2,6,12,14,17,20,27,33-35,39,40,54,
56-59,62-65,70-72,74,78,79]. We can distinguish these studies
according to the explicit hypothesis tested (Fig. 1):
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I. pain ratings or other indices of pain experience are reduced
by unrelated, concurrent, cognitive demand;
II. cognitive performance is reduced by concurrent pain.

Research in which healthy humans are exposed to transient
pain balances the experimental control afforded by animal studies
and the applicability and specificity possible in research with
chronic pain patients (Table 1).

Looking at these studies in total, the results are surprising.
While many found that participants reported less pain when task
demand was greater [1,2,12,20,27,33,34,39,40,54,56-58,62,64,
70,71,74,79], a large number found no effect of increased task de-
mand [35,56,59,63,64,72].

Furthermore, only a few studies have reported a decline in
cognitive performance as a function of pain [2,14,35], while most
have found no effect [12,16,17,35,39,54,56,63-65,74,78]. This
paucity of supportive findings has given rise to alternative pro-
posals that task demand does not reduce concurrent pain
[45,49], that pain does not reduce concurrent performance
[74], and that pain and goal-directed cognitive performance
can occur simultaneously without meaningful interaction
[63,64]. All of these proposals challenge the common model of
a bidirectional relationship between pain and goal-directed cog-
nitive performance.

Alternatively, conceptual and methodological factors may ac-
count for the lack of support for the shared resources model found
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Fig. 1. Conceptual model of the relationship between pain and performance. Three
general hypotheses can be tested to evaluate this model: I. Pain ratings or other
indices of pain experience are reduced by unrelated, concurrent, cognitive demand;
II. cognitive performance is reduced by concurrent pain; IIl. A negative relationship
exists between trial-by-trial fluctuations of performance and pain, even within a
given heat level.

Table 1

in the current literature [15,23]. To discriminate among these com-
peting models, we designed a paradigm to examine the relation-
ship between pain and performance that accounted for several
potentially confounding factors. Previous studies of the relation-
ship between pain and cognitive demand have restricted their
hypotheses to the level of experimental condition. However, the
shared processes model would further predict a negative relation-
ship between trial-by-trial fluctuations of performance and pain,
even within a given heat level (pathway IIl in Fig. 1). A second goal
of the current research was to test this prediction using a multi-
level mediation framework. These analyses allowed us to further
ask whether pain is a mediator of the heat level-performance rela-
tionship, which would suggest that conscious access to pain pro-
cessing is an indicator of resource utilization.

Summary of literature since 2000 examining the relationship between experimentally-induced pain and concurrent, unrelated task demand in healthy adults.

Study Number of Pain induction method Cognitive task Did noxious Did task  Did worse
participants stimulation demand performance
disrupt reduce  correspond to
performance?® pain?? greater
pain???
Bantick et al. [1] 8 Heat Counting Stroop NR Yes NR
Bingel et al. [2] 16 Laser n-Back Yes Yes NR
Brooks et al. [6] 11,18°¢ Pressure Global motion NR NR NR
discrimination
Buhle and Wager (present study) 24 Heat 3-Back Yes Yes Yes
Coen et al. [12] 12 Esophageal pressure 1-Back No Yes NR
Crombez et al. [14] 67 Electrical nerve Tone discrimination Yes NA NA
stimulation
Dick et al. [16] 16 Pressure Auditory oddball No NA NA
Compatibility No NA NA
Dowman [20] 28 Electrical nerve Subtraction NA Yes NA
stimulation
Frankenstein et al. [27] 10 Cold pressor Word generation NA Yes NA
Hoffman et al. [33] 8 Heat Virtual reality game NA Yes NA
Hoffman et al. [34] 39 Heat Virtual reality game NA Yes NA
Houlihan et al. [35] 20 Cold pressor Sternberg Mixed No NR
Kobor et al. [39] 16 Capsaicin and pinprick Mental rotation No Yes NR
Lautenbacher et al. [40] 20 Heat and electrical Counting NR Yes NR
Petrovic et al. [54] 7 Cold pressor Maze No Yes NR
Pud and Sapir [56] 60 Heat Auditory discrimination No Mixed NR
Raudenbush et al. (exp 1) [57] 30 Cold pressor Video games® NA Yes® NA
Raudenbush et al. (exp 2) [57] 27 Cold pressor Video games? NA Yes® NA
Remy et al. [58] 12 Heat Word generation NA Yes NA
Roelofs et al. [59] 60 Cold pressor Tone discrimination NA No NA
Schlereth et al. [62] 10 Laser Subtraction NA Yes NR
Seminowicz and Davis et al. [63] 23 Electrical nerve Multi-source interference No No NR
stimulation
Seminowicz and Davis et al. [64] 13¢ Electrical nerve Counting Stroop No Yes NR
stimulation Emotional distraction Stroop No No NR
Seminowicz et al. [65] 16 Electrical nerve Counting Stroop No NA NA
stimulation Emotional distraction Stroop No NA NA
Terkelsen et al. [70] 26 Electrical nerve Addition NA Yes NA
stimulation
Valet et al. [71] 7 Heat Stroop NR Yes NA
Van Damme et al. [72] 929 Cold pressor Tone detection NA No NA
Veldhuijzen et al. (exp 1) [74] 16 Cold pressor Visual search (1) No NA NA
Veldhuijzen et al. (exp 2) [74] 12 Cold pressor Visual search (2) No Yes NR
Wiech et al. (behavioral) [78] 11 Capsaicin and heat Rapid serial visual NR Yes NR
processing
Wiech et al. (fMRI) [78] 15 Capsaicin and heat Rapid serial visual No NA NA
processing
Yamasaki et al. [79] 11 Electrical Addition NR Yes NR
Memorization NR Yes NR

2 “NA” indicates “Not applicable”, meaning the necessary conditions were not included in the experimental design. “NR” indicates “Not reported”, meaning the necessary
conditions were included in the experimental design, but the relevant analysis was not presented.

> Wwithin level of nociceptive input or task demand.

¢ The effect of noxious stimulation on performance could be assessed for only 11 of the 18 participants, while the effect of task demand on pain could be assessed for entire

sample.

4" Although several video game conditions were used, it is not clear that pain ratings were reduced in all conditions.

€ Personal communication with David Seminowicz, August 6, 2009.
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2. Methods
2.1. Design

We designed a novel paradigm combining three levels of tran-
sient thermal pain with a 3-back executive working memory task.
We chose the n-back paradigm [38] because of the high demand it
places on central executive resources [37,66]. To ensure the 3-back
was sufficiently challenging for each participant, we calibrated diffi-
culty prior to the main experiment by adaptively adjusting the inter-
val between probes. The allocation of executive resources in a given
task reflects both task difficulty and contextual factors such as moti-
vation [42,44]. To increase motivation, participants were told that
they could earn bonus money for good 3-back performance.

We compared pain in this demanding executive working mem-
ory condition to pain in the context of passively viewing a contin-
uous letter mask, a baseline condition requiring minimal executive
processes. In order to assure sufficiently high nociceptive input, we
calibrated heat levels for each participant prior to the main task.
We excluded participants who during this calibration procedure
did not give pain ratings that corresponded reliably with tempera-
ture or for whom we could not safely induce a high level of pain.
For those individuals who remained in the study heat stimulation
was only applied to the three most reliable skin sites out of eight
initially tested. These procedures helped to substantially reduce
within-participant variation. Finally, to obtain sensitive pain and
performance measurements during the main experiment, partici-
pants rated each stimulus immediately after it occurred on a con-
tinuous rating scale, and 3-back responses were considered within
a signal detection framework [68,80].

All procedures were approved by the Columbia University Mor-
ningside Institutional Review Board.

2.2. Participants

Thirty participants began the experiment but five completed
the calibration procedure with results that prohibited their contin-
uation in the experiment: two participants were insufficiently sen-
sitive to the maximum permitted temperature (48 °C), while three
participants were insufficiently reliable in their ratings across sites
(R? less than .5, as described below). One additional participant be-
gan the main experimental task but could not complete it on ac-
count of intolerable pain. Twenty-four right-handed volunteers
(mean age: 25.0 years, range: 18.2-43.5 years; 15 female) com-
pleted the experiment in its entirety and were included in analy-
ses. All participants had normal or corrected-to-normal vision
and were free of neurological and psychiatric illness. Compensa-
tion was given at a rate of $12 per hour. Participants were told they
could earn up to $10 in bonus compensation for fast and accurate
performance to enhance motivation, but in fact this additional $10
was given to everyone, regardless of performance. Most partici-
pants completed the entire experimental session in 2-2.5 h, result-
ing in total payment of $34-40.

2.3. 3-Back task

At the beginning of each trial, an onscreen message stated
whether the current trial would require performance of the 3-back
task or passive viewing of the serial letter mask. In the 3-back task,
participants indicated whether each letter presented in a pseudo-
random sequence was the same or different from the letter exactly
three positions prior. The letters were presented centrally for
840 ms, subtending approximately 0.7° visual angle vertically
and 0.4° visual angle horizontally. Subsequent to the first three let-
ters of a sequence, approximately 30% of letters were targets.

Immediately after each probe letter a serial letter mask began. As
described in greater detail below, for each participant a calibration
procedure was conducted prior to the main experiment to deter-
mine a unique mask duration (mean: 698 ms, range: 104-
1404 ms). Each letter in the serial letter mask was displayed for
26 ms. Participants pressed the “1” and “2” keys of the numeric
keypad on a standard keyboard to indicate responses of “same”
or “not the same”. Responses could be made any time during the
presentation of the letter or the subsequent mask. The mapping
of the keys was randomized across participants.

2.4. Rating scale

During both the nociceptive calibration procedure and the main
task (described in greater detail below), ratings were made on a vi-
sual analogue scale anchored with numbers from 0 to 8 and the fol-
lowing verbal descriptors: 0 was “no sensation”; 1 was “non-
painful warmth”; 2 was “just painful”; 5 was “moderate pain”; 8
was “the maximum level of pain you are willing to experience here
today”. Although pain intensity and unpleasantness can be dissoci-
ated with specific instructions (for example, [29]), they are often
highly correlated under normative conditions [11]. This scale was
designed to integrate the two in a single intuitive rating. Although
8 was the largest number depicted on the scale, if the pain induced
by a stimulation was greater than the maximum a participant was
willing to tolerate in the experimental session, he or she was asked
to rate the pain with a number reflecting how much greater the
pain was than a level 8, up to a maximum of 10.

2.5. Procedure

The experimental session consisted of three distinct parts: noci-
ceptive calibration, task difficulty calibration, and the main exper-
imental task.

2.5.1. Nociceptive calibration

Nociceptive calibration involved 24 trials in which participants
rated the pain induced by thermal stimulation (10 °C/s ramp up,
7 s at target temperature, 10 °C/s ramp down) applied using a
16 mm TSA-II Neurosensory Analyzer (Medoc Ltd., Chapel Hill,
NC). Ratings were given verbally, and participants were told they
were free to give non-integer ratings. Trials proceeded in a fixed
order through eight different candidate skin sites on the partici-
pants left forearm. On each trial after the initial three stimulations,
an adaptive procedure was used to predict temperatures corre-
sponding to pain ratings of 2, 5, and 8 (henceforth referred to as
low, medium, and high). First, a linear regression model was fit
with Temperature as the independent variable and Pain as the
dependent variable. On the basis of this regression, trials were
identified for which the absolute value of the residual was greater
than the median of the absolute values of the residuals of all trials.
A second regression was then performed in which Pain values for
these trials were replaced with predicted values from the first
regression. The low, medium, and high heat level temperatures
predicted by this second model were used to determine the tem-
perature applied on the subsequent trial. A fixed, counterbalanced
order, chosen to minimize predictive power, ensured one applica-
tion each of a predicted low, medium and high temperature at each
of the eight locations. Thus, the order of low, medium, and high tri-
als was always the same, but the actual temperatures applied var-
ied across trials and participants. If the predicted temperature for
the heat level to be applied on a given trial was greater than the
maximum permitted temperature of 48 °C, 48 °C was used instead.
Participants were not told how the temperatures were determined
or what they were. Following completion of the calibration trials,
participants were excluded from further participation if the ratings
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Fig. 2. Timeline of single trial.

they provided did not reliably correspond to the applied tempera-
tures (R? less than .5) or if the maximum permitted temperature of
48 °C did not induce sufficient pain (estimated pain rating less than
6.5).

For 6 out of the 24 participants included in this analysis, the
temperature estimated to correspond to a pain rating of 8 was
greater than the maximum permitted temperature of 48 °C
(max = 50.5 °C, mean = 49.1 °C, SD =.8 °C). For these participants,
48 °C was used as their final high heat level temperature in place
of their estimated level 8. For all participants, the final heat level
temperatures determined at the end of the calibration procedure
were used for the duration of the experimental session (low:
mean =41.4, SD=2.0; medium: mean=44.5, SD=1.4; high:
mean =47.4, SD =.9).

2.5.2. Task difficulty calibration

The second part of the experimental session was intended to
familiarize participants with the 3-back task and to calibrate its
difficulty. Following written and verbal instruction, participants
practiced the task in a short block of trials. Accuracy was indicated
with a positive or negative sound immediately after each response.
Participants were required to repeat this practice block if low per-
formance suggested a lack of understanding, and were allowed to
choose to repeat the practice block as many times as they wished.
The calibration block consisted of 160 letter stimuli. Initial mask
duration was 1000 ms. Prior to letter stimulus number 26, target
sensitivity over the previous 15 stimuli was assessed with the non-
parametric signal detection measure A [80], which provides a mea-
sure of performance accuracy independent of response bias (the
tendency to report “yes” or “no” systematically). If sensitivity
was higher than the targeted level of A =.75, mask duration was re-
duced by 200 ms x (A —.75) x 4, while sensitivity equal or lower
than A =.75 lead to an increase of 200 ms * (A — .75) * —4/3. Addi-
tional adjustments were made every 15 stimuli until all 160 stim-
uli were complete, yielding ten adjustments for each participant.

2.5.3. Main task: pain judgment and 3-back dual task

The third part of the experimental session consisted of 36 trials
lasting about 50 s each (Fig. 2). Before each trial, the experimenter
placed the thermode on one of the three skin sites identified as
reliable during the nociceptive calibration. When ready, the partic-
ipant pressed a key to begin the trial. An onscreen message indi-
cated whether the current trial would require performance of the
3-back task (Working Memory Load trial) or passive viewing of
the serial letter mask (No Load trial). On Working Memory Load tri-
als, participants were cued to perform the 3-back task for the next
39 s of the trial. On No Load trials, they were cued to maintain fix-
ation on a continuous serial letter mask for the 39 s trial. Each par-
ticipant performed 18 trials of each type over the course of the
experiment; the assignment of task condition on each trial was
randomized. On both Working Memory Load and No Load trials,
after 13 s a tone indicated to the participant that noxious heat
would be delivered. Heat onset began after a 26 s delay. The heat
lasted for approximately 13 s, (2.1 s ramp up, 8.8 s target temper-
ature, 2.1 s ramp down). Ramp rates ranged from 4.2 °C/s to 10 °C/
s, depending on the target temperature. Unbeknownst to partici-
pants, only the temperatures determined at the end of the nocicep-
tive calibration to correspond to the low, medium, and high heat

levels were applied during the main task. In total, each participant
performed six Working Memory Load and six No Load trials at each
of the three heat levels.

After 39 s, the temperature returned to baseline. On Working
Memory Load trials the 3-back task ended at this point. For both
Working Memory Load and No Load trials, the remaining portion
of the trial was identical. After an additional 5 s of the serial letter
mask, an onscreen rating bar appeared, along with the cue “how
painful?” Participants were instructed to use the mouse to rate
the pain they experienced during the heat stimulus by clicking
anywhere on the rating bar that appeared on the screen, using
the same anchors and following the same instructions as during
the nociceptive calibration. After the rating was made following
each trial, the experimenter then moved the thermode to the next
skin site, after which the participant could begin the next trial
whenever she was ready. To ensure the ratings given during the
main experimental session were consistent with those given dur-
ing the calibration procedure, participants were given an opportu-
nity to practice using the onscreen rating bar with feedback in a
training procedure prior to the main experimental task.

Unique letter and trial sequences were created for every partic-
ipant and every trial with scripts written in MATLAB (version
7.5.0.342). Pseudorandom sequences were determined using the
Mersenne Twister number generation algorithm [48], with con-
straints to avoid long strings of identical letters and trial types.

2.6. Mediation analyses

A mediation framework was used to assess the hypothesis that
trial-by-trial fluctuations in pain would negatively correlate with
task performance. A test for mediation indicates whether a covari-
ance between two variables (X and Y) can be explained by a third
variable (M). A significant mediator is one whose inclusion as an
intermediate variable in a path model of the effects of X on Y sig-
nificantly affects the slope of the X — Y relationship; that is, the dif-
ference (c—c') is statistically significant. More formally, the
mediation test can be captured in a system of three equations:

Y=cX+¢e,
M = aX + ey

Y=bM+c'X+¢

where Y, X, and M are n (Participant) by t (Trials) data vectors con-
taining the outcome (either Y;, Performance, or Y-, Pain), the pre-
dictor (X;,, Heat Level), and data from a candidate mediating
variable (either My, Pain, or M, Performance). ey, ey, and e}, vectors
denote residual error for the outcome and mediator controlling for x
and the outcome controlling for x and m, respectively. The a path is
the estimated linear change in M per X (the slope of the Heat Level-
Performance or Heat Level-Pain relationship). The b path is the
slope of the mediator-outcome relationship controlling for x
(Pain-Performance, or Performance-Pain, controlling for Heat Le-
vel). The c and ¢’ paths are as described above. Statistical tests on
a and b path coefficients assess the significance of each relationship.
In addition, a statistical test of (c — ¢’) can be performed by testing
the significance of the product of the path coefficients ab. We tested
the significance of ab using the accelerated, bias-corrected boot-
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Fig. 3. The effect of task demand on pain. Error bars reflect within-subject standard
error computed using pooled variance from the Participant x Performance and
Participant x Performance x Heat Level interactions [47].

strap test [26] with 10,000 bootstrap samples to test each of the a, b,
and ab path coefficients. Since the hypotheses contained explicit
predictions of the direction of the relationships between variables
(all negative except for the relationship between Heat Level and
Pain), all tests were one-tailed.

3. Results

To test the hypothesis that task demand would reduce pain, we
analyzed the data in a linear mixed effects model with Participant
as a random-effects predictor, Task Demand (Working Memory
Load or No Load) as a fixed-effects predictor, Heat Level as a con-
tinuous, fixed-effects predictor (low, medium, high), and Pain as
the dependent variable (Fig. 3). A main effect of Heat Level indi-
cated that higher levels of heat led to greater Pain,
F(1,768)=281.82, MSE = 2934.89, p <.001, while a main effect of
Task Demand indicated that greater demand led to lower Pain, F
(1,768) = 48.3, MSE = 166.73, p <.001. A main effect of Participant
indicated that average Pain was different across individuals,
F(23,768)=3.07, MSE = 10.61, p <.005. An interaction of Heat Le-
vel and Task Demand indicated that greater Task Demand reduced
Pain by different amounts depending on the level of heat,
F(1,768)=12.64, MSE=17.45, p<.005. Post-hoc comparisons
using Tukey’s honestly significant difference procedure confirmed
that task demand reduced pain ratings at each Heat Level
(p < .05, corrected). A Participant x Task Demand interaction indi-

951

851

Performance (A)

a5t

Low Medium High
Temperature Level

Fig. 4. The effect of heat level on performance. Error bars reflect within-subject
standard error of the Participant x Heat Level interaction. The mean within-subject
standard deviations of A were .14, .14, and .16 for low, medium, and high levels of
heat, respectively.
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Fig. 5. The relationship between pain and performance. For visualization, perfor-
mance data were binned into quintiles based on pain ratings.

cated that the magnitude of task-induced reduction in Pain varied
across individuals, F(23, 768) = 3.45, MSE = 3.45, p < .05, and a Par-
ticipant x Heat Level interaction indicated additional individual
variability in the amount of Pain reported across the three levels
of heat, F(23,768) = 10.41, MSE = 7.54, p <.001.

A second mixed effects model tested the hypothesis that higher
heat levels would reduce task performance (Fig. 4). Heat Level was
entered as a continuous, fixed-effects predictor and Participant
was entered as a random-effects predictor. The dependent mea-
sure was Performance, assessed with the nonparametric measure
of target sensitivity A. Only Working Memory Load trials were in-
cluded in this analysis, as no performance data were available for
the No Load trials. A main effect of Heat Level indicated that higher
levels of heat led to lower Performance, F(1,378)=9.24,
MSE =.130, p <.01, while a main effect of Participant indicated that
Performance varied across individuals, F(23,378)=5.51,
MSE = .157, p <.001. Post-hoc comparisons using Tukey’s honestly
significant difference procedure indicated worse Performance at
the high versus low level of heat, but no difference between the
medium level of heat and the other two (p < .05, corrected).

In order to test the relationships among heat level, pain,
and task performance, we conducted two multilevel mediation

Pain by=-.02" Task
Rating * Performance
(M;=-.03"",Y,) (Yq, Ma=.01%)
by =-2.16"*

Heat
Level
(X12)

Fig. 6. Summary of mediation results for Working Memory Load trials. A first
mediation analysis assessed whether Pain (M;) mediated the relationship between
Heat level (X;) and Performance (Y;): a;: the relationship between Heat Level and
Pain; by: the relationship between Pain and Performance, controlling for Heat Level;
ci: the observed relationship between Heat level and Performance; c;: the
relationship between Heat Level and Performance, controlling for a; and b;. A
second mediation analysis assessed whether trial-by-trial fluctuations in Perfor-
mance (M,) mediated the relationship between Heat Level (X,) and Pain (Y>): ay:
the relationship between Heat Level and Performance; b,: the relationship between
Performance and Pain, controlling for Heat Level; c,: the observed relationship
between Heat Level and Pain; ¢;: the relationship between Heat Level and Pain,
controlling for a; and b,. p<.05. p<.001.
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analyses. The results of these are summarized in Fig. 6. The first
analysis assessed the hypothesis that trial-by-trial fluctuations in
pain mediated the relationship between heat level and perfor-
mance. We found that Pain fully mediated the relationship
between Heat Level and Performance (ab=-.03, Z=-3.91,
p <.001). In addition to the significant mediation (ab) effect, there
was a significant, positive effect of Heat Level on Pain (a = 2.07,
Z=422, p<.001), and a negative effect of Pain on Performance,
controlling for Heat Level (Fig. 5) (b=-.02, Z=-3.52, p<.001).
Although there was a strong positive relationship between Heat
Level and Performance (c = —.02, Z= —3.35, p <.001), after control-
ling for Pain, this relationship was no longer significant (¢’ =.02, ns),
indicating that Pain was a complete mediator.

A second mediation analysis assessed the complementary
hypothesis that trial-by-trial fluctuations in performance mediated
the relationship between heat level and pain. We found that Per-
formance partially mediated the relationship between Heat Level
and Pain (ab=.01, Z=1.77, p <.05). In addition to the significant
mediation (ab) effect, there was a significant, negative effect of
Heat Level on Performance (a=-.02, Z=-3.36, p<.001), and a
negative effect of Performance on Pain, controlling for Heat Level
(b=-2.16, Z=-3.61 p<.001). After controlling for Performance,
a direct relationship remained between Heat Level and Pain
(c=2.07,Z=4.20,p<.001; ¢ =2.04,Z=4.13, p<.001).

4. Discussion

Previous research has typically assumed a bidirectional rela-
tionship between pain and task performance [42], implying both
engage an overlapping set of domain-general, capacity-limited
cognitive resources. Yet experimental evidence has been equivocal,
leading to alternative proposals [45,49,63,64,74]. We sought to dis-
tinguish between these competing views using a novel paradigm
designed to place continuous demand on executive processes and
sensitive, trial-level analyses. Participants reported less pain dur-
ing a difficult 3-back working memory task than a visually
matched control condition. Conversely, increasing levels of heat
incrementally reduced task performance, and trial-by-trial pain re-
ports predicted performance within a given heat level. Using a
mediation framework, we found that accounting for these trial-
by-trial pain reports fully explained the relationship between heat
and performance. In a separate mediation analysis, we also found
that trial-by-trial performance in the task partially explained pain
reports. Taken together, these findings suggest that the processes
that contribute positively to both pain and executive working
memory performance share capacity-limited resources [42]. Fur-
thermore, resource allocation varies from one process to the other
over time, so that observed variation in each predicts effects on the
other. That is, better performance on a given trial predicts lower
pain, and higher pain predicts worse performance. Though our
mediation analyses are consistent with the notion that each caus-
ally influences the other, follow-up experiments that indepen-
dently manipulate both pain and task performance
experimentally are needed to solidify causal inferences.

A shared resources model of pain and cognitive performance is
consistent with several neuroimaging meta-analyses that found
reliable pain-related activity in lateral and anterior prefrontal cor-
tex (PFC) [55,60]. These regions have been strongly implicated in
diverse executive processes [77], and activity in them has been
shown to increase parametrically with demand in an number of
executive tasks [5,13,22,36,67,76]. However, the few previous
studies that have directly examined the effects on PFC activity of
incremental changes in pain have found activation with painful
stimulation, but not incremental changes of activity that tracked
increases in stimulus intensity or reported pain [3,7]. One possible

explanation for this difference is that PFC activity may not provide
a sensitive index of resource limitation across levels of pain. For
example, PFC may be activated under both weak and strong nox-
ious stimulation, but for different reasons. At low levels of stimu-
lation, PFC might be recruited to reappraise pain or allocate
attention elsewhere, consistent with previous studies that suggest
a pain-regulatory role [46,71,81-83]. Conversely, at high levels of
stimulation, greater PFC activity might reflect increased generation
of pain-related cognitions or allocation of attention towards pain.
This account predicts that the PFC-pain relationship may be mod-
erated by the intensity of noxious stimulation: it should be nega-
tively correlated with pain at low stimulus intensity and
positively correlated with pain at high stimulus intensity. Other
explanations that need to be tested are also possible, including:
(a) BOLD activity may show a ceiling effect, because PFC is strongly
engaged by even weak noxious stimuli; (b) as pain increases, indi-
viduals may shift toward alternate coping strategies that do not re-
cruit lateral PFC; and (c), PFC may be recruited to resolve
ambiguity and enhance discrimination under weak stimulation,
but to regulate pain during intense stimulation. Interestingly, these
latter two alternatives imply moderation effects opposite to our
initial explanation above, yielding divergent empirical predictions.

The affirmative findings of the present research again raise the
question of why some studies have observed interference between
pain and cognitive performance while others did not (see Table 1).
Comparing these studies suggests several technical and conceptual
factors may be critical to observing this relationship, including the
type and intensity of task demand and the degree of temporal
overlap between task and pain processing (see also discussions in
[23,64]). Specifically, we posit that the task must substantially and
continuously demand executive resources. While we did not test
this hypothesis in the current research, several aspects of the
experimental design reflect this assumption. First, we chose a task
that places heavy demands on executive working memory and that
has been well characterized both theoretically and neurally. n-Back
performance requires both the continuous updating of representa-
tions in working memory and response selection [77]. An earlier
study similarly found that concurrent n-back performance reduced
pain [2]. However, consistent with the view that executive demand
is critical for a task to interfere with pain processing, another study
that used the Sternberg task, a working memory task that places
relatively little demand on executive function, found no reduction
in pain during task performance [35]. Interference tasks and other
Stroop-like tasks also engage executive processes [50], but current
results from interference tasks are mixed: pain reduction was re-
ported with a standard Stroop task [71] and with numeric Stroop
task variants [1,64], but not when the challenging Multisource
Interference Task was used [63]. Several other studies found a
task-related reduction in pain using paradigms that are less well
characterized in the literature, including maze performance [54],
visual search [74], arithmetic [20,62,70,79], word generation
[27,58], video and virtual reality games [33,34,57], mental rotation
[39], detection and discrimination [6,14,56,59,72], and rapid serial
visual presentation tasks [78]. Because it is less clear which com-
ponent processes these tasks require, at present these findings can-
not be used assess the hypothesis that executive demand is critical.
Furthermore, tasks which should place minimal demand on exec-
utive resources have yielded mixed results: while an emotional
distraction counting Stroop task variant [8] had no effect on pain
[64], a simple 1-back task successfully reduced pain [12]. Future
research will need to explicitly compare different types of demand
within a single experiment in order to provide a rigorous test of the
role of executive demand in pain reduction.

A second choice was to calibrate task difficulty. Our goal was
twofold. First, we sought to ensure the task would yield a measure
sufficiently sensitive to detect a deleterious influence of pain on
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performance for each participant. If the task is not sufficiently
demanding, then painful stimulation may only transiently and sub-
tly interrupt task performance. Modest decrements in performance
will only be detectable if participants are performing near capacity
and performance measures are sensitive. Second, we sought to en-
sure that successful performance of the task would require a pro-
found commitment of executive resources [23]. Even tasks that
engage executive function may not interfere with pain if they do
not place a heavy demand on information processing.

A third choice we made was to motivate participants with a
monetary reward for good performance. Our intention was to en-
sure the greatest possible dedication of resources to the task.
Unmotivated participants might perform at a lower level suffi-
ciently below their ability, leaving idle resources available for con-
comitant pain processing [42]. However, given the possibility that
reward processing may interact with pain [43], future research
should confirm that motivated performance of a demanding task
can reduce pain regardless of reward context.

Even if pain and task processing engage overlapping executive
resources, if this engagement does not overlap in time, participants
would be able to switch attention back and forth between pain and
cognitive demand, allowing both to be fully processed [24,73,74].
Thus, a fourth choice we made was to combine continuous thermal
pain with a speeded n-back task that placed relatively continuous
demand on executive working memory. In contrast, when Semi-
nowicz and Davis [63] combined relatively continuous electrical
pain with the relatively brief and interspersed processing demands
of the Multisource Interference Task, no reductions in pain or per-
formance were observed.

Future studies could directly test the hypotheses we offered to
explain the inconsistent previous findings. For example, the criti-
cality of executive demand could be examined by directly compar-
ing the pain reduction incurred by executive working memory
tasks such as the n-back with working memory tasks which only
involve storage, such as the Sternberg task (for more on this dis-
tinction, see [77]). Future research could also examine whether dif-
ferent types of executive function, such as perceptual attention
demand and executive working memory, influence pain differently
[41]. A third important goal for future research would be to clarify
the role of pain duration. We hypothesize that brief shock or con-
tact heat will cause intermittent and minor disruption of task per-
formance on response selection, such as a Stroop task, but more
profound disruption of tasks that require temporal continuity, such
as a difficult n-back. Furthermore, brief noxious stimuli with rapid
onsets may capture attention even in the context of a challenging
cognitive task.

In sum, these findings support the view that subjective pain and
executive working memory performance engage overlapping,
capacity-limited cognitive resources. Furthermore, reciprocal vari-
ation in pain and performance within a given heat level suggests
these limited resources are dynamically allocated between the
two processes. Future studies could use the paradigm and analyses
we present here to more precisely identify which cognitive re-
sources participate in pain processing and to illuminate the specific
roles they play.
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